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1 Introduction

High-resolution 1H spectroscopy of arbitrary samples re-
mains one of the “final frontiers” in solid NMR spectros-
copy.[1–3] As in so many other frontier areas in solid NMR
spectroscopy, much of the insight and progress available
to us in this field comes from the contributions by the
group of Vega.[4–16] The challenge of obtaining high-reso-
lution 1H solid NMR spectra derives from the fact that
protons in rotating solids are coupled by strong multispin,
time-dependent and non-commuting homonuclear dipolar
interactions, which often lead to broad and featureless
spectra. Two general strategies have been exploited to
suppress the effects of homonuclear dipolar couplings:
magic-angle spinning (MAS)[17,18] and decoupling through
multiple trains of radiofrequency (RF) pulses.[19,20] MAS
and multiple-pulse 1H decoupling act on the space and
spin variables of the homonuclear 1H�1H dipolar interac-
tions, respectively. The seminal work by the groups of
Andrew and Lowe[17,18] noted that 1H spectral narrowing
could be achieved by MAS, even when recognizing the
complicating aspects derived from the abovementioned
features. Homonuclear dipolar decoupling pulse sequen-
ces acting in spin-space were initially developed in static
solids, with the aim of averaging out the interaction by
continuous[19] or discrete[20] rotations around an effective
averaging axis inclined at the magic angle with respect to
the static magnetic field. These original implementations
were further refined and combined with MAS in the so-
called CRAMPS approach.[4,14,21–32] All CRAMPS sequen-

ces use 1H RF pulses to manipulate the 1H�1H interaction
directly, and most often optimal results are achieved by
a judicious combination of the spin- and spatial-space di-
polar averaging procedures. For biomolecular systems, di-
lution of the proton bath by isotopic labeling provides an
efficient third route to high-resolution spectra.[33–35] Al-
though highly promising and leading to excellent results,
this more recent label-based approach is difficult to gen-
eralize to certain systems, such as small organic mole-
cules.

Herein, we explore an alternative approach to homonu-
clear dipolar decoupling in solids, which does not rely on
a direct manipulation of the strongly coupled spins. The
proposed pulse sequence, which we dub the recoupling�
anti-recoupling (RaR) approach, employs a multiple-
pulse sequence, but not one that relies on 1H RF pulses
to actively average the homonuclear couplings and ach-
ieve 1H line narrowing. Instead it relies on fast MAS to
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remove a large proportion of the homonuclear dipolar
broadening, and then explores the effects of actively rein-
troducing dipolar interactions with ancillary heteronu-
clear spins to truncate the MAS-averaged, residual homo-
nuclear 1H�1H couplings. For the sake of implementing
such dominating heteronuclear recoupling, while under
the presence of MAS, the REDOR sequence was as-
sayed.[36,37] Given the orientation-dependent nature of the
REDOR Hamiltonian, however, the coherent dephasing
introduced on the free 1H evolution by such REDOR ap-
plication had to be subsequently quantitatively echoed by
what we term an anti-recoupling approach, which for sim-
plicity is also a REDOR adaptation. As a consequence,
and in contrast to classic CRAMPS decoupling sequences,
such RaR line narrowing attempts to truncate away the
homonuclear dipolar interactions with minimal pulsing on
the 1H nuclei. Thus, RaR will not scale at all 1H chemical
shift interactions. Following a basic theoretical description
of the phenomenon, the decoupling performance of
a REDOR-based implementation of RaR is analyzed
with numerical simulations; experiments on model organ-
ic solids are also demonstrated.

2 Theoretical Considerations

In a static solid, the Hamiltonian for a system of dipolar-
coupled protons and a heteronuclear spin can be written,
in the rotating frame, as Equation (1):

H ¼ H0 þHII þHIS ð1Þ

in which H0 is the chemical-shift interaction, HII is the ho-
monuclear 1H�1H interaction one is attempting to
remove, and HIS is the heteronuclear 1H�X interaction.
The homonuclear dipolar interaction is given by Equa-
tion (2):

HII ¼
X

i>j
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in which the sum over all pairs of nuclei, wD,II
ij =�m0gI

2�h
/(4pr3

ij), is the homonuclear coupling, in which rij is the in-
ternuclear distance, and WPL,II

ij is the set of Euler angles
for the transformation from the principal axis system of
the dipolar interaction tensor to the laboratory frame. In
high magnetic fields, the large difference in Zeeman fre-
quencies between heternonuclear spins truncates the non-
secular “flip-flop” term of the dipolar interaction, which
can be written as Equation (3):

HIS ¼
X
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in which wD,IS
ij =�m0gIgS�h/(4pr3

ij) is the heteronuclear cou-
pling. A key difference between the homo- and heteronu-
clear dipolar interactions appearing in Equation (1) is
that the former entails a sum of non-commuting interac-
tions, whereas the latter, similar to the isotropic/aniso-
tropic chemical shift offset, does not. This distinction is
particularly relevant when considering MAS experiments.
When the sample is spun at the magic angle at a rate wr,
the orientation-dependent components of the anisotropic
shift and dipolar interactions become time dependent.
The Hamiltonian can then be written as Equation (4):

H tð Þ ¼
X
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in which the terms H0,m, HIS
m, and HII

m can be calculated by
using standard rotational properties of spherical tensors.
Main features of the evolution resulting from introducing
this time dependence can be understood in the frame-
work of average Hamiltonian theory, which describes the
system�s approximate state at the conclusion of every
rotor period, tr =2p/wr. Using the decomposition in
Equation (4), this average Hamiltonian can be written as
Equation (5):
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in which HCS is the sole surviving isotropic interaction
and arises from the chemical shifts. Dominant among the
commutators that follow this term one is trying to ob-
serve unhindered is usually [HII

m, HII
�m], involving a sum of

terms of the form kijkw
D
ij w

D
ikIizIj+Ik�, in which kijk is a geo-

metrical factor. Equation (5) highlights the fact that,
given the homogeneous nature of the homonuclear dipo-
lar interaction, that is, its non-self-commuting nature at
different times, multispin 1H�1H couplings will not be
completely averaged out by MAS. Additional line broad-
ening also comes from the fact that the homo- and heter-
onuclear interactions, as well as homonuclear couplings
and the shift anisotropy, do not commute with each other.

As Equation (5) also illustrates, however, MAS will
result in an effective scaling down of these interfering ho-
monuclear coupling terms by means of their wr

�1 depend-
ence. Together with this direct effect, an additional line
narrowing will arise from the truncation of the MAS-
averaged dipolar interaction by the isotropic chemical-
shift differences: given the transverse spin components of
the former and the purely longitudinal Iz nature of the
latter, these two interactions will not commute. Given
sufficiently large chemical shift offset differences, suffi-
cient spectral resolution might become available. Even at
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the highest available frequencies, however, these com-
bined mechanisms (MAS and offset-driven truncations)
are insufficient to obtain truly high-resolution spectra;
hence the usual rationale to actively involve multiple-
pulse 1H�1H dipolar averaging sequences in addition to
the MAS. As an alternative to these RF multiple pulses
on the 1H nuclei, however, one might consider the intro-
duction of the term that further truncates the averaged
1H�1H dipolar coupling. The RaR mechanism aims to
achieve such a truncation by reintroducing a large chemi-
cal-shift-difference-like interaction term derived from
heteronuclear couplings in directly bonded 1H�S pairs,
which can reach several tens of kHz. If one considers the
use of such a recoupling sequence, the ensuing average
Hamiltonian should include one more additional term
[Eq. (6)]:

�Hrec ¼
X

i

�wi1IizS1z ð6Þ

in which the sum is over the 1H nuclei directly bonded to
the S spin, w̄i1 is the average dipolar coupling for the 1H�
S pairs, and all other heteronuclear couplings are neglect-
ed. An evolution under an average Hamiltonian that in-
cludes the term in Equation (6) may show a significantly
reduced effect of the residual 1H�1H couplings, in propor-
tion to kijkw

D
ij w

D
ik/w̄i1.

It follows from these considerations that a judicious re-
introduction of the heteronuclear dipolar interactions
could serve homonuclear decoupling, 1H line narrowing,
purposes. A variety of pulse sequences have been devel-
oped to reintroduce the heteronuclear dipolar interac-
tion,[36,38–41] often with the aim of measuring internuclear
distances. Herein, we chose the REDOR sequence,[36]

which relies on rotor-synchronized trains of 1808 pulses to
reintroduce the heteronuclear couplings being averaged
away by MAS. In one of the simplest implementations,
REDOR relies on applying two such pulses per rotor
period tR, acting on either one of the nuclear partners in-
volved. The most robust forms of REDOR recoupling
have been shown to result if these pulses are alternated
among the two nuclear species and suitably supercy-
cled.[37] In the present instance, however, we applied them
entirely on the 1H-bound heteronucleus channel to
enable a free and unscaled 1H evolution over the course
of the experiment.

While applying a conventional REDOR-based recou-
pling of the heteronuclear dipolar interaction may trun-
cate homonuclear couplings as desired, it will also impart
a strong and undesirable anisotropy-based dephasing to
the freely evolving 1H spins. A key property of the effec-
tive heteronuclear dipolar interaction under recoupling,
however, is that its sign can be inverted by simple manip-
ulations; in the case of REDOR, all that is needed to ef-
fectively reverse the sign of a heteronuclear dipolar evo-

lution is skipping one of the two 1808 pulses acting per
rotor period. It is thus possible to rewind the phase accu-
mulated under a REDOR recoupling period by applying
an anti-recoupling, which is a second REDOR pulse train
of identical format and duration, but missing its initial
1808 inversion. In RaR decoupling, this sign inversion
halfway through the evolution period ensures that there
is no net effect of the recoupled interaction on the ob-
served 1H evolution. Other recoupling schemes could be
used in the evolution period provided that their effect
can be refocused, but these were not considered. Atten-
tion was solely focused on the pulse sequence shown in
Figure 1a. In the final experiments, this block was actually
used within a 2D NMR sequence incorporating the
abovementioned REDOR-based RaR protocol along its
indirect domain, and a subsequent direct domain detec-
tion of the heteronucleus affecting the RaR process for
the sake of a clearer assessment of line-narrowing ach-
ieved by the directly recoupled proton(s).

With these hypotheses at hand, a series of numerical
simulations on model spin systems were carried out to
confirm or dismiss the predictions of a potential “RaR
decoupling effect” appearing on 1H line shapes. Instead
of simulating full 2D correlation experiments, each peak
was simulated independently by considering a system
consisting of one carbon and all the protons in a single
molecule. Typical results arising from such numerical sim-
ulations (see Section 3. Methods for further details) on
a small organic molecule, such as l-tyrosine, are shown in
Figure 1b and c. The 1H evolution signal was obtained in
these simulations by “observing” transverse 1H magneti-
zation in the corresponding density matrices at the end of
the evolution period for the 13C-bonded proton. As illus-
trated in Figure 1c, the main conclusion of such approxi-
mated simulations is that, at a spinning frequency
�40 kHz, a very significant line narrowing of the 1H lines
is indeed observed when the RaR block is applied. This
effect is particularly pronounced for the CH2 protons,
presumably reflecting the orientation dependence of the
different heteronuclear dipolar couplings within the
moiety. For most crystallites, this will result in a sizable
effective spectral separation that will efficiently truncate
the coupling between the two 1H nuclei of the CH2 group.
While the quantitative description of such a strongly cou-
pled spin system is not generally achievable with numeri-
cal simulations, these calculations provided a sufficient
qualitative motivation to justify further experimental in-
vestigations. These are presented in the following sec-
tions.

3 Methods

The first series of experiments testing the abovemen-
tioned considerations was performed with a custom-made
tripeptide, [U-13C,15N]LAF (leucine-alanine-phenylala-
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nine), on a Varian VNMRS spectrometer operating at
a 1H Larmor frequency of 600 MHz. A 1.6 mm triple-res-
onance Varian probe capable of achieving stable MAS
frequencies of up to 40 kHz was used in these acquisi-
tions. 1D 1H MAS spectra and 1D 13C CPMAS data were
recorded at a spinning frequency of 39062 Hz. 2D 1H�13C
HETCOR spectra[42, 43] of the various kinds illustrated in
Figure 2a and b were then recorded. These included real-

time acquisitions incorporating RaR collected at a spin-
ning frequency of 35714 Hz (rotor period tR =28 ms) with
an acquisition time of 12.5 ms; 25 increments of 2 tR in
the indirect dimension, resulting in a maximum evolution
time of 1.34 ms; a recycle delay of 1 s; and 176 averages,
resulting in a total acquisition time of 1.2 h. These experi-
ments were compared against counterparts, the evolution
periods of which consisted of a simple free evolution (Fig-

Figure 1. (a) REDOR-based RaR pulse sequence for homonuclear
1H�1H decoupling. (b) Spin system used in numerical simulation of
the RaR evolution: each simulation uses the seven carbon-bonded
protons of l-tyrosine (shown in red) and a single carbon i =a, b, d,
or e. (c) Comparison between simulated line shapes for RaR evolu-
tion and free evolution at a spinning frequency of 40 kHz.

Figure 2. Various pulse sequences used and compared in this
study. (a) Simple 13C-detected acquisition. (b) Real-time 2D 1H�13C
heteronuclear correlation (HETCOR) experiment employing REDOR-
based RaR decoupling during the indirect domain 1H evolution
period. Only the first and last increments are shown, for a sequence
with a maximum evolution time of 10 rotor periods. The RaR 1808
trains had fixed phases {xyxy… xyx[x]yxy… yxyx}, in which [x] de-
notes the central (usually missing) 1808 pulse. (c) Constant-time
version of the same experiment, illustrating the first, second, and
last increments of the 2D series. These experiments were run using
an [x, x, y, y, �x, �x, �y, �y] phase cycle on the 1H ‘moving 1808’
(red) pulse. All acquisitions used an eight-pulse train of rotor-
synchronized inversions with fixed-phases {xyxyxyxy}.
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ure 2a). Constant time 2D 1H�13C HETCOR spectra
were also recorded, at a spinning frequency of 39062 Hz
(tR =25.6 ms) with an acquisition time of 6.6 ms, 22 incre-
ments of 4 tR in the indirect dimension, resulting in a max-
imum evolution time of 2.15 ms; a recycle delay of 1 s;
and 288 averages, resulting in a total acquisition time of
1.8 h. Once again, the evolution periods in these con-
stant-time implementations consisted of either a free evo-
lution or a RaR block (Figure 2b). In the RaR blocks,
a 13C nutation frequency of 192 kHz was used for the re-
focusing pulses. In all of these experiments, the indirect-
domain 1H evolution period was followed by a short
cross-polarization period (contact time of 60 ms), which
enabled a site-specific 1H!13C polarization transfer step;
a train of p pulses was used for heteronuclear decou-
pling[44,45] during acquisition because this was a superior
alternative at these fast spinning rates.

Further experiments were performed on a commercial
sample of [U-13C]l-isoleucine on a Bruker Avance III
spectrometer operating at a 1H Larmor frequency of
500 MHz. A 1.3 mm probe was used and all spectra were
obtained at a MAS frequency of 60 kHz (tR =16.7 ms).
Real-time 2D 1H�13C HETCOR spectra were recorded
with an acquisition time of 30 ms; 256 increments of 2 tR

in the indirect dimension, resulting in a maximum evolu-
tion time of 8.5 ms; a recycle delay of 2.5 s; and 8 averag-
es, resulting in a total acquisition time of 1.4 h. The evolu-
tion period consisted of either free evolution, of a RaR
block (Figure 2a), or of an eDUMBO-PLUS-1[29] block
used to obtain a comparison against an alternative
CRAMPS-type contemporary sequence. In the RaR
blocks, a 13C nutation frequency of 100 kHz was used for
the refocusing pulses. For eDUMBO-PLUS-1, a 1H nuta-
tion frequency of 167 kHz was used. Cross-polarization
was used with a short contact time of 100 ms for the polar-
ization transfer step and TPPM[46] was used for heteronu-
clear decoupling during acquisition.

Numerical simulations of the kind described in the pre-
ceding section were performed with SPINEVOLU-
TION.[47] In each simulation, the initial density matrix
was s0 =SIj�, in which the sum was over all protons; the
observable was the transverse magnetization of the
proton bonded to carbon i at the end of the evolution
block. Powder averaging was obtained with a ZCW set of
50 orientations. All experimental and simulated data
were processed using Matlab.

4 Results

The experimental implementations of the RaR scheme,
using the pulse sequence shown in Figure 2a, clearly dem-
onstrate its homonuclear decoupling and 1H line narrow-
ing potential. A 13C-enriched tripeptide, leucine�alanine�
phenylalanine (LAF), is selected here to illustrate a varie-
ty of experiments carried out on various kinds of proton-

bearing groups. Basic 1H�13C 2D HETCOR spectra of
LAF, together with reference 1H and 13C 1D spectra, are
shown in Figure 3. Line shapes extracted from these ac-
quisitions are shown individually in Figure 4, focusing in
particular on a comparison between the 1H profiles ob-
tained with RaR compared with those obtained with just
free MAS evolution. The line-narrowing effect of the
RaR sequence is clearly observed from these correlations
for all of the sites. Experimental line widths are reported
in Table 1, quantifying these observations. Remarkably, as
seen in the simulations, the line-narrowing effect of RaR
appears to be most significant for the case of CH2 groups.

Figure 3. (a) 2D 1H�13C HETCOR spectrum obtained for the tripep-
tide [U-13C,15N]LAF using RaR decoupling during evolution. Projec-
tions are shown on the sides. The chemical structure of LAF is
shown in the inset. The 1D 1H MAS (b) and 13C CPMAS spectra (c)
of [U-13C,15N]LAF are also shown.
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Further narrowing of 1H resonances can, in general, be
obtained in the indirect dimension of 2D experiments
when a constant-time implementation is used.[48]

REDOR-based RaR decoupling can be implemented in
a constant-time fashion by choosing a fixed number of
rotor periods, and shifting a 1H refocusing p pulse by
a rotor period for each increment (cf. Figure 2b). A 13C p

pulse is then either added or removed to preserve the de-
sired sign of the average heteronuclear dipolar coupling.
A clear improvement in resolution can be seen in Fig-
ure 4b for the constant-time RaR experiments, with line
widths reported in Table 1. This improvement comes at
a cost in sensitivity, which is an expected feature of such
a constant-time experiment. Again, the CH2 protons are
the most significantly affected because they become ob-
servable with RaR, while they are broadened beyond de-
tection when no decoupling is used.

Finally, Table 2 reports line widths obtained on
a sample of [U-13C]l-isoleucine, the spectra of which are
shown in Figure 5. This time the comparison centers on
evaluating the performance of the RaR-based decoupling
concept, with results arising from one of the most effi-
cient homonuclear dipolar decoupling pulse sequences:
eDUMBO-PLUS-1.[29] These experiments were per-
formed with spinning at 60 kHz, under conditions for
which eDUMBO-PLUS-1 has been optimized.

The comparisons in Table 2 reveal that the line widths
obtained with the present implementation of RaR are not
as good as those of advanced CRAMPS protocols. RaR
decoupling, however, benefits from an absence of chemi-
cal-shift scaling. Indeed, a significant limitation of numer-
ous strategies that aim at suppressing the homonuclear di-
polar interactions with 1H RF pulses is a concomitant re-
duction of the chemical-shift interaction.[3] Perfect decou-
pling scales the chemical shift by a factor of 1/

p
3̄, while

any increase in the chemical-shift scaling factor comes at
a cost in decoupling efficiency of the RF sequence.[49] In
addition, many sequences yield offset-dependent chemi-
cal-shift scaling. While modern CRAMPS sequences pro-
vide high, offset-independent scaling factors, changes in
the chemical-shift dimension still complicate spectral
analysis, especially for unknown compounds. In contrast,
the RaR sequence does not involve RF manipulations of
the 1H spins, and thus, leaves the chemical-shift interac-
tion unchanged (Table 2).

5 Discussion

The RaR mechanism relies on a strong heteronuclear di-
polar interaction, to truncate the homonuclear dipolar in-
teraction. In organic solids, only directly bonded pairs are
expected to have a strong enough dipolar coupling to suc-
ceed in this. As a result, when 13C spins are used as ancil-
lary spins, only 13C-bonded protons will be efficiently de-
coupled. The related concept of using 1H-bonded ancil-
lary spins to decouple the 1H�1H interaction can be
found in solution-state NMR spectroscopy in sequences
that exploit bilinear rotation decoupling (BIRD).[50–52] In
the case of 13C-aided decoupling for natural-abundance
compounds, RaR is best employed in the evolution
period of a 13C-detected correlation experiment, which
ensures that only decoupled protons are observed. The
limitation in sensitivity is then intrinsic to the correlation
experiments and does not come as an additional cost due
to using RaR decoupling. In addition, and in contrast to

Table 1. Experimental 1H line widths obtained with real-time and constant-time 2D 1H�13C HETCOR experiments on [U-13C,15N]LAF with
a RaR or free evolution period.

Chemical shift [ppm] Atom type Line width [kHz] Line width [Hz]

Real time Constant time
Free RaR Free RaR

130 CHar 1.1 0.9 580 400
53 CHa 1.3 1.1 [a] [b]

46 CHb 0.9 0.7 380 330
40 CH2a 5 0.8 [c] 400
38 CH2b 5 1 [c] 570
23 CH3a 1.4 0.7 680 360
21 CH3b 0.9 0.7 380 330
19 CH3c 1.2 0.6 420 320

[a] Not resolved. [b] Resolved. [c] Not observed.

Table 2. Experimental 1H line widths obtained with real-time 2D
1H�13C HETCOR experiments on [U-13C]l-isoleucine with a free,
RaR, or a eDUMBO-PLUS-1 evolution period.

Chemical shift [ppm] Atom type Line width [Hz]
Free RaR DUMBO[a]

61 CH 780 750 490
37 CH 1300 850 500
26 CH2 1920 990 890
11–17[b] CH3 965 730 380

[a] Corrected to account for the scaling factor. [b] The three signals
are comparable and an average is given.
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BIRD decoupling, the RaR block is also applicable to
a fully 13C-enriched sample. The results shown in Figure 4
and Table 1 were obtained with a 13C-enriched sample
and comparable line narrowing was observed with natural
abundance compounds (data not shown). Although the
reasoning behind the RaR sequence is based on a single
13C spin, 13C�13C interactions do not seem to interfere
with the decoupling mechanism. In addition, while non-
13C-bonded protons would dominate the signal for direct

1H detection in natural-abundance compounds, a win-
dowed implementation of RaR decoupling with 1H would
be conceivable for such enriched systems.

In summary, we have shown how the effective 1H�1H
dipolar interactions can be reduced in MAS experiments
with no direct RF manipulation of the protons. The RaR
scheme relies on the heteronuclear dipolar interaction to
truncate the homonuclear dipolar interaction. Its line-nar-
rowing properties have been demonstrated in numerical

Figure 4. Comparison of line shapes obtained in a real-time (a) and a constant-time (b) 2D 1H�13C HETCOR experiments on [U-13C,15N]LAF
with a RaR or free evolution period.
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simulation and 2D 1H�13C correlation experiments. RaR
decoupling has the significant advantage of leaving the
1H chemical-shift interaction unchanged. Because it relies
on an entirely new mechanism, it may open the way up
for a new class of homonuclear dipolar decoupling se-
quences.
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