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Residual dipolar couplings between quadrupolar nuclei in high
resolution solid state NMR: Description and observations
in the high-field limit

Sungsool Wi and Lucio Frydmana)
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~Received 9 September 1999; accepted 22 October 1999!

Nonsecular dipolar couplings between spin-1
2 nuclei that are in close proximity to quadrupolar spins

have been extensively documented in solid state nuclear magnetic resonance~NMR!, particularly
when involving directly bondedS513C, I 514N spin pairs. These couplings arise due to the
quadrupole-induced tilting ofI ’s nuclear spin quantization axes, and their most notable
characteristic is that they cannot be entirely averaged away by conventional magic-angle-spinning
~MAS!. Nonsecular dipolar couplings can also be expected to arise when bothI and S are
quadrupolar nuclei, even if these have hitherto not been analyzed in detail due to the interfering
effects brought about by first- and second-order quadrupolar anisotropies. Yet, the advent of new
high resolution techniques for studying half-integer quadrupole nuclei in solids such as
multiple-quantum MAS or dynamic-angle-spinning can change this state of affairs. The present
study presents a theoretical and numerical analysis on the results that can be expected from these
techniques when applied to the observation of homonuclear or heteronuclear quadrupolar spin pairs
in the high field limit. Variable field multiple-quantum MAS NMR results are then presented for a
variety of compounds possessing11B–14N, 11B–11B and55Mn–55Mn spin pairs, that validate these
theoretical predictions and illustrate the valuable information that can be extracted from analyzing
these residual MAS couplings. The research potential as well as resolution limitations that according
to theoretical calculations these effects will impart on MQMAS spectra recorded at low or moderate
magnetic fields are thus evidenced. ©2000 American Institute of Physics.
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I. INTRODUCTION

The advent of magic-angle-spinning~MAS! has enabled
the widespread application of NMR to the analysis of sp
1
2 nuclei in solids.1 By averaging away all magnetic spi
anisotropies that transform as second-rank tensors, s
ciently rapid MAS can in principle afford high resolutio
powder NMR spectra from these nuclei akin to those aris
from molecules dissolved in an isotropic solution.2,3 An im-
portant exception to this total averaging rule arises when
spin-12 nucleus under observation~S! is dipole-coupled to a
neighboring quadrupole nucleusI>1.4,5 MAS averaging will
then fail by itself to completely remove the dipolar anisotr
pies, due to the appearance of higher-order quadrupo
dipolar cross correlation effects which no longer transform
second-order Lege`ndre polynomials. Such nonsecular effec
were initially reported by vanderHartet al. on the1H NMR
spectra of static samples,6 and subsequently became the f
cus of extensive attention due to the residual splittings
they originate in the 13C MAS NMR spectra of
14N-containing polymers and biomolecules.7,8 From a theo-
retical standpoint most of the initial efforts to analyze the
phenomena centered on a combination of the physical p
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ciples laid by the static proton analysis and of numeri
calculations that accounted for the MAS time evolution;9,10

subsequent work by Olivieri and co-workers yielded an a
lytical description of this effect which further clarified th
relations between the observed splittings and the parame
that determine them.11–13 These included the spin numberI,
the internuclear distancer IS , the isotropic and anisotropic
indirect coupling constantsJ andDJ, the Larmor frequency
of the I spinv I

0, its quadrupole parameterse2qQ/h andhQ ,
and the Euler angles~a, b! defining the orientation of theS-I
internuclear vector in the principal axis system~PAS! of I’s
quadrupolar tensor.

In principle, nonsecular dipole effects should also
present in the NMR spectra ofS>1 nuclei; i.e., when both
spins in the pair are quadrupolar. By contrast with theS
5 1

2, I>1 case one could conceive dealing in this situat
with I,S species that are of either a hetero- or a homonuc
nature. The analysis of such nonsecular couplings betw
quadrupoles has so far been a topic of only occasio
interest,14 probably reflecting the fact that MAS NMR spec
tra of S>1 nuclei are usually dominated by quadrupole
fects that easily mask the smaller residual dipolar inter
tions. Nevertheless, the advent of new high resolut
techniques capable of affording isotropic NMR spectra
half-integer quadrupolar nuclei in powdered samples~Fig.
1!15–17 opens up new opportunities for both the observat
and exploitation of the valuable information carried by the

of
8 © 2000 American Institute of Physics
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nonsecular dipolar couplings. The present paper explo
these potentials by introducing a theoretical description
these couplings in both homo- and heteronuclear spin
systems. The predictions that arise from these theore
derivations are then employed to derive the spectral res
that can be expected from multiple-quantum~MQ! MAS,
dynamic-angle-spinning~DAS! and double-rotation~DOR!
NMR experiments using both numerical simulations as w
as analytical procedures. The easily observable conseque
of these effects are experimentally demonstrated at a va
of magnetic fields strengths, via analyses of the uni-and
dimensional MQMAS line shapes that they originate in
series of model organoboron and bismanganese comple
It is worth adding that although attention in this work will b
focused on the line shapes that arise from such compou
containing well-isolated homo- and heteronuclear spin pa
Wimperis and co-workers have very recently noted that s
effects can also be detected as field-dependent line broa
ings in the MQMAS spectra of heteronuclear spin clust
possessing large quadrupole couplings~e.g., NaBrO3!.

18

II. EXPERIMENT

Before discussing the effects that residual dipolar c
plings can have on the high resolution solid state NMR sp
tra of quadrupole nuclei we briefly summarize the expe
mental procedures that were adopted for their subseq
verification. The compounds chosen for analysis are depi
in Scheme 1 showing in bold letters the relevant spin p
whose couplings were explored;

they include three amine-borane complexes incorporating
rectly bonded11B(S) –14N(I ) spin pairs that were used fo
monitoring residual heteronuclear effects, plus diborane
bismanganese complexes that were employed to monito
homonuclear nuclear coupling effects in spin-3

2 (I 5S511B)
and spin-52 (I 5S555Mn) systems, respectively. Because
their relative instability, all borane complexes were suita
purified by sublimation directly prior to their spectroscop
use. Our experimental analyses focused on the acquisitio
1D MAS and 2D MQMAS NMR spectra,19 these were col-
lected on laboratory-built 4.7 and 7.1 T NMR spectromet
using 4 and 5 mm doubly tuned probeheads and spinn
ratesv r /2p in the 6–10 kHz range. The11B and55Mn radio
frequency fields afforded by these systems were in the o
of 90–100 kHz, and all11B NMR spectra were acquired i
the presence of;80 kHz proton decoupling fields for th
sake of improving the line’s resolution. In order to maximi
the MQMAS signal-to-noise optimized triple-quantum ex
tation and 3Q→1Q fast-amplitude-modulation conversio
pulses were used;19,20 the former usually resulted 4–6ms
long while the latter were chosen of the form@(d)x(d) x̄#m ,
es
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with d50.8–1.2ms andm ranging from 2 to 5 as set on a
empirical basis for each sample. Additional precautions t
were taken for characterizing these new and relatively sm
spin coupling effects included the removal of mixed-pha
distortions via the separate acquisition and suitable recom
nation of echo and antiecho MQMAS signals,21 and the col-
lection of sufficiently large 2D data sets to ensure a comp
natural decay of the signals~usually 10–20 ms along both
time domains!. As follows from the detailed comparison
below, all these procedures enabled us to analyze the
experimental results without the need to consider poten
nonidealities arising from the pulse sequence and with a
quency resolution that according to simulations we estim
at or below 15 Hz.

III. GENERAL THEORY

Although our emphasis will end up focusing on the r
sults that can be observed on using the MQMAS techni
for analyzing dipole-coupled pairs of quadrupolar spins
powdered samples, it is preferable to derive first the gen
form of the interaction Hamiltonian whose detection we w
attempt during such experiments. Toward this end we be
by considering two nucleiI andS, both of them quadrupolar
that are mutually coupled. In the usual laboratory frame th
total Hamiltonian is thus given by22

HLab5HI
Z1HS

Z1HI
Q1HS

Q1HIS
D 1HIS

J 1HI
CS1HS

CS, ~1!

where the first two terms on the right-hand side are
~dominant! Zeeman couplings of both spins, the second p
of terms are their local quadrupolar interactions, the follo
ing pair of terms account for their direct and indirect spin
spin couplings, and the last two terms denote their chem
shifts. Because of the complexity of Eq.~1! it is convenient
to introduce two simplifications that will not seriously de
tract from the generality of the remaining treatment; name
we will assume that the direct~D! and indirect~J! spin cou-
pling tensors are coincident, and we will disregard for t
time being the effects of the chemical shifts. The first
these assumptions is done on a heuristical basis as the
little or no evidence to bear on its contrary;23 the second one
is done as a matter of convenience at this stage, eve
isotropic chemical shifts will show up and be accounted
later in the analysis. The explicit form of the remaining i
teractions in Eq.~1! can be best summarized in terms
irreducible tensor representations, which in their respec
principal axes systems~PASs! are24

HX
Z5vX

OXz , X5I ,S, ~2!

HX
Q5 (

m522

2

~21!mT2,2m
Q,X r2,m

Q,X , X5I ,S, ~3!

HIS5HIS
D 1HIS

J 5J Ī•S̄1 (
m522

2

~21!mT2,2m
D r2,m

Deff. ~4!

HerevX
0 (X5I ,S) are the individual Larmor frequencies o

the two spins, and the spin parts of the quadrupolar Ham
tonians are defined as



-

nt

res-

er-

-
ac-
mor

n a
ion

The
e-

3250 J. Chem. Phys., Vol. 112, No. 7, 15 February 2000 S. Wi and L. Frydman
T2,0
Q,X5

eQx

2X~2X21!\
@3Xz

22X~X11!#, ~5a!

T2,61
Q,X 57

A6eQx

4X~2X21!\
~XzX61X6Xz!, ~5b!

T2,62
Q,X 56

A6eQx

4X~2X21!\
X6

2 , ~5c!

with X representing eitherI or S, and the corresponding spa
tial elements are

r2,0
Q,X5 1

2eqx , ~6a!

r2,61
Q,X 50, ~6b!

r2,62
Q,X 5

eqx

2A6
hQ,x . ~6c!

The total coupling HamiltonianHIS @Eq. ~4!# depends on an
isotropicJ term and on products of two-spin tensor eleme

T2,0
D 5

~3I zSz2 Ī •S̄!

A6
, ~7a!

T2,61
D 5

I zS61I 6Sz

72
, ~7b!

T2,62
D 5

I 6S6

2
, ~7c!

with the spatial elements

r2,0
Deff5A3

2 F22\g IgS

r IS
3 1

2

3
~Ji2J'!G , ~8a!

r2,61
Deff 50, ~8b!
s

r2,62
Deff 50. ~8c!

The various interaction coupling parameters in these exp
sions ~eQ, eq, hQ , etc.! have their usual meaning,24,25 and
the explicit relations between the principal elements$re,m

l %
and their spatial counterparts in a general frame$Re,m

l % will
be unambiguously established later on.

To calculate the NMR spectra resulting from these int
actions on either heteronuclear~S detected! or homonuclear
(S1I observed! NMR experiments, it is customary to re
move the dominant Zeeman effects by going into an inter
tion representation. The resulting frame rotates at the Lar
frequencies of the two spins as driven by the propagator

U~ t !5exp@2 i ~vS
0Sz1v I

0I z!t#, ~9!

which imparts intoHLab the time dependence

H̃Lab~ t !5U•HLab•U211
dU

dt
•U21. ~10!

Average Hamiltonian theory can then be applied to obtai
time-independent rendering of this rotating-frame interact
according to

H̄5H ~1!1H ~2!1..., ~11!

where

H ~1!5
1

tc
E

0

tc
H̃Lab~ t !dt ~12!

H ~2!5
2 i

2tc
E

0

tc
dtE

0

t

@H̃Lab~ t !,H̃Lab~ t8!#dt8, ~13!

and tc5max@(2p/vI
O),(2p/vS

0)# is a sufficiently long cycle
time for the secular Zeeman truncations to take place.
Hamiltonians that need to be dealt with in these tim
dependent expressions are of the type
H̃X
Q~ t !5

A6eQX

4X~2X21!\ H R2,22
Q,X X1

2 e2ivX
Ot1R2,21

Q,X X1~2Xz11!eivX
Ot1

2

A6
R2,0

Q,X $3Xz
22X~X11!%

2R2,1
Q,XX2~2Xz21!e2 ivX

Ot1R2,2
Q,XX2

2 e22ivX
Ot

J X5I ,S ~14!
ted
er
and

H̄IS~ t !5S J1A2

3
R2,0

DeffD I zSz1S 1

2
J2

1

2A6
R2,0

DeffD
3~ I 1S2eiv I

0te2 ivS
0t1I 2S1e2 iv I

0teivs
0t!

1
1

2
R2,21

Deff ~ I zS1eivS
0t1I 1Sze

iv I
0t!

2
1

2
R2,1

Deff~ I zS2e2 ivS
0t1I 2Sze

2 iv I
0t!

1
1

2
R2,22

Deff I 1S1eiv I
0teivS

0t

1
1

2
R2,2

DeffI 2S2e2 iv I
0te2 ivS

0t. ~15!
Evidently,H (1) in Eq. ~11! will involve simple time averages
of the various coupling interactions appearing in Eq.~1!. If
one is dealing with a heteronuclear pair and is interes
solely on theS spin observation these secular first-ord
terms will be

Hhetero
~1! 5

eQs

2S~2S21!\
R2,0

Q,S@3Sz
22S~S11!#

1S J1A2

3
R2,0

DeffD I zSz , ~16!

whereas for a homonuclear case with simultaneousI,Sobser-
vation these will involve
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Hhomo
~1! 5

eQs

2S~2S21!\
R2,0

Q,S@3Sz
22S~S11!#

1
eQI

2I ~2I 21!\
R2,0

Q,I@3I z
22I ~ I 11!#

1S J1A2

3
R2,0

DeffD I zSz1S 1

2
J2

1

2A6
R2,0

DeffD
3~ I 1S21I 2S1!. ~17!

In a complete high field limit, where Zeeman intera
tions truncate every other coupling, it is generally sufficie
to consider theseH (1) terms to account for the observab
u
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o
n
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b
nl
l
a
t
a
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NMR spectra. When the quadrupole couplings of eitherI or
S spins become sufficiently large, however, an appropr
description will demand the inclusion of all cross terms
Eq. ~13! that involve the corresponding quadrupole Ham
tonian. In the terminology of static Rayleigh–Schroeding
perturbation theory, this is tantamount to accounting for
first-order corrections to the Zeeman eigenstates cause
the quadrupole-induced tilting of the spins’ quantizati
axes.26 The manner in which the various secular cross ter
in the commutatorH (2) will be evaluated, depends again o
whether one is dealing with hetero- or homonuclear cas
Using Eqs.~14! and ~15! it is possible to show that the
former will lead to
Hhetero
~2! 5HS

Q,Q1HIS
QS,D

1HIS
QI ,D

53S eQS

2S~2S21!\ D 2 1

vS
0 H R2,21

Q,S R2,1
Q,SSz@4S~S11!28Sz

221#

1R2,22
Q,S R2,2

Q,SSz@2S~S11!22Sz
221#J

2A3

2

eQI

2I ~2I 21!\

1

v I
0 ~R2,21

Q,I R2,1
Deff1R2,1

Q,IR2,21
Deff !$3I z

22I ~ I 11!%Sz

2A3

2

eQS

2S~2S21!\

1

vS
0 ~R2,21

Q,S R2,1
Deff1R2,1

Q,SR2,21
Deff !$3Sz

22S~S11!%I z ~18!

in heteronuclear systems, and to

Hhomo
~2! 5HS

Q,Q1HI
Q,Q1HIS

Qs, D
1HIS

QI , D
53S eQS

2S~2S21!\ D 2 1

vS
0 H R2,21

Q,S R2,1
Q,SSz@4S~S11!28Sz

221#

1R2,22
Q,S R2,2

Q,SSz@2S~S11!22Sz
221#J

13S eQI

2I ~2I 21!\ D 2 1

v I
0 H R2,21

Q,I R2,1
Q,I I z@4I ~ I 11!28I z

221#

1R2,22
Q,I R2,2

Q,I I z@2I ~ I 11!22I z
221#J 2A3

2

eQS

2S~2S21!\

1

vS
0 ~R2,21

Q,S R2,1
Deff1R2,1

Q,SR2,21
Deff !

3$3Sz
22S~S11!%I z2A3

2

eQI

2I ~2I 21!\

1

v I
0 ~R2,21

Q,I R2,1
Deff1R2,1

Q,IR2,21
Deff !Sz$3I z

22I ~ I 11!%

1
1

2
A3

2

eQS

2S~2S21!\

1

vS
0 ~R2,21

Q,S R2,1
Deff1R2,22

Q,S R2,2
Deff!S1I 2~2Sz11!

1
1

2
A3

2

eQS

2S~2S21!\

1

vS
0 ~R2,1

Q,SR2,21
Deff 1R2,2

Q,SR2,22
Deff !S2I 1~2Sz21!1

1

2
A3

2

eQI

2I ~2I 21!\

1

v I
0 ~R2,21

Q,I R2,1
Deff

1R2,22
Q,I R2,2

Deff!S2I 1~2I z11!1
1

2
A3

2

eQI

2I ~2I 21!\

1

v I
0 ~R2,1

Q,IR2,21
Deff 1R2,2

Q,IR2,22
Deff !S1I 2~2I z21! ~19!
this
fur-
ure,
Q-
in homonuclear ones. These equations allow one to ded
the effects that residual quadrupole/quadrupole
quadrupole/dipole cross correlations will have in a variety
NMR experiments, provided that quadrupole coupling co
stants remain small enough for the two-term expansion
Eq. ~11! to stay valid. Should this cease to be the case a
numerical diagonalization approach would have to
adopted,27 such procedure is outside the scope of this mai
high-field-limit work. Also worth noting is the substantia
differences that even under this high field assumption ch
acterize the hetero- and homonuclear scenarios, both in
complexity of their Hamiltonians and in the approach th
these will demand for further calculating their NMR spect
ce
d
f
-
in
ll
e
y

r-
he
t
.

Because of these differences we break up the rest of
discussion into a heteronuclear treatment, pursued to a
ther extent due to its simpler and more ammenable nat
and a homonuclear treatment that is mainly restricted to M
MAS calculations and experiments on pairs of spin-3

2 and
spin-52 nuclei.

IV. RESIDUAL HETERONUCLEAR COUPLINGS IN
MQMAS, DAS AND DOR NMR

A. Theoretical analysis of high-field MQMAS spectra

The potential effects thatJ couplings betweenS and I
spins may have on the MQMAS NMR line shapes of theS
nucleus have been recently discussed for the caseI 5 1

2.
28 We
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extend in this paragraph such discussion to a case whereI is
quadrupolar, and can thus also be interacting via the resi
dipolar coupling effects introduced above. Before doing
however, we briefly dwell on the nature of MQMAS acqu
sitions so as to lay the foundations of the subsequent dis
sions and derivations. As explained elsewhere in detail,19,29

MQMAS is a 2D NMR experiment capable of providin
high resolution NMR spectra from half-integer quadrupo
nuclei even when these are in powder samples. This is d
by correlating pairs of1m↔2m~MQ! and1 1

2↔2 1
2 (1Q)

transition frequencies within theS spin manifold, while sub-
jecting the sample to a fast mechanical spinning at an a
us554.7° with respect to the magnetic fieldB0 @Fig. 1~A!#.
Both domains in such an experiment are affected by seco
order quadrupolar anisotropies, yet the anisotropic shifts
result for the MQ and 1Q transitions are proportional to on
another for each and every crystallite in the powder. T
ratio between these anisotropies is given by a rational n
ber k5uCS

4(m)u/CS
4(1/2), where

CS
4~mS!52mS@18S~S11!234ms

225#. ~20!

is a polynomial depending on the eigenstatesmS being cor-
related and on the numberSof the spin being analyzed. Th
fact that this ratio is independent of site or crystallite pro
erties can be exploited to cancel out the quadrupole aniso
pies along one of the two spectral domains, and thus obta
unidimensional high resolution NMR projection regardle
of sample characteristics. This canceling of anisotropies
quires subjecting the 2D MQMAS NMR results to som
form of shearing transformation. Different strategies ha
been discussed and illustrated for carrying out su
transformation;19,30 here we will assume that it merely in
volves a mathematical procedure such as

I ~v1 ,v2!→I ~v11v2uCS
4~m!u/CS

4~ 1
2!,v2! ~21!

following the acquisition of the data.
In view of these basic considerations it follows that

possible way for calculating the effects of residual hete
nuclear interactions on MQMAS experiments is by comp
ing the Fourier transform of the time-domain signal

S~ t1 ,t2!5 (
eigenstates

All mI
H E

powder
exp@ i ^E~m,mI !2E~2m,mI !&t1#

3exp@ i ^E~ 1
2,mI !2E~2 1

2,mI !&t2#dVJ , ~22!

where the^...& brackets indicate the averaging effects intr
duced by the MAS. This equation exploits the fact that sin
H (1) andH (2) are only functions of theI z andSz operators
their eigenvalues can be found in the conventional Zeem
product basis set

~H ~1!1Hhetero
~2! !umS ,mI&5E~mS ,mI !umS ,mI&;

2S<mS<S;2I<mI<I . ~23!

Notice also that out of the various contributions toH (1) all
but the isotropicJ and chemical shift couplings can be di
regarded on considering the final eigenvalues, as first-o
al
,
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dipolar, quadrupolar and shielding anisotropies do not p
relevant parts in the MQMAS experiments to be analyze

Computing the effects of sample spinning on such eig
values, not just for the fast MAS case but for arbitrary sp
ning speeds and angles, demands that the spatial parts
relevant interactions be expressed into a common refere
frame. Common transformations thus need to be defined
all the couplings introduced in Eqs.~2!–~4!. In the present
study we defined the various sets of Euler angles that
involved in these principal axes transformations according

EFG~ I ! →
~a,b,c!

D →
~a,b,g!

EFG~S! →
~w,u,j!

ROTOR →
~vr t,us,0°!

LAB,

~24!

whereEFG(I ,S) denotes the PASs of the electric field gr
dient tensors for each of the quadrupolar nuclei,D denotes
the coinciding uniaxial dipolar- andJ-coupling tensors,RO-
TORrefers to a frame of reference mounted on the spinn
sample, andLAB is a system whosez-axis coincides with the
direction of the magnetic fieldB0 . With these definitions the
spatial coefficients of the various Hamiltonian terms can
written in terms of their principal value components@Eqs.~6!
and ~8!# as

R2,m
Q,S5 (

k522

2

(
n522

2

Dk,m
2 ~v r t,us,0°!Dn,k

2 ~w,u,j!r2,n
Q,S ,

~25!

R2,m
Deff5 (

k522

2

(
n522

2

(
p522

2

Dk,m
2 ~v r t,us,0°!Dn,k

2 ~w,u,j!

3Dp,n
2 ~a,b,g!r2,p

Deff, ~26!

FIG. 1. Different experimental approaches available to the acquisition
high resolution solid NMR spectra from half-integer quadrupolar nuclei:~A!
MQMAS; ~B! DAS; ~C! DOR.
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R2,m
Q,I5 (

k522

2

(
n522

2

(
p522

2

(
q522

2

Dk,m
2 ~v r t,us,0°!

3Dn,k
2 ~w,u,j!Dp,n

2 ~a,b,g!Dq,p
2 ~a,b,c!r2,q

Q,I ,

~27!

where in all casesm561,62. In these expression
Dm,n

2 (x,y,z) denote Wigner rotation matrices fulfilling

Dm,n
2 ~x,y,z!5dm,n

2 ~y!e2 i ~mx1nz! ~28!

with the reduced matrixdm,n
2 (y) as defined by Wigner’s for-

mula. Except for the special caseus50°, sample spinning
will make all the spin interactions in Eqs.~25!–~27! oscilla-
tory time dependent. Thus to pursue this analysis these
dependencies need to be explicitly evaluated for each of
relevant interactions as well as for their mutual cross ter
an outline of these lengthy but straightforward calculation
presented in the Appendix.

Rather than programming the resulting equations
merically and obtaining a computational prediction of t
residual dipolar effects for arbitrary spinning and coupli
conditions, we decided to pursue first an analytical path
cused on the centerbands that can be expected from
spinning or rotor-synchronized MQMAS experiments. Th
requires calculating for all the spatial terms in the Ham
tonian the rotor period average

^Hhetero
~2! &5

v r

2p E
0

2p/vr
Hhetero

~2! ~ t !dt. ~29!

Under these conditions the eigenvaluesE defining theS-spin
energy levels can be written as

^E~mS ,mI !&5
3

v0
s F eQs

2S~2S21!\G2

3H ^R2,21
Q,S R2,1

Q,S&mS@4S~S11!28ms
221#1

^R2,22
Q,S R2,2

Q,S&ms@2S~S11!22ms
221# J

1JmsmI2A3

2 F eQI

2I ~2I 21!\v0
I G

3^R2,21
Q,I ,R2,1

Deff1R2,1
Q,IR2,21

Deff &

3mS@3mI
22I ~ I 11!#, ~30!

where the time averages of the various^R2,m
l R2,2m

l & angular
dependencies are summarized in Eqs.~A11!–~A13! of the
Appendix, and we have exploited the fact that all terms
the Hamiltonian commute with one another to disregard
tential higher order effects. The first term in this eigenva
expression representsS’s second-order quadrupolar freque
cies. Its resulting line shapes under a variety of variab
angle and magic-angle-spinning conditions have been ex
sively described;31,32 in MQMAS, these effects are known t
be absent along the isotropic dimension. By contrast,
remaining terms are new in this quadrupolar context and
not be averaged out by either the MQ or the MAS pro
dures. It is interesting to note the formal resemblance
tween these new terms and the frequency expressions
have been previously derived for the residual dipolar c
plings between a quadrupole nucleus andS5 1

2.
33
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Before employing these eigenvalue expressions to ca
late the full 2D MQMAS line shapes it is illustrative to com
pute their overall powder averages, as these will lead to
isotropic splittings that will in turn characterize the residu
dipolar effects along the isotropic MQMAS dimension.4 This
entails removing the anisotropic dependencies by calcula
the weighted integral

*0
2p*0

p^R2,21
Q,I R2,1

Deff1R2,1
Q,IR2,21

Deff &sinu du dw

*0
2p*0

p sinu du dw
, ~31!

the remaining powder angle~j! being irrelevant as it denote
a rotor phase that was averaged away by the integratio
Eq. ~29!, while the second-order quadrupole effects from E
~30! are naturally absent along this spectral axis. The re
of implementing such powder averaging on the eigenvalu
expression is the zero-order energy shift

^E~mS ,mI !&5JmImS2D@3mI
22I ~ I 11!#mS , ~32!

where

D5
3

20

Dzz
eff

v0
I F e2qQI

2I ~2I 21!hG~3 cos2 b211hQ
I sin2 b cos 2a!

~33!

and

Dzz
eff5A2

3
r2,0

Deff
52

2\g IgS

r IS
3 1

2

3
DJ. ~34!

This expression is analogous to the one derived by Oliv
et al. for the caseS5 1

2,
11,13 and it may be used to comput

analytically the splittings to be expected from heteronucl
high-field MQMAS spectra involving arbitraryI,S spin pairs
and MQ transition ordersm↔2m. Thus for instance, a

FIG. 2. Energy level diagram for anS5
3
2 nucleus coupled to anI 51 spin,

showing the hierarchical effects introduced by Zeeman, quadrupolar
sidual dipolar andJ-coupling interactions on theS-spin manifold. The vari-
ous kinds of vertical arrows~—, - -, •••••! denote pairs of transitions con
nected by 2D MQMAS for differentmI spin states ~11, 0, 21,
respectively!; notice that the effects of the various spin interactions are
illustrated in a common energy scale.
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schematic description of the modifications that will be intr
duced by these effects on the energy manifold of the simp
possible such case (S5 3

2,I 51) is illustrated in Fig. 2. It
shows that on top of the conventional Zeeman and qua
pole effects residual MAS dipolar couplings will split th
energy levels of theSspin according to theumI u values of the
I spin, and then as a result of theJIS further splittings can be
expected between1mI and2mI states leading to an overa
S multiplet composed by 2I 11 different isotropic transi-
tions. When considering that the observation of such iso
pic splittings demands a shearing procedure like the one
lined in Eq.~21!, it follows that in a general case multiple
arising in the high resolution MQMAS spectra ofS will be
positioned at frequencies

v iso~mI !5
@ uCS

4~m!u12mCS
4~ 1

2!#

CS
4~ 1

2!1uCS
4~m!u

3$@3mI
22I ~ I 11!#D1mIJ%, ~35!

wherem denotes again the order of theS-spin MQ transition
that has been used in the 2D NMR correlation. Clearly, m
surements at varying magnetic fields~different v0

I ! can en-
able one to separate theJ from the dipolar~D! effects within
this multiplet, and from there extract the information carri
by these different couplings.

As a first test of these analytical expressions it is illu
trative to compare their predictions with those that arise fr
a suitable numerical powder average of Eq.~30!; i.e., from
the MQMAS frequencies expected prior to a computation
the isotropic centers of mass. To obtain such numer
simulations complete 2D MQMAS data sets based on
~22! were calculated, processed into purely absorptive
NMR line shapes, projected onto a sheared isotropic dim
sion, and then compared with the expectations of the ana
cal expressions. Illustrative results of these procedure
presented in Fig. 3 for a variety of cases; these clearly
dence that most of the information made available by M
MAS NMR projections is accurately summarized by the is
tropic splittings derived from the analytical treatment.

In addition to these isotropic projections, MQMAS pr
vides complete 2D line shapes from which further inform
tion related to this effect can be extracted. For each coup
chemical site in the sample these 2D line shapes will co
late the residual dipolar plusJ couplings betweenS and I
spins, dependent as shown in Eq.~33! on the Euler angles
relating the PAS ofI’s EFG with theI-S internuclear vector,
against the sum of these effects plusS’s own second-order
quadrupole frequency. The resulting 2D MQMAS lin
shapes can thus be expected sensitive to the relative ori
tion between the two quadrupolar tensors of the coup
spins. Numerical simulations validating such expectatio
are presented in Fig. 4 forI,S pairs possessing constant co
pling parameters such as those assumed in Fig. 3~left!, but
varying sets of relative tensor geometries.

B. Nonsecular heteronuclear couplings: Experimental
MQMAS results

In order to test the theoretical predictions of the prec
ing paragraph a series of 2D MQMAS NMR experiments
-
st
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-
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I,S quadrupolar spin pairs were carried out. Toward this e
we found the directly bonded14N–11B (I 51,S5 3

2) pairs in
aminoborane complexes suitable. In the presence of het
nuclear1H decoupling these compounds~Scheme 1! repre-
sent well-isolatedI,S systems; in fact the relative sharpne
of the 11B MQMAS NMR features even in the absence
strong decoupling fields suggests active three-fold inter
rotation of the –BH3 groups that considerably attenuate th
internal couplings at room temperature.34 There are, how-
ever, certain disadvantages associated to this choice of c
pounds, including a relatively poor chemical stability and
unavailability of MQ orders higher then three for testing o
predictions. To alleviate this last drawback measureme
were repeated as a function of magnetic field strength, gi
the known dependencies that affect the relevant second-o
HQ,Q and HQ,D cross-term effects. It may also be wor
clarifying that this choice of compounds was dictated
suitability, availability and preliminary structural/magnet
resonance data, rather than for the sake of enhancing the11B
NMR spectral resolution.

Figure 5 presents representative 4.7 and 7.1 T 2D exp
mental11B NMR spectra recorded on the trimethylamine b
rane complex~1, Scheme 1!, and compares them with best fi
simulations obtained on the basis of constant11B,14N cou-
pling parameters and of changing Larmor frequencies. F
ther comparisons between these experimental and theore
results are illustrated in Fig. 6, which shows the 1D trac
obtained upon projecting the 2D spectra onto their respec

FIG. 3. Comparisons between the MQMAS line shapes predicted by
isotropic analytical expression given in Eq.~35!, versus complete numerica
calculations of 2D MQMAS spectra based on Eq.~22! and a subsequen
shearing/projection onto an isotropic dimension. Peak shapes in the an
cal traces are shown artificially thicker and scaled by a factor of 0.5; t
multiplets intensities are proportional to the number ofmI components con-
tributing to each transition and their linewidths were set to 10 Hz. In
cases tensors were assumed axially symmetric and coincident, the frequ
scales refer to an isotropic shiftdS50 kHz, and the cumulative effects o
dipolar andJ-couplings~fixed at 100 Hz! are shown in the second and thir

rows. Spectra on the left assumed 3QMAS NMR on anS5
3
2 ~e2qQ/h

52 MHz, v0564.4 MHz! coupled to anI 51 ~e2qQ/h523 MHz, v0

514.5 MHz! with a Dzz
eff51.7 kHz; the center and right columns describ

the 3QMAS and 5QMAS spectra of anS5
5
2 ~e2qQ/h53 MHz, v0

552 MHz! coupled to anI 5
3
2 ~e2qQ/h512 MHz, v0520 MHz!.
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FIG. 4. Dipole-induced dependence of sheared 2D MQMASS-spin line shapes on the relative orientations betweenS and I EFG coupling tensors. Spectr
were calculated for a prototypical11B–14N spin pair that is 1.5 Å apart and at 4.7 T assuming axially symmetric EFG’s and (e2qQ/h)11B52 MHz,
(e2qQ/h)14N523 MHz, J5100 Hz,DJ50 Hz. Vertical and horizontal spectra correspond to the anisotropic and isotropic projections of the 2D da
respectively.
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isotropic and anisotropic MQMAS axes. In order to obta
these best fit simulations the B–N distance was assume
in the compound’s gas phase electron diffraction rep
~1.656 Å!,35 and the quadrupole asymmetry parameters w
assumed null for both sites on the basis of molecular s
metry and of the11B MAS NMR line shapes. The forme
consideration constrained the system into collinear qua
polar and dipolar PASs, i.e., (a,b)5(a,b)5(0°,0°). A
simple analysis of the MQMAS center of mass along the t
spectral dimensions19 also yields the boron quadrupole co
pling constant: (e2qQ/h)11B

5(1.6760.05) MHz. Subse-
quent refinement of the 2D powder features then yielded
quadrupolar and coupling parameters (e2qQ/h)14N

5(22.4
60.1) MHz, JBN5(20610) Hz, DJ'0 Hz, and a natura
line width for the11B powder pattern of 10 Hz. The quadru
pole coupling constants thus obtained for both boron
nitrogen are systematically lower than those previously m
sured for this compound by microwave spectroscopy in
gas phase~2.06 and22.83 MHz, respectively!,36 probably

FIG. 5. Comparisons between the experimental 2D MQMAS line sha
observed for trimethylamine borane at magnetic fields of 4.7 and 7.1 T,
their best fits obtained as described in the text.11B Larmor frequencies at
these fields were 64.49 and 96.77 MHz; the14N frequencies were 14.5 an
21.75 MHz, respectively.
as
rt
re
-

u-
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e

d
a-
e

reflecting the tighter B–N bond occurring in the solid com
plex. Such differences notwithstanding the spectra of t
compound clearly demonstrate the possibility of detect
these effects even at moderate magnetic fields, and of
tracting from them meaningful information.

Figure 7 illustrates a similar11B MQMAS analysis, this
time carried out at 4.7 T on a borane-lutidine sample~2,
Scheme 1!. As opposed to the previous case no literatu
parameters could be found for this compound, while the
sence of three-fold symmetry around the B–N bond p
cluded many of the former’sa priori simplifying assump-
tions. Boron quadrupole parameters can still beco
available from the center of mass of the 2D MQMAS lin
shape and from simulating its anisotropic projection. T
overall residual dipolar effects are smaller here than in
trimethylamine complex; if one assumes that14N quadrupole
coupling constants are equal in these two aducts, this fea

s
d

FIG. 6. Idem as in Fig. 5 but for the isotropic and anisotropic projections
the corresponding 2D MQMAS spectra.
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should then be ascribed to a lengthened B–N distanc
1.89 Å. In fact quantum chemical calculations have predic
a 0.05 Å increase in the B–N bond length on going from
trimethylamine- to the pyridine-borane complex;37 the sig-
nificantly longer distance that would be needed to simu
the lutidine-borane complex could then be rationalized a
result of further steric interactions between the methyl s
stituents of the pyridil group and the borane moiety. Alte
natively, one could assume a constant~1.66 Å! B–N inter-
nuclear distance and deduce from the MQMAS spectr
21.7 MHz 14N quadrupole coupling constant. The actual14N
and B–N coupling parameters that yielded a best fit w
found in between these limiting cases; results of such
merical simulations are presented on the right-hand colu
of Fig. 7.

A final theoretical/experimental comparison on the
sults expected from MQMAS for these heteronuclear effe
is presented in Fig. 8, which shows variable-field11B NMR
line shapes obtained on a terbutylamine-borane complex~3,
Scheme 1!. Out of the investigated heteronuclear spin-pa
this actually showed the smallest residual dipolar coupli
such feature, however, is in excellent agreement with th
retical simulations based the quadrupole coupling const
observed for this complex at 77 K by pure nuclear quad
pole resonance~1.51 MHz and 1.57 MHz for the11B and
14N, respectively!,38 in conjunction with the dipolar andJBN

couplings that were measured for the trimethylamine-bor
complex.

C. Residual heteronuclear couplings in DAS and DOR
NMR

Before concluding this discussion on the residual hete
nuclear coupling effects that can be expected in the s

FIG. 7. Comparisons between experimental11B MQMAS results observed
for a lutidine-borane complex at 4.7 T and simulations based on the foll
ing best fit parameters: (e2qQ/h)11B51.8 MHz, (hQ)11B50.2,
(e2qQ/h)14N522.0 MHz, r BN51.78 Å, (a,b)5(a,b)5(0°,0°), J
515 Hz, DJ50, natural 11B linewidths510 Hz. Vertical and horizontal
traces correspond to the anisotropic and isotropic projections of the da
of
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state NMR spectroscopy of quadrupoles, a brief referenc
made to the results that will arise on using high resolut
NMR techniques other than MQMAS. Particularly succe
ful options toward achieving isotropic spectra from ha
integer quadrupole nuclei have been DAS and DOR, te
niques that focus solely on the central transition and wh
rely on either discreet or continuous changes of the sam
spinning axis to remove the second-order quadrup
effects.39 It is thus recalled that DAS achieves high reso
tion by correlating theS spin evolution at two consecutiv
spinning anglesuS

1,uS
2 fulfilling

P2~cosuS
2!

P2~cosuS
1!

5
P4~cosuS

2!

P4~cosuS
1!

52
t1

t2
52k, ~36!

and then subjecting the resulting data to ak-dependent shear
ing transformation@Fig. 1~B!#. DOR on the other hand ro
tates the sample simultaneously at the roots of b
P2(cosu) andP4(cosu) such that

^P2~cosu!&5^P4~cosu!&50. ~37!

One-dimensional DOR acquisitions thus yield isotropic sp
tra simply by 1D Fourier transformation@Fig. 1~C!#. For the
case of either technique the expressions that were der
earlier for the heteronuclearI-S coupling Hamiltonians and
eigenvalues continue to be entirely valid; the only additio
limitation that needs to be invoked ismS56 1

2 due to central
transition nature of these methods. Therefore, the isotro
multiplet positions that can be expected along the high re
lution dimensions of these experiments will be given by

-

.

FIG. 8. Summary of the 4.7 and 7.1 T11B MQMAS NMR results obtained
for a terbutilamine-borane complex, versus the simulated line shapes
can be expected on the basis of literature quadrupole coupling data an
trimethylamine B–N coupling parameters.
v~mI !5H 1
2$D@3mI

22I ~ I 11!#1JmI% for DOR

1
2S 11k

k D $D@3mI
22I ~ I 11!#1JmI% for DAS

mI52I ,...,I ~38!
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where D is as in Eq.~33! and thek-dependence in DAS
arises from the shearing transformation that this techni
involves. Suchk values can range from 0.8 when (uS

1,uS
2)

5(39°,90°) to 5 for (uS
1,uS

2)5(63°,0°); residual dipolar
splittings can thus be expected to be smallest for the la
setting and largest for the former. Full numerical simulatio
of 2D DAS NMR experiments validate these predictio
~Fig. 9!; they also reveal a complex dependence of the
isotropic projection and of the overall 2D line shapes on
actual pair of complementary spinning angles that is chos
This unusual behavior stems from the different weights w
which theS-spin second-order quadrupolar andI-S first-order
dipolar effects will appear along the two spectral dimensio
depending on the spinning angles, and it apparently prov
a sensitive insight on the relative orientation between dipo
and quadrupolar interactions. It is also worth remarking t
the centers of mass of peaks along the isotropic project
of these numerical simulations differ by a less than half a
from the simple DAS predictions of Eq.~38!. With regards
to the DOR case, its extensive spatial averaging can be
e

er
s

-
e
n.
h

s
es
r
t

ns
z

x-

pected to remove—at least in the fast spinning regime—
the anisotropies involved in either theHD

(1) or HQ,D
(2) cou-

plings; this would leave the isotropic residual given in t
DOR version of Eq.~38! as the sole observable to be me
sured in these experiments.

V. RESIDUAL HOMONUCLEAR COUPLINGS IN
MQMAS NMR

As mentioned, high resolution quadrupolar metho
open up the possibility of detecting residual dipolar andJ
coupling effects also when identical nuclear species are
volved. The theoretical treatment of these homonucl
cases, however, is substantially more involved than tha
their heteronuclear counterparts due to the presence of ex
sive off-diagonal coupling terms stemming from secular fl
flop operators in the Hamiltonian. For instance for the si
plest possible homonuclear situation amenable
experimental MQMAS NMR study, involving two identica
spin-32 nuclei, the fast-spinning high-field coupling Hami
tonian will be given by
HIS5J Ī•S̄1HQ,D
~2! ~39!
n

where

DS5A3

2

eQS

2S~2S21!hvS
0 ^R2,1

Q,SR2,21
Deff

1R2,21
Q,S R2,1

Deff&MAS , ~40a!

GS5
1

2
A3

2

eQS

2S~2S21!hvS
0 ^R2,21

Q,S R2,1
Deff

1R2,22
Q,S R2,2

Deff&MAS , ~40b!
GS* 5
1

2
A3

2

eQS

2S~2S21!hvS
0 ^R2,1

Q,SR2,21
Deff

1R2,2
Q,SR2,22

Deff &MAS , ~40c!

and analogous expressions hold for the definitions ofD I , G I

andG I* . This matrix stems from the explicit representatio
of Eqs. ~17! and ~19! in the coupled$umS ,mI&% Zeeman
product basis set and is expected to grow as@(2S11)(2I
11)#2 depending on the spin numbers involved: 16316 for
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FIG. 9. 2D DAS line shapes expected from isolatedS5
3
2, I 51 spin pairs as a function of different complementary (uS

1,uS
2) spinning angles. Shown on th

vertical and horizontal axes are the isotropic and anisotropic projections arising from these suitably sheared data. Also illustrated for the~37°, 79°! DAS case
are the effects of sequentially removing the dipolar- andJ-coupling effects, leading to a purely quadrupolarS spectrum. All spectra were calculated on th
basis of a11B–14N spin pair at 4.7 T possessing all parameters as measured on the trimethylamine-borane complex, as well as isotropic and anis11B
shifts of 230 and 0 ppm, respectively.
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2, 36336 for I 5S5 5

2, etc. Furthermore, its effects o
the final spectra can only be properly described when c
sidered in unison with the potentially more important shie
ing and quadrupolar effects that may dominate the diago
in this sort of representation.

To circumscribe somewhat the very wide diversity
scenarios that are then open to analysis in these homonu
coupling situations, we assume for this discussion that
two coupled sites of interest are chemically equivalent. T
establishes a common relation between the sets of E
angles (a,b,g),(a,b,c) orienting the two quadrupole ten
sors with respect to the internuclear dipolar vector, wh
allowing us to disregard—at least in the fast spinni
regime—the effects of chemical shifts on the spectral l
shapes. For the actual forms of the various spatial sphe
tensor components in the Hamiltonians the angular de
tions given in Eq.~24! were still employed, leading to th
relations given in Eqs.~25!–~27! and ~A1!–~A10!. With the
aid of these conventions a ‘‘brute-force’’ numerical calcu
tion on the influence of these coupling effects on MQMA
NMR line shapes was undertaken. These spectra were
tained by Fourier processing the weighted powder aver
arising from the calculated bidimensional time-domain s
nals
n-
-
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S~ t1 ,t2!5 (
A5I ,S

(
mB5mS ,mI

u^m,mBuA1
2m

u2m,mB&u2u^ 1
2,mBuA1u2 1

2,mB&u2

3ei $@E~m,mB!2E~2m,mB!#t11@E~2
1,mB!2E~22

1,mB!#t2%.

~41!

This expression is the homonuclear analog of Eq.~22!; in it
the indicesA and B refer to the two different spins,A1

2m

denotes the2mA↔1mA multiquantum ladder operator, an
both eigenstates and eigenvalues refer to the diagonaliza
of the total Hamiltonian

~HQ,I
~1! 1HQ,S

~1! 1HQ,I
~2! 1HQ,S

~2! 1HQ,D
~2! 1HJ!umA ,mB&

5E~mA ,mB!umA ,mB&. ~42!

Figure 10 illustrates some of the effects that on the ba
of this model can be expected to arise in the MQMAS li
shapes of spin-3

2 pairs as a result of introducing the hom
nuclear dipolar andJ couplings. When viewed in terms o
the quadrupolar/Zeeman ratioeQS/@2S(2S21)\vS

0#, these
homonuclear coupling effects are comparable to their het
nuclear counterparts. Even more noticeable effects can
a

otropic
FIG. 10. Effects expected from the introduction of residual dipolar and of additionalJ couplings on the 2D MQMAS NMR line shapes arising from

homonuclearS5I 5
3
2 spin pair. Spectra were calculated for the case of axially symmetric and equivalent11B spins that are 1.5 Å apart in aB0 field of 4.7

T, with ane2qQ/h of 5 MHz, aJ coupling of 100 Hz and a natural line width of 20 Hz. 1D traces correspond to projections along the isotropic and anis
axes.
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expected when exploring higher-order MQ transitions, as
lustrated in Fig. 11 for the case of a spin-5

2. Unfortunately,
under the relatively strong quadrupole coupling conditio
needed for a clear observation of these effects the signa
noise ratio of MQMAS experiments may also be expected
be relatively poor. In spite of this consideration, the effe
of these homonuclear couplings can be observed eve
moderate magnetic fields. Figure 12 for instance illustra
the experimental 2D11B MQMAS NMR results obtained on
investigating a bispinacolato diborane complex~4, Scheme
1!. The x-ray diffraction analysis of this compound show
the two directly bonded boron sites related by symmetry
at a 1.71 Å distance;40 given the11B quadrupolar coupling
parameterse2qQ/h5(2.560.1) MHz and hQ5(0.960.1)
that become available from fitting the MQMAS data,
broadening that is evident on projecting the experimen
data into the isotropic domain of the sheared 2D MQMA
spectrum results. A complete fitting of the data also lead
relative tensor orientations (a,b)5(a,b)5(0°,0°)—in ac-
cordance with the sites’ symmetry about the B–B axis—t
large but not unusualJ5(85620) Hz indirect coupling,41

and to a relatively small natural linewidth contributio
Agreement between the theoretical expectations and ex
mental line shapes also improves slightly on considering
one in every five11B is actually heteronuclearly coupled to
10B (I 53), for which Zeeman quadrupole and coupling e

FIG. 11. Idem as in Fig. 10 but for the 3QMAS and 5QMAS NMR spec
of two coupled spin-

5
2 ~55Mn–55Mn at 4.7 T, 1.5 Å apart,e2qQ/h

512 MHz, hQ50.5, J5100 Hz!.
l-

s
to-
o
s
at
s

d

l

to

a

ri-
at

-

fects are fixed by the relative ratio between the nuclear qu
rupole and magnetic dipole moments of11B and 10B. The
results of all these considerations are summarized by
simulations shown on the bottom row of Fig. 12. As in t
simpler heteronuclear cases, agreement between these
retical predictions and the experimental observations is q
satisfactory.

Finally, Fig. 13 illustrates a similar comparison for th
case of two mutually coupled spin-5

2 nuclei: the55Mn sites in
dimanganese decacarbonyl~5, Scheme 1!. The 3.05 MHz
quadrupole coupling constant reported in the literature
the two 55Mn sites in this complex42 is in very good agree-
ment with the value extracted from the 2D MQMAS spec
~3.0160.05 MHz!, which also reveals anhQ50.560.1
asymmetry parameter. Mn–Mn coupling effects are clea
evident on inspecting the line shape resulting along

FIG. 12. Comparisons between the experimental MQMAS NMR line sha
observed for the bispinacolato diborane complex at different magn

fields, and corresponding best fit simulations calculated for anI 5S5
3
2 pair

as described in the text.

FIG. 13. Idem as in Fig. 12 but for the dimanganese decacarbonyl com

~I 5S5
5
2, 3Q MAS NMR!. The minor differences between the relative i

tensities displayed by the simulated and experimental 2D line shapes
ascribed to inhomogeneities in the excitation of the powder crystallites~un-
accounted for in the simulations, see text!.
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MQMAS isotropic dimension; in fact some of these are ev
discernible on the regular 1D MAS second-order powder p
tern. According to the 2.895 Å intermetal distance repor
in the x-ray diffraction analysis of this compoun
however,43 homonuclear dipolar coupling effects will actu
ally be relatively minor under the employed experimen
conditions; this in turn explains the weak field depende
displayed by the55Mn MQMAS NMR spectra. That the
source of these splittings is mainly indirect in nature is va
dated by numerical fits of the spectra, which match exp
ments fairly well withJ5(6565) Hz,DJ'0. Still, calcula-
tions indicate that a consequence of the nonsecular dip
couplings at the explored magnetic field strengths is to a
the relative widths~and thus the heights! of the various com-
ponents in the 2D multiplet.

VI. CONCLUSIONS

The main goal of the present study was to discuss
basic theory underlying the occurrence of nonsecular dip
couplings between quadrupolar nuclei, and to demonst
the feasibility of experimentally observing and character
ing these effects in isolated spin-pairs with the aid of recen
developed high resolution NMR techniques. For derivi
such theories we relied on the considerable body of w
that has been developed for understanding similar effect
the case of quadrupolar/spin-1

2 heteronuclear pairs, particu
larly when these can be treated under the highB0 field ap-
proximation. For the case of coupling between quadrupol
considerably wider variety of research avenues opens up
exploration, as a result of the many different 1D and
NMR experiments capable of affording high resolution sp
tra and of the possibility of dealing with either hetero-
homonuclear spin systems. Some of these research ave
were explored in this study, even if for the sake of clar
most of the discussion focused on the MQMAS NMR li
shapes that can be expected on analyzing isolated spin-p
The presented data show that analyses of this kind can
deed yield novel spectral line shapes, and carry a struct
and coupling information that may hitherto have been di
cult to characterize from powders by other means. It is a
worth remarking that even with the constraints laid out d
ing the course of this study, many of the Hamiltonians t
were derived in it can be exploited for evaluating the resu
that will be afforded by non-MQMAS experiments or th
line shapes that will arise from multinuclear ensembles
coupled spins. In fact the high-field formalism developed
this paper can be extended in a relatively straightforw
manner to enable the numerical evaluation of these eff
for arbitrary quadrupole/Zeeman ratios, and for samples s
jected to a variety of spinning angles or speeds. Some of
predictions stemming from these additional investigatio
are currently being explored.
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APPENDIX

The spatial anisotropies of all terms in the second-or
interaction Hamiltonians given in Eqs.~18! and ~19! are a
function of the spherical tensor components$R2,m

l %m561,62,

with l representing theS quadrupolar,I quadrupolar orI-S
dipolar interactions. The angular relations between
PAS’s of these various spin couplings are laid out in E
~24!. The purpose of this Appendix is to summarize the a
tural expressions of the$R2,m

l % for the variousl-interactions
as well as their average values in the fast spinning regi
these expressions may be retrieved electronically from AI
EPAPS homepage~see Ref. 44!.
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