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Highlights 

 The refocusing of chemical shift anisotropy during heteronuclear dipolar recoupling 
improves the stability of the sequence 

 One way to achieve this is by adding windows where simultaneous inversion pulses can 
be applied 

 The same effect can also be achieved continuously in a windowless sequence by 
involving both channels  

 This “CSA-free” recoupling sequence leads to higher transfer efficiencies and reduces t1-
noise in D-HMQC experiments 

 
Abstract 
Due to their high gyromagnetic ratio, there is considerable interest in measuring distances and 
correlations involving protons, but such measurements are compounded by the simultaneous 
recoupling of chemical shift anisotropy (CSA). This secondary recoupling adds additional 
modulations to the signal intensities that ultimately lead to t1-noise and signal decay. Recently, 
Venkatesh et al. demonstrated that the addition of CSA refocusing periods during 1H-X dipolar 
recoupling led to sequences with far higher stability and performance. Herein, we describe a 
related effort and develop a symmetry-based recoupling sequence that continually refocuses the 
1H CSA. This sequence shows superior performance to the regular and t1-noise eliminated D-
HMQC sequences in the case of spin-1/2 nuclei and comparable performance to the later for 
half-integer quadrupoles.  
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Introduction 

 Heteronuclear correlation (HETCOR) nuclear magnetic resonance (NMR) experiments are 
applied to reveal proximities between different sites in a material. These proximities can, in turn, 
be used to determine the local structure and develop structure-activity relationships. In solids, 
HETCOR experiments primarily use cross-polarization (CP) to transfer magnetization from one 
nuclide to another.1-3 CP is highly-efficient for most light spin-1/2 nuclei, such as 1H, 13C, 15N, 
29Si, and 31P, and has been used to great effect in biomolecular solid-state NMR. Unfortunately, 
CP suffers from an offset dependence that makes it challenging to apply to heavy spin-1/2 nuclei.4-

6 Given that it relies on the spin locking of both nuclei at similar radiofrequency (rf) powers, it is 
challenging to apply to half-integer quadrupolar nuclei, which can typically only be spin locked 
with very low rf powers,7-10 as well as low-γ nuclei, which generally have low nutation frequencies, 
particularly when using large diameter rotors for enhanced sensitivity.11,12 All of these challenges 
have made dipolar recoupling-based HETCOR approaches increasingly attractive in materials 
science.13-23 

 The dipolar-heteronuclear multiple quantum coherence (D-HMQC) experiment is likely 
the simplest of the recoupling-based HETCOR methods.24,15 In the D-HMQC experiment, all of 
the most demanding pulse sequence elements are placed on a single channel, while the other 
channel requires only the application of either two excitation/reconversion pulses or a Hahn echo. 
This simplicity enables the correlation to quadrupolar nuclei and heavy spin-1/2 nuclei with high 
transfer efficiencies and excitation bandwidths.5,19,25-33 

One of the main applications of the D-HMQC sequence is for the indirect proton detection 
of low-sensitivity nuclei. In this case, the dipolar recoupling sequence must be applied to the proton 
spins for two main reasons. Firstly, the use of recoupling sequences that only reintroduce the m=2 
components of the heteronuclear dipolar coupling Hamiltonian34 enables for the simultaneous 
application of 1H homonuclear decoupling, which is critical for obtaining coherence lifetimes of 
sufficient duration to form the multiple quantum coherence. Secondly, it is often impossible to 
efficiently apply recoupling on the indirect channel if it is a quadrupolar, low-γ, or heavy spin-1/2 
nuclide. Heteronuclear dipolar coupling is, however, well known to have the same rotational 
signatures as chemical shift anisotropy (CSA), and as such any recoupling sequence that 
reintroduces the heteronuclear dipolar interactions will also reintroduce the CSA.34 It is worth 
noting that certain challenging nuclei can be efficiently recoupled using the recently proposed 
transfer of population double-resonance (TRAPDOR) HMQC.35,36 

The influence of 1H CSA in D-HQMC experiments was ignored until very recently because 
it should, in theory, be refocused perfectly by the Hahn echo.37 For the CSA to be perfectly 
refocused, however, the sequence requires an unreasonable nutation frequency and spinning 
stability (< 1 Hz). These unavoidable instabilities lead to shorter coherence lifetimes, lower 
transfer efficiencies, and high levels of t1 noise. In a recent study, Venkatesh et al. showed that t1 
noise could be dramatically reduced in D-HMQC experiments if simultaneous inversion pulses 
were applied to both channels at the halfway points of the recoupling periods to refocus the CSA.37 
Their t1-noise eliminated (TONE) D-HMQC sequences further enabled the addition of a purge 
pulse to remove uncorrelated magnetization. Although the TONE sequences require the addition 



of two windows, each lasting a total of two rotor periods (tr) during which magnetization can 
decay, they typically generate not only lower noise levels, but also higher coherence transfer 
efficiencies and signal intensities due to the longer coherence lifetimes.38 

Results and Discussion 

We were intrigued to see whether it was possible to build on the TONE concept and refocus 
the CSA continuously rather than only once per recoupling period. Of course, adding more 
windows would lead to diminishing returns, so this option was not explored. Not all heteronuclear 
recoupling experiments are sensitive to the CSA, however, most notably CP, which includes 
Brinkmann and Levitt’s generalized Hartman Hahn sequences.39 Garbow and Gullion also showed 
that the stability of rotational-echo double-resonance (REDOR)40 experiments41 could be 
dramatically improved if the recoupling pulses were divided between the two channels, effectively 
ensuring that the CSA is never recoupled. In the case of γ-encoded dipolar recoupling, it is possible 
to invert the sign of the recoupled dipolar precession frequency by simply inverting the phase of 
the recoupling sequence.34 Applying this phase shift simultaneously to the application of an 
inversion pulse on the second channel provides a convenient, windowless, approach to refocusing 
the CSA.14,42,43  Ideally, we would want to transfer this concept to zero-quantum, non-γ-encoded, 
heteronuclear dipolar recoupling. Phase shifts, however, do not affect the sign of the recoupled 
dipolar frequency for such sequences. 

The idea then was to search for a recoupling sequence that decoupled all anisotropic 
interactions over a complete cycle, lasting 2tr, but that would have non-zero scaling factors for the 
zero-quantum heteronuclear terms after a single rotor cycle. The sequence would thus take the 

form RN�
�.34,44,45 It then goes to reason that if the scaling factor for the zero-quantum heteronuclear 

dipolar coupling terms is κ after the first rotor period, then is it necessarily -κ during the second. 
If an inversion pulse is applied to the second channel each rotor period, this would preserve the 
sign of the recoupled dipolar interactions and, much like γ-encoded sequences, enable the 
windowless refocusing of CSA terms while recoupling the heteronuclear dipolar terms. Note that 
the sequence cannot have non-zero γ-encoded heteronuclear terms, even after the first rotor period; 
otherwise, they will also evolve and lead to decoherence. 

We were able to identify a single sequence that fit the criteria outlined in the previous 

paragraph. This sequence, R6�
�, shown in Figure 1, features a 180° phase shift, much like the 

popular R4�
� sequence,46,47 which makes it insensitive to rf maladjustments, but more crucially 

eliminates all non-zero-quantum heteronuclear dipolar coupling terms at each rotor period. 
Throughout its full 2-rotor cycle, it recouples only the isotropic chemical shift and J coupling 
terms. During the first rotor period, however, it recouples both the m=1 and 2 zero-quantum 
heteronuclear terms with scaling factors of 0.147 and 0.149, respectively, if a 1800 pulse is used 
as the basic R element. We will refer to this approach as CSA-free heteronuclear dipolar 

recoupling. While R4�
� has a larger scaling factor of 0.204, it only recouples the m=2 terms, and 

as a result, the two sequences yield similar buildup rates. We will be applying the same SRN�
� =

(RN�
�RN�

��)3� supercycle to both recoupling sequences (Figure 1d).45-47,48-51  



 

Figure 1. Diagrams of the various pulse sequences discussed in the paper. (a) Basic form of the 
D-HMQC sequence. The recoupling part in (a) can take multiple forms, outlined in (b)-(e). The 

basic R4�
� sequence is shown in (b) while the CSA-free R6�

� sequence is shown in (c) and involves 

pulses on both channels. These sequences are generally supercycled to SR4�
� and CSA-free SR6�

� 

using the supercycle described in (d). TONE recoupling splits a SR4�
� recoupling period into two 

with the application of simultaneous inversion pulses to both channels (e). 

We first explored the performance of the various sequences in silico using SIMPSON52,53 
by calculating the D-HMQC transfer efficiencies as a function of MAS rate offset (ΔνMAS) and 
recoupling time (τrec), see Figure 2. The dipolar coupling strength was set to 500 Hz. We calculated 

that all three sequences (SR4�
�, SR4�

� with TONE, and CSA-free SR6�
�) would have similar 

robustness to long recoupling times and MAS instabilities if the 1H CSA anisotropy parameter 
(δaniso) was equal to zero. As δaniso increases to 5 ppm (typical of a C-H 1H) and 20 ppm (typical of 

an O-H 1H), however, the efficiency of SR4�
� is highly compromised. This limits the application 

of SR4�
� to short recoupling durations (strong dipolar couplings), and even then, the sensitivity to 

MAS rate fluctuations will lead to significant t1 noise. 



Figure 2. SIMPSON simulations of the sensitivity of SR4�
�, TONE, and SR6�

� to spinning rate 
fluctuations. Simulations are performed for 1H δaniso values of 0 (a), 5 (b), 10 (c), and 20 (d) ppm. 
The recoupled signal intensity as a function of MAS offset at the recoupling maximum is shown 
in (i). 2D plots of this intensity relative to recoupling time and MAS offset are shown in (ii)-(iv) 
for the three sequences, respectively. Colors represent the transfer efficiencies in accordance with 
the legend on the right.  

The SR4�
� sequence that is enhanced with TONE fares much better than continuous SR4�

� 
recoupling, remaining relatively insensitive to MAS rate instabilities; however, its performance 
still degrades as the magnitude of the CSA increases. In contrast to these two sequences, the CSA-

free SR6�
� sequence is completely unaffected by 1H CSA, yielding the identical performance with 

δaniso = 20 ppm as 0 ppm. Its robustness to MAS rate instabilities is also aways superior to SR4�
� 

even with the application of TONE. 

We compared the performance of the three sequences using 1D 1H{15N} D-HQMC in 15N-
enriched glycine, see Figure 3. For this sample, TONE yields 43% higher signal intensities than 

the unmodified SR4�
� sequence while the CSA-free SR6�

� sequence yields over twice the transfer 
efficiency. Oscillations in the TONE build-up curve in Figure 3a are caused by incomplete 



supercycling. The difference is particularly drastic in the case of the methylene 1H spins given that 
the dipolar coupling to 15N is weaker and thus requires longer recoupling times. In this case, only 
TONE and the CSA-free sequence are seen to lead to significant transfer efficiencies, with the two 
having nearly equal performances. None of the 2D spectra measured on this sample contained any 
t1 noise; they are available on Zenodo. 

 

Figure 3. Relative performance of SR4�
� (black), SR4�

� with TONE (red), and CSA-free SR6�
� 

(blue) D-HMQC sequences on 15N-labelled glycine at 83.333 kHz MAS. The intensity of the 
recoupled NH3 signal is shown in (a) and the CH2 signal is shown in (b). The 1D spectra at the 
recoupling times offering the maximum intensities are shown in (c). 

 At this point, it is worth mentioning the sensitivity of the CSA-free sequence to 15N rf pulse 
imperfections. The experiments shown in Figure 3 were performed with an MAS rate of 83.333 
kHz meaning that a 15N inversion pulse is applied every 12 µs. After 2.5 ms of recoupling, we 
would have thus applied over 200 15N inversion pulses. If they are not supercycled, we do not see 

the generation of significant D-HMQC signals. We trialed the XY8,54 XY16,54 XY4�
�,55 

MLEV16,56 and 001357 supercycles, however, none of these provided good efficiencies at 



incomplete supercycles or long recoupling times. We obtained the best performance using Manu 

and Veglia’s computer-optimized GAN supercycles.58 We found, however, that a simple xx�x�x 
supercycle was able to match the performance of the GAN supercycles and thus it was used 

throughout. Surprisingly the longer xx�x�x x�xxx� supercycle was found to have a lower performance 

to the shorter xx�x�x supercycle. This supercycle does not seem to have been discussed in the context 
other similar Carr-Purcell type recoupling sequences, such as REDOR, where it may very well 
lead to a higher performance than the currently-used XY-type cycles. 

 Given that the primary benefits of the sequence are seen for lower-frequency nuclei and 
sites with weak dipolar couplings that require longer recoupling times, we tested the performance 
of the sequence on the proton-detection of 89Y in the metal-organic framework: Y-MOF-76.59-61 
Figure 4a shows the build-up of the multiple quantum coherences using all three sequences. As 
expected, the three sequences perform similarly at short recoupling times where the MAS rate 
sensitivity is low. As the recoupling times increase, however, the TONE sequence is able to sustain 
the recoupling for longer, leading to 2.32 times higher signal intensities, with the CSA-free 
sequence yielding further improved efficiency, with 3.23 times higher signal intensities (Figure 
4b). We can observe some small oscillations in the build-up curve for the CSA-free sequence in 
Figure 4a, blue. These are caused by the incomplete 89Y supercycle. The increments were set to 6 

rotor period for each of the recoupling blocks as this is the total duration of the SR6�
� sequence, 

but the 89Y supercycle lasts only 4 rotor periods. 

 

Figure 4. Relative performance of SR4�
� (black), SR4�

� with TONE (red), and CSA-free SR6�
� 

(blue) D-HMQC sequences in 1H{89Y} D-HMQC on Y-MOF-76. The MAS rate was 47.619 kHz. 
The buildup of signal is shown in (a). The multiple-quantum-filtered 1H NMR spectra at the 
optimal recoupling times are shown in (b). The indirectly-detected 89Y NMR spectra are shown in 
(c), while the 2D spectra are shown in (d)-(f).  



 If we perform two-dimensional acquisitions, the performance gaps between the sequences 

further widen. The unmodified SR4�
� sequence leads to tremendous t1 noise and a barely 

distinguishable signal. With TONE, however, the t1 noise is drastically reduced which, along with 
the higher transfer efficiencies, leads to an overall increase in signal-to-noise of 12.4. t1 noise 
reduction is further improved with the CSA-free recoupling sequence which yields a signal-to-

noise ratio that is 43.1 times higher than SR4�
�, cutting experiment times down by a factor of 1860! 

 One of the main applications of D-HMQC pulse sequences is for the proton-detection of 
quadrupolar nuclei. While the central transition of a half-integer quadrupolar nucleus can be 
inverted with a relatively high fidelity using central transition selective pulses, this efficiency will 
degrade if we apply hundreds of inversion pulses.62 We compared the three sequences for 1H{27Al} 
and 1H{35Cl} D-HQMC in aluminum acetylacetonate (Al(acac)3) and histidine hydrochloride, 
respectively. The build-up of the signals is shown in Figures 5a and 6a where we see for the first 
time that TONE is able to outperform the CSA-free recoupling sequence. While the CSA-free 
sequence leads to the longest-lived coherences, it yielded the lowest multiple-quantum-filtered 
signal intensities (Figures 5b and 6b). In a two-dimensional acquisition, however, the performance 
is much stronger (Figures 5c and 6c). For the 1H{27Al} D-HQMC experiments, the CSA-free 
recoupling sequence yielded a fourfold higher signal-to-noise ratio while TONE improved the 
signal-to-noise by a factor of 2.3. The results are comparable for the 1H{35Cl} D-HQMC 
experiments wherein the CSA-free sequence improved sensitivity by a factor of 5.0, roughly equal 
to TONE at 4.7. Note that the two-dimensional spectrum acquired with TONE does seem to have 
the lower level of noise, which suggests that for a low-γ quadrupolar nuclide like 35Cl, we may 
expect TONE to yield the highest sensitivity. 

 

Figure 5. Relative performance of SR4�
� (black), SR4�

� with TONE (red), and CSA-free SR6�
� D-

HMQC (blue) sequences in 1H{27Al} D-HMQC on Al(acac). The MAS rate was 47.619 kHz. The 
buildup of signal is shown in (a). The multiple-quantum-filtered 1H NMR spectra at the optimal 



recoupling times are shown in (b). The indirectly-detected 27Al NMR spectra are shown in (c), 
while the 2D spectra are shown in (d)-(f). Spurious signals in (d) are caused by t1 noise. 

 

Figure 6. Relative performance of SR4�
� (black), SR4�

� with TONE (red), and CSA-free SR6�
� 

(blue) D-HMQC sequences in 1H{35Cl} D-HMQC on histidine HCl. The MAS rate was 47.619 
kHz. The buildup of signal is shown in (a). The multiple-quantum-filtered 1H NMR spectra at the 
optimal recoupling times are shown in (b). The indirectly-detected 35Cl NMR spectra are shown 
in (c), while the 2D spectra are shown in (d)-(f). 

 The lower performance of the CSA-free sequence for quadrupolar nuclei like 27Al and 35Cl 
shows that the CSA-free recoupling approach has some strong limitations in cases where the 
indirectly-detected nuclei are difficult to invert, such as quadrupoles (most notably integer spins) 
and heavy spin-1/2 nuclei. Note that a priori it is not necessary to refocus the CSA every rotor 
cycle as we have done here. For instance, a sequence with the basic the form: 
[(180��180���180��)�(180��180���180��)�]�,���,���, wherein inversion pulses are applied to 

the indirect channel every n rotor periods, would also function the same way, however, this would 
also lengthen the time required for refocusing the 1H homonuclear dipolar interactions and lead to 
faster decoherence. There may exist a similar recoupling sequence that does not require phase 
inversion for the refocusing of the homonuclear dipolar interactions, which should outperform all 
the approaches discussed in this manuscript, however, we were unable to find one. 

Conclusions 

 We have presented a new approach to the zero-quantum recoupling of 1H-X heteronuclear 
dipolar interactions that is far more robust towards 1H chemical shift anisotropy and spinning 

instabilities. The recoupling sequence applies SR6�
� recoupling with a 1800 basic R element. While 

this symmetry does not recouple any anisotropic interactions over its complete 2-rotor period 
cycle, m=1 and 2 heteronuclear dipolar interactions evolve with sizeable scaling factors over single 



rotor periods with alternating signs. By applying inversion pulses every rotor period to the second 
channel, the refocusing of heteronuclear dipolar interactions is prevented while other anisotropic 
interactions, like the 1H CSA, remain perfectly refocused. The resulting sequence is a continuous, 
and windowless, TONE-like sequence that leads to remarkable stability relative to MAS 
fluctuations and very low levels of t1 noise, when applied in a D-HMQC experiment. In our 

experiments, the CSA-free SR6�
� sequence led to 2-43 times higher sensitivity than the traditional 

D-HMQC sequence, and up to 3.5-fold higher sensitivity than the TONE-D-HMQC approach. For 
relatively light spin-1/2 nuclei, and half-integer quadrupolar nuclei, this newly presented sequence 
would appear to be the best choice for maximizing sensitivity, however, the sequence will require 
modifications to become applicable to other nuclei that are often detected using D-HMQC 
including integer spins and heavy spin-1/2 nuclei, such as 195Pt. 

Materials and Methods 

 Histidine HCl, aluminum acetylacetonate, and 15N-labelled glycine were all purchased 
from Aldrich and used as received. The synthesis of the Y-MOF-76 is described in an earlier 
publication.63 

NMR Spectroscopy 

 All experiments were performed on a Bruker AVANCE NEO 600 MHz NMR spectrometer 
equipped with either a JEOL 0.75 mm MAS probe (glycine) or a PhoenixNMR 1.3 mm MAS 
probe (Y-MOF-76, histidine HCl, and Al(acac)3). MAS spinning frequencies were set to 83.333 
kHz for the experiments performed using 0.75 mm rotors, while the experiments performed using 
1.3 mm rotors used an MAS spinning frequency of 47.619 kHz. These MAS frequencies ensured 
that the recoupling pulses had widths that were multiples of the spectrometer clock for both the 

SR4�
� and SR6�

� sequences. The 1H rf power for non-recoupling pulses was set to 125 and 100 kHz 
for the 0.75 mm and 1.3 mm rotor experiments, respectively. The 15N, 89Y, 27Al, and 35Cl pulses 
had effective rf powers of 100, 34, 25, and 50 kHz, respectively. The 89Y and 35Cl rf powers were 
optimized using the Bloch-Siegert approach as direct detection was impractical.64 

 1D 1H{15N} D-HQMC experiments on 15N-enriched glycine were acquired in 16 scans for 
the regular and CSA-free sequences, and 20 scans for the TONE sequence, which has a 10-step 
phase cycle. The recycle delay was set to 1 s for all experiments. 

 1D 1H{89Y} D-HQMC experiments on Y-MOF-76 were acquired in 1024, 510, and 512 
scans for the regular, TONE, and CSA-free sequences, respectively. The 2D spectra were acquired 
512, 510, and 512 scans for the regular, TONE, and CSA-free sequences, respectively, and 64 t1 
increments of 105 µs. Totals of 108, 216, and 312 rotor periods of recoupling were applied for the 
regular, TONE, and CSA-free sequences, respectively, which corresponded to their points of 
maximum intensity in the 1D measurements. The recycle delay was set to 1 s for all experiments. 

 1D 1H{27Al} D-HQMC experiments on Al(acac)3 were acquired in 48, 40, and 48 scans 
for the regular, TONE, and CSA-free sequences, respectively. The 2D spectra were acquired in 
16, 20, and 16 scans for the regular, TONE, and CSA-free sequences, respectively, and 64 t1 
increments of 210 µs. Totals of 96, 128, and 128 rotor periods of recoupling were applied for the 



regular, TONE, and CSA-free sequences, respectively, which corresponded to their points of 
maximum intensity in the 1D measurements. The recycle delay was set to 30 s for all experiments. 

 1D 1H{35Cl} D-HQMC experiments on Histidine HCl were acquired in 512, 510, and 512 
scans for the regular, TONE, and CSA-free sequences, respectively. The 2D spectra were acquired 
in 64, 60, and 64 scans for the regular, TONE, and CSA-free sequences, respectively, and 80 t1 
increments of 42 µs. The recoupling times lasted 60, 72, and 96 rotor periods for the regular, 
TONE, and CSA-free sequences, respectively, which corresponded to their optimal recoupling 
times in the 1D measurements. The recycle delay was set to 4 s for all experiments. 

Spin Dynamics Simulations 

 All spin dynamics calculations were performed using SIMPSON, ver. 4.2.1.52,53 The spin 
system was composed of a single 1H and 13C spin pair with a 500 Hz dipolar coupling. The 
chemical shift tensor anisotropy was set to zero and its orientation was tilted by 90° relative to the 
principal axis system of the dipolar coupling tensor. Powder averaging was achieved using 232 
orientations following the Zaremba-Conroy-Wolfsberg (ZCW) scheme65-67 and 7 γ angles. The 
spinning frequency was varied from 49.95 kHz to 50.05 kHz in 1 Hz increments. The recoupling 
time was incremented from 0 to 15.36 ms in either 240 or 480 µs increments, to ensure the 
completion of the full supercycles.  

 Calculations of symmetry-based recoupling sequence scaling factors were performed using 
SpinDynamica and the Symmetry-Based Recoupling package.68 
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