
Journal of Magnetic Resonance 213 (2011) 82–89
Contents lists available at SciVerse ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
Residual dipolar coupling between quadrupolar nuclei under magic-angle spinning
and double-rotation conditions

Frédéric A. Perras, David L. Bryce ⇑
Department of Chemistry, Centre for Catalysis Research and Innovation, University of Ottawa, 10 Marie Curie Private, Ottawa, Ontario, Canada K1N 6N5

a r t i c l e i n f o
Article history:
Received 7 July 2011
Revised 27 August 2011
Available online 17 September 2011

Keywords:
DOR
Solid-state NMR
Residual dipolar coupling
Line shape simulations
Exact quadrupolar interaction
1090-7807/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.jmr.2011.08.043

⇑ Corresponding author. Fax: +1 613 562 5170.
E-mail address: dbryce@uottawa.ca (D.L. Bryce).
a b s t r a c t

Residual dipolar couplings between spin-1/2 and quadrupolar nuclei are often observed and exploited in
the magic-angle spinning (MAS) NMR spectra of spin-1/2 nuclei. These orientation-dependent splittings
contain information on the dipolar interaction, which can be translated into structural information. The
same type of splittings may also be observed for pairs of quadrupolar nuclei, although information is
often difficult to extract from the quadrupolar-broadened lineshapes. Here, the complete theory for
describing the dipolar coupling between two quadrupolar nuclei in the frequency domain by Hamiltonian
diagonalization is given. The theory is developed under MAS and double-rotation (DOR) conditions, and is
valid for any spin quantum numbers, quadrupolar coupling constants, asymmetry parameters, and tensor
orientations at both nuclei. All terms in the dipolar Hamiltonian become partially secular and contribute
to the NMR spectrum. The theory is validated using experimental 11B and 35/37Cl NMR experiments car-
ried out on powdered B-chlorocatecholborane, where both MAS and DOR are used to help separate effects
of the quadrupolar interaction from those of the dipolar interaction. It is shown that the lineshapes are
sensitive to the quadrupolar coupling constant of both nuclei and to the J coupling (including its sign).
From these experiments, the dipolar coupling constant for a heteronuclear spin pair of quadrupolar nuclei
may be obtained as well as the sign of the quadrupolar coupling constant of the perturbing nucleus; these
are two parameters that are difficult to obtain experimentally otherwise.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Many of the current efforts in solid-state NMR spectroscopy fo-
cus on what has come to be known as NMR crystallography: to ob-
tain crystallographic information from SSNMR data [1]. Much work
has been done to relate the chemical shift (CS) and electric field
gradient (EFG) tensors to the local environment of the nucleus
[2–5]; however, the most generally useful interaction is arguably
the dipolar interaction [6]. Dipolar couplings can yield unambigu-
ous structural information because the only variable which influ-
ences the dipolar coupling constant (RDD) for a given spin pair is
the motionally-averaged inverse cube of the internuclear distance
(r1,2): RDD ¼ l0

4p

� � c1c2�h
2p

� �
hr�3

1;2i. What is measured experimentally is
the effective dipolar coupling constant (Reff = RDD � DJ/3), which
takes into account the anisotropy of the J coupling tensor (DJ)
[7]. While DJ can be comparable to RDD for heavy nuclear spin pairs
such as the 199Hg–31P and 195Pt–31P pairs [8–11], it remains true
that Reff is usually a very good approximation to RDD for the major-
ity of spin pairs studied in materials and biomolecules. By selec-
tively measuring the dipolar coupling constants between
ll rights reserved.
different nuclei, all the necessary information for solving the struc-
ture is given in principle [5,12–14]. Many dipolar recoupling exper-
iments have been developed to measure quantitative dipolar
couplings between spin-1/2 nuclei under MAS [15–20], although
the analogous recoupling experiments involving a single quadru-
polar nucleus and a spin-1/2 nucleus have been mainly successful
in giving qualitative information [21,22]. For cases where the
quadrupolar interaction is small enough to perform MAS, rota-
tional resonance or double-quantum correlations can be used to
measure dipolar couplings between quadrupolar nuclei; however,
this cannot be applied to most pairs of quadrupolar nuclei [23–
26]. Unfortunately, there is no generally applicable way of measur-
ing dipolar coupling constants for pairs of quadrupolar nuclei in
powders where the quadrupolar interaction is large, as the powder
line shapes can span several megahertz.

It was shown by Kundla and Alla that a residual orientation-
dependent line splitting remained in the MAS NMR spectra of
spin-1/2 nuclei that are dipolar coupled to a quadrupolar nucleus
[27], as the quadrupolar interaction is not completely averaged
by MAS [28]. It is possible, under favorable conditions, to extract
the dipolar coupling constant between a spin-1/2 nucleus and a
quadrupolar nucleus by fitting the MAS spectrum of the spin-1/2
nucleus [29–37]. Residual dipolar couplings (RDC) have often been
exploited for the 13C–14N spin pair, which directly yields chemical

http://dx.doi.org/10.1016/j.jmr.2011.08.043
mailto:dbryce@uottawa.ca
http://dx.doi.org/10.1016/j.jmr.2011.08.043
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


F.A. Perras, D.L. Bryce / Journal of Magnetic Resonance 213 (2011) 82–89 83
information in biomolecules such as the bond distance and the
bonding environment of nitrogen because the 14N quadrupolar
coupling constant’s (CQ) sign and magnitude depend strongly on
the nitrogen environment [31,38–41].

In theory, the same RDCs could be measured for pairs of quad-
rupolar nuclei but this is difficult in practice as the quadrupolar
interaction often dwarfs the other interactions. It was shown that
the J splittings [42] and residual dipolar splittings for half-integer
quadrupolar nuclei can be separated from the second-order quad-
rupolar broadening with the use of multiple quantum MAS
(MQMAS) [43–47] and satellite transition MAS (STMAS) [48,49],
but crystallite specific intensity losses and the two dimensional
nature of the experiment can render the fitting of the spectra dif-
ficult [45,46]. Double-rotation (DOR) NMR may offer benefits as,
in principle, there are no site specific intensity losses, and the basic
method is purely one-dimensional [50–53].

Here, we discuss the theory behind the origin of RDC between
two quadrupolar nuclei under MAS and DOR conditions. Previous
approaches were either only valid for small CQ values or used
lengthy density matrix calculations [45–47]. In the present case,
only the quadrupolar interaction is calculated exactly and so only
a 4 � 4 matrix needs to be solved for a pair of spin-3/2 nuclei
instead of a 16 � 16 matrix as was done previously [46]. This the-
ory is then validated through the successful simulation of 11B and
35/37Cl SSNMR spectra acquired for B-chlorocatecholborane.
2. Theoretical background

Frydman and co-workers have derived an expression based on
average Hamiltonian theory for calculating the frequency shifts
(mS) for a nucleus, S, in the DOR NMR spectrum of a quadrupolar
heteronuclear spin pair arising from the residual dipolar coupling
[45]. Their approach is typically valid if the ratio CI

Q=mI
0 is small

and if the EFG at the observed nucleus is negligible, as all depen-
dencies on the observed nucleus’ EFG are ignored. More generally,
an approach which considers the quadrupolar effects completely is
desirable.

The Zeeman–quadrupolar (ZQ) Hamiltonian can be described
according to Man [54]. One of the more popular ways to describe
the ZQ interaction exactly is to solve the spin-only Schrödinger
equation as an eigenproblem [55–57,29], although other treat-
ments have also been presented [58–60]. We have used the eigen-
problem approach presently. Most of the literature to date has
focused solely on the case of an axially symmetric EFG tensor
[29,31]; here, we have implemented the complete theory for an
arbitrary value of gQ.

To calculate the frequency shifts in the NMR spectrum of the
observed nucleus S associated with the dipolar interaction with I,
the expectation value of the dipolar Hamiltonian is calculated.
Even though it is theoretically sound to diagonalize the ZQ Hamil-
tonians of both nuclei independently so as to obtain their eigenvec-
tors, usually that is unnecessary as the observed nucleus typically
has a small quadrupolar interaction relative to the Zeeman interac-
tion; otherwise MAS or DOR would be experimentally impractical.
In that case, perturbation theory is sufficient to represent the ob-
served nucleus and its eigenvectors can be calculated analytically
using standard methods [31]. Thus, perturbation theory can be
used to represent the observed nucleus, whereas an exact diago-
nalization can be used for the perturbing nucleus. In the case men-
tioned earlier, a perturbation treatment was used for the
perturbing nucleus whereas the quadrupolar interaction of the ob-
served nucleus had been neglected [53]. The latter will of course
permit faster spectral simulations, although large deviations from
experiment are expected when the quadrupolar interaction is
large. With the present treatment, all that is necessary to simulate
the NMR spectra for a stationary powder sample is then to calcu-
late these frequency shifts and add them to the resonance frequen-
cies as calculated without a dipolar interaction (i.e., quadrupolar
interaction and chemical shift). In the general case, the dipolar ten-
sor and both EFG tensors will not be coincident and so the different
EFG and dipolar principal axis systems (PASs) need to be related to
one another using Euler angles. In this work we have used the ZXZ
convention [61].

In principle, for the case of two quadrupolar nuclei that are
dipolar coupled to one another, three Euler angles are necessary
to relate one of the generally asymmetric EFG PASs to the other
(aQ, bQ, cQ), and another two Euler angles are necessary to bring
the axially symmetric dipolar PAS into coincidence with the first
EFG tensor (aD, bD). In theory there are then a maximum of eleven
parameters that would affect the MAS NMR spectrum of one of the
crystallographically non-equivalent quadrupolar nuclei that are
dipolar coupled to one another, if J coupling is ignored
ðdiso;C

I
Q ;C

S
Q ;gI

Q ;gS
Q ;Reff ;aQ ; bQ ; cQ ;aD; bDÞ. The EFG parameters for

the perturbing nucleus may be obtained independently from a sep-
arate NMR experiment (or, e.g., NQR), assuming that its spectrum
is negligibly affected by the dipolar interaction to the first nucleus.
An independent DOR experiment may also be used to remove the
second-order quadrupolar broadening in the spectrum of the ob-
served nucleus so as to obtain the analogue of an MAS spectrum
of a spin-1/2 nucleus dipolar coupled to a quadrupolar nucleus.
Lastly, molecular or crystallographic symmetry restraints may re-
duce the number of possible Euler angle values, further helping
to establish the spectral fitting parameters as unique.

In the present work, the effect of MAS has been introduced in
the same way as done by Menger and Veeman [29], by assuming
an infinite spin rate. In this situation, the MAS NMR spectrum of
the spin S is composed of lines originating from the average of
the crystallite orientations sampled during a rotor cycle [32].
DOR NMR spectra have been simulated in a similar way, although
a double loop was implemented so as to average the resonances
associated with the crystallite orientations for an inner rotor rota-
tion with a fixed outer rotor angle. Under MAS, the frequency shifts
associated with the dipolar interaction are composed of 2I + 1 sec-
ond-order line shapes. These line shapes have both an anisotropic
component, which leads to the shape of the lines, and a dipolar-
induced isotropic shift. The Â term of the dipolar Hamiltonian is
non-zero even for a pair of spin-1/2 nuclei although it is nearly
completely averaged by MAS. The quadrupolar interaction of the
perturbing nucleus reintroduces the effects of the Ĉ and D̂ terms,
as in the case of the spin-1/2 and quadrupolar nucleus spin pair.
The quadrupolar interaction of the observed nucleus will contrib-
ute to the halves of the Ĉ and D̂ terms, which are null in the
spin-1/2 case, i.e., those including the ladder operators for the
observed nucleus, and will reintroduce effects from the B̂, Ê, and F̂
terms which are typically smaller in magnitude. For a homonuclear
spin pair, the situation is slightly different as the B̂ term becomes
generally secular [45]. The same treatment as that described in this
work may also be used for homonuclear spin pairs, but the ‘‘S’’
operators must be replaced by their ‘‘I’’ equivalent or vice versa.

Line shape simulations of the 11B MAS dipole–dipole shifts were
done for a fictitious 11B and 35Cl spin pair at 4.7 T having coinci-
dent, axial EFG tensors to see the effect of these additional terms
which are neglected in typical treatments of RDC (Fig. 1). To dem-
onstrate the effect of these terms, the 11B second-order quadrupo-
lar broadening was removed and only the dipolar broadening is
shown. The CQ of the chlorine site was fixed at �41 MHz, the dipo-
lar coupling constant was 713 Hz and the CQ of the boron-11 was
incremented to demonstrate the effects of the additional terms
that only contribute to the spectra when two quadrupolar nuclei
are involved. The spectrum with a CQ(11B) of 0 MHz is identical
to the spin-1/2 case, although it can be seen that the line shapes,



Fig. 1. Line shape simulations of the 11B MAS dipolar splittings for a fictitious
11B–35Cl spin pair having a CQ(35Cl) of �41 MHz, gQ(35Cl) of 0, Reff of 713 Hz and
coincident dipolar and EFG tensor PASs at 4.7 T. The second-order 11B quadrupolar
broadening is removed to clearly show the effects of the dipolar splittings. The 11B
CQ is increased stepwise to demonstrate the effects that the new secular terms of
the dipolar interaction can have on the spectrum.

Fig. 2. Experimental (b) and simulated (a) 35Cl WURST-QCPMG NMR spectra of B-
chlorocatecholborane (1), the structure of which is shown in the upper right corner.
Parameters are given in Table 1. B0=21.1 T.
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and the positions of the powder patterns, change drastically as the
boron CQ is increased. This effect may not be noticeable if the ob-
served nucleus’ CQ is small.

In DOR, the orientationally dependent broadening caused by the
chemical shift anisotropy, the quadrupolar interaction, and the
dipolar interaction are completely averaged to their isotropic val-
ues. There remains, however, an isotropic dipolar shift which de-
pends on the spin-state of the perturbing nucleus, and which is
conceptually similar to the second-order quadrupole-induced shift
[45,47,62]. The existence of these dipolar-induced shifts indicates
that multiplets should also be observed in the DOR NMR spectra
and that in general, each magnetically unique nuclear site is not
represented by a single sharp resonance, as the resonance fre-
quency will depend on the spin state of the perturbing nucleus, mI.

Finally, second-order quadrupole effects need to be added to
the expressions describing the MAS and DOR cases. In MAS this
may be done simply by displacing the calculated dipolar frequen-
cies by the chemical shift and the second-order resonance frequen-
cies of a quadrupolar nucleus undergoing MAS. These may be
calculated using the expressions derived by Kundla and co-workers
[63]. In the case of DOR, only the isotropic chemical shift and sec-
ond-order quadrupole-induced shift need to be added to obtain the
correct spectrum [64].

3. Results and discussion

As an experimental verification of this theory, B-chloro-
catecholborane (1) (structure in Fig. 2) was chosen because of
the potentially large 35/37Cl CQ, the smaller 11B CQ, and the symme-
try elements present in the molecule. The crystal structure has
been solved by X-ray diffraction, according to which a static
35Cl–11B dipolar coupling constant of 713 Hz is to be expected
[65]. There is a C2 rotation axis along the chlorine–boron bond,
which forces one principal component of both EFG tensors to be
aligned along the bond.

To further reduce the number of fitting parameters required for
the 11B MAS and DOR NMR spectra (vide infra), 35Cl and 37Cl
WURST-QCPMG [66] NMR spectra were acquired at 21.1 T (see
Fig. 2; 37Cl spectrum not shown) to independently measure the
chlorine quadrupolar interaction parameters. From these, a
|CQ(35Cl)| of 41.9 ± 0.1 MHz was obtained along with an gQ of
0.25 ± 0.03 and an isotropic chemical shift (diso) of 50 ± 50 ppm.
In this case, the small effects of dipolar coupling and chemical shift
anisotropy were safely ignored as the dipolar coupling constant is
only 713 Hz whereas the central transition powder pattern spans
over 3 MHz. An upper limit for the span of the CS tensor of roughly
400 ppm can be estimated from the line shapes through simula-
tions (not shown). Typical chlorine CS tensor spans are generally
much less than 400 ppm [67]; gauge-including projector aug-
mented wave (GIPAW) DFT calculations (vide infra) predict a chlo-
rine CS tensor span of 246 ppm, which does not notably affect the
line shape.

11B DOR NMR spectra of 1 were acquired at 4.7 T (Fig. 3a) using
rotor synchronized acquisition to remove half of the sidebands
[68]. At this magnetic field, the quadrupolar interaction for chlo-
rine cannot be well described by second-order perturbation theory
(for 35Cl, mQ/m0 = 1.16) and an exact description of the quadrupolar
interaction must be applied to simulate the 11B NMR spectrum, as
presented above. For this reason the simulations in Fig. 1 are in fact
not composed of the 1:1 doublets predicted by perturbation the-
ory. A simulation using perturbation theory shows that the size
of the splitting, as well as the intensities of the lines, are incorrect.
By fitting the DOR spectrum using perturbation theory, the magni-
tude of the chlorine CQ would be predicted as 36 MHz. The true CQ



Fig. 3. (a) Experimental and simulated 11B synchronized DOR centerbands for B-
chlorocatecholborane at 4.7 T; the sidebands have been co-added into the center-
band. The bottom trace shows the simulation without any line broadening of the
eight resonances arising from the coupling to the four mI states of 35Cl (more
intense lines) and 37Cl (less intense lines). The mI states to which these lines are
attributed are annotated on the spectrum. The top trace includes 400 Hz of
Lorentzian broadening. (b) 11B MQMAS NMR spectrum of 1 acquired at 9.4 T.
Arrows have been inserted to indicate the pseudo-isotropic axis (�7/9) as well as
the RDC axis (+3).
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of 41.9 MHz would then have been underestimated by 14%. The ac-
tual spectrum is composed of eight peaks, shown in the bottom
trace of Fig. 3a, which correspond to the 11B nucleus coupled to
the four separate mI levels of both 35Cl and 37Cl (natural abun-
dances of 75.76% and 24.24%, respectively). The fit as presented
incorporates the 35Cl and 37Cl NMR parameters determined inde-
pendently, and the dipolar coupling constant calculated from the
crystal structure (note that the ratio of quadrupole moments
Q(37Cl)/Q(35Cl) is 0.788 and the ratio of magnetogyric ratios
c(37Cl)/c(35Cl) is 0.832). The 35/37Cl quadrupolar coupling constants
are negative, as surmised from the broader low-frequency peak in
the DOR spectrum (the residual splitting is larger for those spin
states (see Fig. 3a)). From the DOR spectrum, the sign of CI

Q has
thus been determined to be negative, something that cannot be
easily obtained experimentally otherwise. The fact that one may
obtain the sign of CQ through dipolar coupling was noted by Casa-
bella [69]. (It is important to note that the high frequency peak can
be made broader in the simulations with the introduction of a large
isotropic J coupling constant, although in that case the MAS spectra
(vide infra) could no longer be fit.) A 11B MQMAS spectrum of 1 pro-
vides further evidence that this splitting originates from residual
dipolar coupling, as the slope along the dimension which separates
the two patterns is +3, in agreement with the work of Wimperis
and coworkers [44] (see Fig. 3b).
As discussed earlier, the quadrupolar interaction of the 11B may
also be important as the theory predicts that it affects the splitting
observed in the DOR NMR spectrum. We therefore obtained the 11B
MAS NMR spectra of 1 at four applied magnetic field strengths
(Fig. 4). The line shapes obtained have a large residual dipolar ef-
fect and we were only able to fit them using the theory discussed
in this paper. The best fits of the spectra are given in Fig. 4 and the
fitting parameters are listed in Table 1. These fits were done using
coincident chlorine EFG and dipolar PASs (i.e., V33 and D33 lie along
the same direction), although an Euler angle, bQ, of 90� relating the
boron EFG to the chlorine EFG was necessary. Due to the symmetry
of the molecule, this angle can only take the values 0� or 90�. A
comparison of the simulated spectra with a bQ of 0� and 90� are
shown in Fig. 4b. It can be seen that when the two EFGs are coin-
cident (bQ = 0�), the low frequency discontinuity at 9.4 T and 11.7 T
is shifted to lower frequency. It is also seen that when cQ takes a
value of 90�, the powder pattern is skewed to higher frequency,
which is inconsistent with the experimental data.

From these simulations, it was then possible to obtain the 11B
quadrupolar interaction tensor parameters, as well as the relative
orientation of the 11B and 35/37Cl EFG tensors. The 11B quadrupolar
parameters agree with those inferred from independent 10B NMR
studies (not shown). The possibility of 1J(35/37Cl, 11B) coupling
affecting the spectra was also investigated. The anisotropy of the
J coupling tensor (DJ) is included as a negligible part of the effec-
tive dipolar coupling constant ((DJ/3)/Reff � 2% according to quan-
tum chemical calculations, vide infra), whereas the isotropic J
coupling (Jiso) must be considered separately, as a part of the cou-
pling Hamiltonian as follows (considering only the secular part),
ĤDþJ ¼ JisoŜZ ÎZ þ ĤD. This effect simply induces a shift in the posi-
tion of the various MAS subspectra. As these are already separated
independently by the dipolar interaction, the effect of the sign of
Jiso will also be important. Additional simulations show that, in this
case, a positive value of 1J(35/37Cl, 11B)iso shifts the positions of the
discontinuities mostly towards low frequency, whereas the inten-
sity of the discontinuity at �4.5 ppm decreases drastically if Jiso is
negative. In our case, the best fits of the five 11B NMR spectra are
with an isotropic 11B–35/37Cl J coupling constant of �30 ± 15 Hz.

As a final verification of our results, the experimental data are
compared with the values calculated using PAW DFT [70–72].
This method uses a plane wave basis set with periodic boundary
conditions in order to simulate a complete lattice and uses
pseudopotentials for speed. The calculated EFG tensor parame-
ters and chemical shifts are given in Table 1. These agree very
well with experiment, although the 11B CQ is slightly overesti-
mated. These calculations also provide some insight into the ten-
sor orientations within the molecule frame. The chlorine EFG, in
fact, shares the same PAS as the dipolar tensor and the largest
principal component of the boron EFG (V33) is perpendicular to
the bond (i.e., bQ = 90�), while V11 orients parallel to the B–Cl
bond (aQ = cQ = 0�). This shows that these calculations are able
to reproduce fairly well the EFG tensor magnitudes for boron
and chlorine as well as the tensor orientations. It was also pos-
sible to confirm the experimentally-determined negative sign of
the chlorine CQ using these calculations.

J coupling tensor calculations were performed using the
Amsterdam Density Functional software (ADF) [73–75]. Scalar
and spin–orbit relativistic effects were included using the zeroth-
order regular approximation (ZORA) [76,77]. These calculations
predict a small and negative 1J(35Cl, 11B)iso of �17.7 Hz and a
D1J(35Cl, 11B) of 56.5 Hz. The computed value of 1J(35Cl, 11B)iso is
in agreement with experiment. The effect of the calculated DJ on
the NMR spectra is in fact negligible, as shown through additional
spectral simulations, and, it is therefore not possible to obtain this
parameter from our simulations for this compound due to the large
RDD/DJ ratio of �12.6.



Fig. 4. (a) Experimental (bottom traces) and simulated (top traces) 11B MAS NMR spectra of 1 at four applied magnetic fields. The simulations were performed using the
parameters listed in Table 1. (b) Comparison of the 11B MAS NMR spectral simulations having coincident EFG tensors (bQ = 0�) or perpendicular V33 principal components
(bQ = 90�). The best fits are deemed to be those where bQ = 90�. Simulations are also shown when cQ is equal to 90�.

Table 1
Experimental and calculated NMR parameters for 1.

Parameter Experimental Calculated

diso(Cl) 50 ± 50 ppm 120 ppma

CQ(35Cl) �41.9 ± 0.1 MHz �41.3 MHz
gQ(35Cl) 0.25 ± 0.03 0.27
diso(B) 28 ± 1 ppm 44.6 ppmb

|CQ(11B)| 2.1 ± 0.1 MHz 2.4 MHz
gQ(11B) 0.15 ± 0.05 0.15
aQ 0�d 3.9�
bQ 90� 90�
cQ 0� 0�
RDD 713 Hz 713 Hz
bD 0� 0�
J(35Cl, 11B)iso �30 ± 15 Hz �17.7 Hz
DJ(35Cl, 11B) n/a 56.5 Hz
gJ

c n/a 0.22

a Calculated using the absolute shielding of infinitely dilute Cl� (riso = 975 ppm)
[82].

b Calculated using the absolute shielding of BF3OEt2 (riso = 110.9 ppm) [83].
c gJ is the asymmetry parameter of the J coupling tensor (J22 � J11/J33 � Jiso) where

|J33 � Jiso| P |J11 � Jiso| P |J22 � Jiso|.
d The simulated spectra are not particularly sensitive to the value of aQ due to the

small value of gQ(11B); however, the best fits were obtained with 0�.
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4. Conclusion

The effects of residual dipolar coupling that are frequently seen
in the MAS NMR spectra of spin-1/2 nuclei may also be observed in
the MAS and DOR NMR spectra of quadrupolar nuclei. It has been
shown that the quadrupolar effects of the observed nucleus and
of the coupled nucleus need to be considered in order to reproduce
the experimental lineshapes. This means that for a pair of quadru-
polar nuclei, all terms in the dipolar Hamiltonian have nonzero
secular parts that need to be included in the spectral simulations.
A numerical treatment based on Menger and Veeman’s original
theory for residual dipolar coupling which has been extended to
include the effects of non-zero gQ, as well as the effect of the quad-
rupolar interaction at the observed nucleus, has been described.

The spectra are sensitive to the relative orientations of the two
EFG tensors and the dipolar coupling tensor. The relative orienta-
tions of the EFG tensors obtained from experiment are in agree-
ment with those predicted by PAW DFT calculations. From the
DOR spectra at low field, it is also possible to obtain the sign of
the quadrupolar coupling constant of the perturbing nucleus, a
parameter that cannot be obtained by traditional experimental
techniques. Spectral simulations also show that the lineshapes
are sensitive to the sign of the J coupling constant as well and that
a 1J(35Cl, 11B)iso of �30 ± 15 Hz was necessary to reproduce the
experiment. The spectral splittings could also be used to measure
dipolar coupling constants between quadrupolar nuclei, therefore
yielding some structural information that can be difficult to obtain
quantitatively with recoupling methods. Lastly, it is important to
note that the number of resonances obtained in the DOR spectra
of half-integer quadrupolar nuclei does not always reflect the num-
ber of sites in the crystal structure, and appropriate caution should
be taken in the interpretation of such spectra.

5. Experimental

B-chlorocatecholborane (1) (97%) was purchased from Sigma–
Aldrich and was tightly packed into the appropriate rotor under
an inert atmosphere.

The 35/37Cl WURST-QCPMG spectra were acquired using the Bru-
ker AVANCE II 900 spectrometer operating at 21.1 T
(m0(35Cl) = 88.2 MHz, m0(37Cl) = 73.4 MHz) at the National
Ultrahigh-Field NMR Facility for Solids in Ottawa using a double-
resonance, 7 mm, static probe. Chemical shifts were referenced
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to infinitely dilute Cl� using NH4Cl as a secondary reference
(diso = 73.8 ppm). For 35Cl, a 50 ls WURST shape sweeping 2 MHz
was used; a total of 96 echoes where collected while proton decou-
pling; a recycle delay of 0.5 s and a spikelet separation of 5 kHz were
used. Variable offset cumulative spectrum (VOCS) acquisition meth-
ods were also necessary [78]. Seven spectra, each taking 2048 scans,
were acquired with a frequency step of 500 kHz. In the case of 37Cl
NMR, a 50 ls WURST shape sweeping 1 MHz was used. In this case
the VOCS frequency steps were 400 kHz and 3072 scans were ac-
quired for each piece.

The 11B DOR NMR spectrum was acquired using a Bruker AVANCE
III 200 (4.7 T) spectrometer operating at 64.2 MHz for 11B using a
Bruker HP WB 73A DOR probe with a 4.3 mm inner rotor and a
14 mm outer rotor. The outer rotor spinning frequency was set at
910 Hz and synchronized acquisition was used to remove half of
the sidebands [68]; a total of 432 scans were collected with a recycle
delay of 2 s and a 4 ls central-transition selective pulse.

The 11B MAS spectra were acquired using Bruker AVANCE II 900
(21.1 T), Bruker AVANCE 500 (11.7 T), Bruker AVANCE III 400
(9.4 T), and Bruker AVANCE III 200 (4.7 T)spectrometers. Either a
Hahn-echo (21.1 T) or a one-pulse acquisition (11.7 T, 9.4 T, and
4.7 T) was used. The central-transition selective 90� pulse lengths
were of 5 ls, 1.5 ls, 1 ls and 1.6 ls at 21.1 T, 11.7 T, 9.4 T and
4.7 T respectively. In all cases a 4 mm triple resonance MAS probe
was used with a spin rate of 12 kHz. All 11B NMR experiments were
referenced to liquid F3B�O(C2H5)2 using NaBH4 as a secondary ref-
erence (diso = �42.06 ppm).

The 11B MQMAS spectrum of 1 was acquired at 9.4 T using the
standard three pulse z-filtered sequence [79]. The excitation, con-
version, and central transition selective pulses were 4.5 ls, 1.5 ls,
and 19 ls respectively. Sixty transients were collected in each of
the 26 t1 increments. The t1 increments were of 100 ls in order
to synchronize t1 with the MAS rate of 10 kHz.

The 35/37Cl NMR spectra were fit using second-order perturba-
tion theory as implemented in WSolids1 [80]. The 11B MAS and
DOR spectra were fit using an in-house simulation program writ-
ten in C. This program diagonalizes the Zeeman–quadrupolar Ham-
iltonian for 35Cl and 37Cl sequentially. The dipolar shifts are
calculated as described in this paper. Twenty three different crys-
tallite orientations were considered for the MAS averaging whereas
90,000 (300 about both rotor axes) were used for DOR; no powder
averaging was used for DOR.

The PAW DFT (GIPAW for the shielding calculations) calcula-
tions were done using the CASTEP program [70–72]. The general-
ized gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof (PBE) [81] was used along with on-the-fly generation
pseudopotentials. The positions of the hydrogen atoms were first
optimized with a kinetic energy cutoff of 450 eV; the NMR calcula-
tion then used a kinetic energy cutoff of 610 eV. A 4 � 4 � 4 k-point
grid was used for all calculations. The isotropic magnetic shielding
constants were converted to chemical shifts using the absolute
shielding scales for chlorine [82] and boron [83].

The ZORA DFT calculations were performed using the CPL pro-
gram [84–87] of ADF [73–75] using the linear density approxima-
tion of Vosko et al. [88] along with the hybrid GGA functional PBE0
[89]. The ZORA quadruple-zeta quadruple-polarized basis set
(ZORA/QZ4P) was used for all atoms. The use of the jcpl basis set
for chlorine yielded very similar results. The model for the ADF cal-
culations was composed of a single molecule of 1.
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