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A comparison of through-space population transfers from half-

integer spin quadrupolar nuclei to 1H using MQ-HETCOR and MQ-

SPAM-HETCOR under fast MAS  

Akiko Sasaki,a Julien Trébosc,b Jean-Paul Amoureux*b,c,d 

In this article, we compare the various schemes of magnetization transfer from half-integer quadrupolar spins to 1H nuclei 

and we establish an efficient protocol to perform these transfers under MQMAS high-resolution with the MQ-HETCOR and 

MQ-SPAM-HETCOR experiments under fast MAS. The MQMAS efficiencies are analyzed with SIMPSON simulations, and 

the CPMAS and RINEPT magnetization transfers are compared at 62.5 kHz MAS using {23Na}-1H and {27Al}-1H MQ-HETCOR 

and MQ-SPAM-HETCOR experiments performed on NaH2PO4, Na2HPO4, Na citrate dihydrate and ipa-AlPO-14 powder 

samples. We discuss the pros and cons of these approaches, aiming to record 2D spectra of the best possible quality under 

fast MAS. We also incorporate some experimental approaches to reduce the total experiment time of such long 2D 

experiments. 

Key words:  solid-state NMR, HETCOR, quadrupolar nuclei, MQMAS, SPAM, fast MAS.

I. Introduction 

During the last decade, several schemes to acquire HETCOR 

(hetero-nuclear correlation) two-dimensional (2D) spectra 

between spin-1/2 and half-integer spin quadrupolar nuclei 

have been proposed in ssNMR (solid-state nuclear magnetic 

resonance). All these sequences use magic angle spinning 

(MAS) of the sample to enhance the resolution. 

The HETCOR sequence may start from the quadrupolar 

nucleus to profit of its often-small longitudinal relaxation time, 

hence allowing using short recycling delays (RD). In the reverse 

way, the sequence starts from the spin-1/2 nucleus to profit of 

its often-large magnetization. The choice between the two 

variants depends on the ratios between the Larmor 

frequencies, the natural abundances, the longitudinal 

relaxation times, and the linewidths of the two nuclei. It must 

be reminded here that the linewidth of the quadrupolar 

nucleus corresponds to its central-transition (CT), between the 

±1/2 Zeeman levels, which is broadened by the anisotropic 

second-order quadrupole interaction.  

When an isotropic dimension is desired for the 

quadrupolar nucleus, a high-resolution 2D method, such as 

MQMAS (multiple-quantum MAS)1 or STMAS (satellite-

transition MAS),2 has to be employed. In this case, the HETCOR 

sequence becomes a 3D experiment if it starts from the spin-

1/2 nucleus,3 whereas it remains a 2D one in the reverse way. 

As a result, mostly the second type of 2D HETCOR sequences 

have been used presently to shorten the experiment time, Texp, 

and they were successfully demonstrated for several pairs of 

nuclei such as {27Al}-31P, {27Al}-27Si and {23Na}-31P. These high-

resolution HETCOR experiments utilize an MQMAS or STMAS 

quadrupolar filter followed with either one population transfer 

done with CPMAS (MQ-CP-HETCOR4–10 or ST-CP-HETCOR11), 

RINEPT (MQ-J-RINEPT10,12–15 or MQ-D-RINEPT13,16–18), or two 

consecutive transfers with the MQ-J-HMQC3 or HMQC-ST19 

experiments. These methods have been further combined with 

the SPAM sensitivity enhancement scheme (SPAM-MQ-

HETCOR).10,13,14,16  

For the through-space HETCOR experiments, which rely on 

the hetero-nuclear dipolar interactions between spin-1/2 and 

half-integer spin quadrupolar nuclei, the CPMAS transfer is 

often considered difficult and time-consuming, especially in 

the case of small S/N, as it requires a careful optimization of 

multiple parameters. On the contrary, the RINEPT approach is 

claimed to be robust to offset and rf-inhomogeneity (and 

hence relatively easier to set up) and more efficient than the 

PRESTO approach20 under fast MAS.21,22 

Recently, owing to the technical development of fast MAS 

probes and small-diameter rotors, higher spinning rates have 

become more and more accessible on an everyday basis. This 

is especially important for 1H-detected HETCOR experiments 

involving quadrupolar nuclei,4,16,17,19,23–27 because the higher 
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1H resolution under fast MAS makes it a more practically 

promising approach in ssNMR investigations. 

In this article, we employ two dipolar-mediated spin-

systems, 23Na-1H and 27Al-1H, and utilize the sensitivity 

advantage of the 1H detection under fast MAS in high-

resolution 2D quadrupolar HETCOR experiments. We focus on 

the MQMAS quadrupolar filter and perform a comparison of 

the currently available population transfer schemes using MQ-

HETCOR and MQ-SPAM-HETCOR 2D spectra. Fig.1 summarizes 

the pulse sequences and coherence transfer pathways used in 

the following investigations: (a,b) {23Na}-1H and (c,d) {27Al}-1H 

MQ-HETCOR and MQ-SPAM-HETCOR experiments via (a,c) 

CPMAS and (b,d) RINEPT. It should be reminded here that the 

split-t1 approach28 that has been employed in MQMAS 

experiments is inherent to the MQ-HETCOR sequences used in 

this article. We demonstrate a step-by-step experimental 

protocol to set up efficiently the CPMAS, RINEPT and SPAM 

blocks with the aid of a series of 1D acquisitions and of 

simulations. This protocol is practically important upon 

acquisition of time-consuming 2D quadrupolar HETCOR 

spectra with the best possible quality for a given (and often 

limited) amount of spectrometer time. We discuss the pros 

and cons of these high-resolution quadrupolar HETCOR 

approaches under fast MAS conditions. We conclude by 

introducing two experimental approaches to reduce the total 

experiment time of such long 2D experiments. 

II. Methods 

All experiments were performed using a Bruker Avance 

NEO spectrometer with a B0 = 14.1 T wide-bore magnet at 

Larmor frequencies of 158.8 (23Na), 156.5 (27Al) and 600.3 (1H) 

MHz, equipped with a 1.3 mm HX MAS probe. The maximum rf 

field strengths of ν1 = 145 (23Na), 150 (27Al) and 155 (1H) kHz 

were attainable. The spinning stability was maintained by a 

MAS III unit within ± 10 Hz at νR = 20 and 62.5 kHz. The 

powder samples of NaH2PO4, Na2HPO4, sodium citrate 

dihydrate (Wako) were packed as purchased, and ipa-AlPO-14 

was packed as synthesized. The chemical shifts were 

referenced using the sample itself as a secondary reference. 

The indirect dimensions of the 2D HETCOR spectra were 

referenced according to the unified representation.29 The 4.0.6 

version of the Topspin software was used throughout. We 

provide in the SI our TopSpin pulse sequences for MQ-HETCOR 

and MQ-SPAM-HETCOR experiments.  

All MQMAS simulations were performed using the 

SIMPSON program.30 The input parameters were the nucleus 

of interest (23Na or 27Al), spinning frequency (νR), rf-field 

strength (ν1) and the quadrupolar coupling constant (CQ). The 

quadrupole interaction, with ηQ = 0, was taken into account up 

to the second-order, without scalar or dipolar coupling. The 

powder averaging parameters (crystal file, number of γ-angles 

and maximum time step, ∆t, over which the Hamiltonian is 

considered time independent) were tested for convergence, 

and a combination of ZCW20 × 10 γ-angles with ∆t = 0.1 µs 

was sufficient for the given range of CQ values used in the plot. 

Since the imaginary part of the signal was found to be minor, 

Fig.1 Pulse sequences and coherence transfer pathways of (a,b) {23Na}-1H and (c,d) {27Al}-1H MQ-HETCOR and MQ-SPAM-HETCOR experiments via 

population transfer by (a,c) CP and (b,d) RINEPT used in the following investigations. 
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only the real part of the signal is plotted as the signal intensity. 

Further computational details are given in the figure captions. 

III. Setting up the experiments 

 

Fig.2 shows a series of 23Na, 27Al and 1H 1D MAS spectra at 

νR = 20 and 62.5 kHz, of each of the four compounds used in 

the following HETCOR investigations: (a,b) NaH2PO4, (c,d) 

Na2HPO4, (e,f) sodium citrate dihydrate and (g,f) ipa-AlPO-14. 

Upon comparison of the spectra recorded at νR = 20 and 62.5 

kHz, there is no apparent change for the second-order 

broadened 23Na and 27Al quadrupolar lineshapes, except for 

the presence/absence of small spinning sidebands. On the 

contrary, the 1H MAS spectra of all four samples present 

significant changes in intensity and appearance at the two 

spinning frequencies. The increased resolution under fast MAS 

has a potential to obtain structural information that could not 

be detected at νR = 20 kHz. In this study, we make use of the 
1H resolution advantage under fast MAS to perform high-

resolution quadrupolar HETCOR experiments with the 1H 

detection in the direct dimension and isotropic 23Na or 27Al 

information in the indirect dimension. 

Upon acquisition of 2D quadrupolar HETCOR experiments, 

which often lasts for a few hours or days, it is highly 

recommended to first establish the optimum conditions to 

acquire the 2D spectra with the best possible quality for the 

given experimental conditions (e.g. nature of the sample, 

quality of the probe, achievable spinning rate, amount of 

spectrometer time available etc.). We first describe the step-

by-step protocol to set up the CPMAS, RINEPT and SPAM 

blocks as efficiently as possible, with the aid of prior insights 

for the MQMAS part provided by SIMPSON simulations 

followed by a series of 1D MAS acquisition. Fig.S1 

schematically describes the step-by-step procedures to set up 

the CPMAS and RINEPT transfers, with a series of 1D 

acquisitions that are recommended to carry out prior to any 

2D acquisition. In the following paragraphs, we review the 

principles of CPMAS and RINEPT schemes from a practical 

point of view, and we give a brief description of the 

significance of each step for the sake of establishing an 

efficient experimental protocol upon successful acquisition of 

the 2D MQ-HETCOR spectra. 

 

III.1. Setting up CPMAS 

CPMAS transfers involving at least one quadrupolar 

nucleus are often considered as a challenge due to the very 

complex spin dynamics involved in both the spin-locking of the 

Fig.2 Examples of 1D (a,c,e) 23Na, (g) 27Al and (b,d,f,h) 1H MAS spectra at νR = 20 kHz (top) and 62.5 kHz (bottom) of (a,b) NaH2PO4, (c,d) Na2HPO4, (e,f) 

Na citrate dihydrate and (g,h) ipa-AlPO-14, respectively. 
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quadrupolar magnetization and its transfer to the other 

nucleus. The quadrupolar CPMAS efficiency depends on 

several parameters such as: the rf-fields (ν1,H for 1H and ν1,I for 

the quadrupolar nucleus, I), the spinning rate (νR), the offset, 

the quadrupole interaction described with νQ = 3CQ/(2I(2I-1)), 

and the magnitude of the 1H-I dipolar interactions.31,32 The 

spin-locking of the quadrupolar nucleus is characterized by the 

adiabaticity parameter, α = ν1,I
2/νQνR, and it is efficient only 

when either α >> 1 (adiabatic passage) or α << 1 (sudden 

passage). Under fast MAS (e.g. νR = 62.5 kHz), the α << 1 

condition is the only practical possibility, and it leads to low ν1,I 

rf-fields of a few kHz. Under this spin-locking condition for the 

central-transition (CT), the CPMAS transfers between the two 

nuclei occur under the modified Hartmann-Hahn condition, 

ν1,H = (I + 1/2)ν1,I + nνR, where I = 3/2, 5/2 etc. and typically n = 

±1. 

As an example, Fig.3 shows some examples of 1D 23Na→1H 

and 27Al→1H CPMAS profiles of NaH2PO4 and ipa-AlPO-14 at νR 

= 62.5 kHz upon varying ν1,H between 40 and 150 kHz. We 

should emphasize that these profiles are upon 1H detection, 

and that the intensities strongly depend on varying ν1,H by as 

small as 5-10 kHz, because the 1H spectra only spread over 5-

10 kHz (Fig.2b,d,f,h). It can also be observed that, upon 

quadrupolar CPMAS, the ramp shaped pulses perform better 

than the conventional square pulses, as often observed with 

spin-1/2 systems. For a given sample, optimizing the contact 

time (τCP) is also a prerequisite, as with spin-1/2 systems. For 

the sake of sensitivity, a long value, τCP ≈ 3-4 ms, may be used 

to start the optimization. We should particularly note that the 

quadrupolar CPMAS transfer is very sensitive to the offset in 

the quadrupolar channel due to the use of low rf-field. Since 

the CPMAS transfers depend on the CQ value, two sites with 

very different CQ values may not necessarily be observable 

simultaneously under the same CPMAS conditions. In this case, 

they may require separate sets of optimization parameters, 

and hence several 2D acquisitions. For more ‘molecular’ 

systems, such as Na citrate dihydrate and ipa-AlPO-14, both 

the spin-locking and the CPMAS transfer efficiencies may 

decrease due to the presence of dynamics (e.g. water 

molecules swapping positions or template molecules freely 

moving etc.). In this case, the CPMAS intensity may be low, 

necessitating the use of an increased number of scans (NS) to 

achieve an acceptable S/N (compare in Fig.3 the S/N of 

NaH2PO4 and ipa-AlPO-14).  

In short, for a successful observation of quadrupolar 

CPMAS spectra under fast MAS, we recommend the use of a 

low rf-field on the quadrupolar channel (a few kHz) and a long 

contact time (τCP = 3-4 ms) for the sake of efficient spin-locking 

and increased sensitivity, respectively. The CPMAS transfers 

hence require 4 main parameters to be optimized: the contact 

time (τCP), the two rf-fields (ν1,H and ν1,I) and the offset, 

especially on the quadrupolar channel. 

 

III.2. Setting up RINEPT 

To circumvent the complicated setting problems associated 

with the quadrupolar CPMAS, the D-RINEPT (dipolar-mediated 

refocused insensitive nuclei enhanced by polarization transfer) 

approach has been implemented to acquire 2D HETCOR 

spectra between 1H and half-integer spin quadrupolar nuclei, 

Fig.3 Examples of 1D (a) {23Na}-1H and (b) {27Al}-1H CPMAS profile versus the 1H rf-field strength (ν1,H) of the contact pulse at νR = 62.5 kHz. The CP pulse 

sequence and the corresponding parameters are described in Fig.S1. (a) NaH2PO4: NS = 8, RD = 3 s, Texp = 24 s each, τCP = 4 ms, ν1,Na = 11 kHz. (b) ipa-

AlPO-14: NS = 8, RD = 1 s, Texp = 8 s each, τCP = 3.5 ms, ν1,Al = 4.5 kHz. In blue (ν1,H) and red (W), we emphasize the efficient regions of CPMAS transfers.  

Fig.4 Schematic illustration of the SR4�
� (180) recoupling scheme used in 

this study. 
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such as 23Na, 27Al, 17O and 35Cl.4,16,17,19,23–25,27 The hetero-

nuclear coupling is typically reintroduced using the symmetry-

based SR4�
�
	scheme.33 Fig.4 shows a schematic illustration of 

the D-RINEPT sequence with this SR4�
� scheme, shortened to 

RINEPT hereafter. Using a rectangular π-pulse as basic 

element, the sequence R4�
�= 1809018027018090180270, which 

lasts one rotor period (TR = 1/νR), is super-cycled to 

[R42
1R4−2

1]0[R42
1R4−2

1]120 [R42
1R4−2

1]240, and the 1H irradiation 

is applied with ν1,H = 2νR = 125 kHz at νR = 62.5 kHz. This 

sequence suppresses the 1H isotropic chemical shifts, the 

hetero-nuclear J-couplings and 1H-1H dipolar couplings to the 

first-order.21 The three pulses on the quadrupolar channel are 

CT-selective with a low rf-field of a few kHz, and their 

durations have been fixed in this study at 8 (TR/2) and 16 µs 

(TR), for the π/2 and π-pulses, respectively. 

Fig.5 presents the 1D 23Na→1H and 27Al→1H RINEPT-

HETCOR profiles at νR = 62.5 kHz and the SR4�
� recoupling with 

respect to the 1H recoupling period (τSR421) and the 1H, 23Na or 
27Al power inputs, using NaH2PO4 and ipa-AlPO-14. Due to the 

possible direct excitation of the 1H magnetization by the 

recoupling pulses, the 2D spectra may suffer from artefacts. 

This is especially the case for samples with long T1,H values (e.g. 

> 100s in NaH2PO4, Na2HPO4 and sodium citrate dehydrate). 

These artefacts can be avoided by applying during τpresat a 1H 

pre-saturation pulse train prior to the MQ excitation, and it 

results in a slightly longer experiment time than the CPMAS 

equivalent (see section IV for the comparison of spectra). 

The recoupling period can be optimized experimentally 

starting from the relation, τSR421 ≈ 9.44/(2bHI), where bHI is the 

dipolar coupling constant in rad/s.20 For example, for NaH2PO4, 

the optimum value, τSR421 ≈ 768-1024 µs, corresponds to a Na-

H dipolar coupling of 0.7-1.0 kHz, in good agreement with the 

value estimated from the crystal structure.34 The intensity is 

very robust with respect to ν1,H around its theoretical value of 

2νR (Fig.5e,f). It is more sensitive to the quadrupolar rf-field 

(Fig.5g,h), but less than with CPMAS (Fig.3). 

To summarize, the RINEPT transfer only requires one main 

parameter to optimize, the recoupling time (τSR421). This makes 

the RINEPT setting much easier than that for CPMAS, 

especially in the case of small S/N ratios.  

III.3. Setting up SPAM 

Despite of the previous optimum conditions for CPMAS or 

RINEPT, the signal intensity of MQ-HETCOR experiments may 

still be low to be useful in ssNMR applications, compared to 

other experiments used on an everyday basis. One way to 

enhance the S/N of the MQ-HETCOR spectra is to incorporate 

the SPAM (soft-pulse added mixing) approach that increases 

the efficiency of the MQ conversion.35,36 Among other 

equivalent schemes, such as FAM,37 DFS38 and HS,39 which 

have been successfully demonstrated for the excitation and 

conversion of the MQ coherences, here we employ the 

conversion of the MQ coherences by SPAM, which is 

advantageous in that no complicated optimization process is 

required and hence is easy to set up. Upon SPAM, the MQ 

conversion hard-pulse (HP) is replaced with a composite pulse 

(Fig.1 bottom). This means a HP immediately followed with a 

CT-selective π/2-pulse with a proper phase depending on the 

selected coherence pathway. Previously, we have 

demonstrated the successful implementa-tion of SPAM-

MQMAS under fast MAS conditions.40 In the following, we 

describe the equivalent set of procedure for MQ-SPAM-

HETCOR implementation, with the aid of SIMPSON simulations 

and acquisition of 1D spectra.  

Fig.5 23Na→1H (left) and 27Al→1H (right) RINEPT profiles at νR = 62.5 kHz with SR4�
� (180) recoupling upon varying (a,b) the 1H presaturation period 

(τpresat), (c,d) the recoupling period (τSR421), (e,f) 1H rf-field strength (ν1,H) and (g,h) 23Na or 27Al rf-field strength (ν1,Na or ν1,Al). The RINEPT pulse sequence 

and the corresponding parameters are described in Fig.4 and Fig.S1. (a,c,e,g) NaH2PO4: d20 = 5 ms, (a) NS = 1, RD = 3 s, Texp = 3 s each, (c,e,g) NS = 16, RD 

= 1 s, Texp = 24 s each.  (b,d,f,h) ipa-AlPO-14: d20 = 500 µs, (b) NS = 1, RD = 1 s, Texp = 1 s each, (d,f,h) NS = 16, RD = 1 s, Texp = 21 s each. 
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Fig.6 shows the simulated MQMAS intensity for I = 3/2 

(a,b) or 5/2 (c,d) with conventional HP or SPAM conversion 

with respect to each pulse length (p1, p2 and p3) for a range of 

CQ values at νR = 20 (a,c) and 62.5 (b,d) kHz. This signal is used 

for {23Na}-1H and {27Al}-1H MQ-HETCOR and MQ-SPAM-

HETCOR experiments. In relation to the step of the selected 

coherence pathway for p2, ∆p = ±2 or ±4 (Fig.1), the SPAM 

phase condition is φ3 = -φ2 or +φ2, for I = 3/2 or 5/2, 

respectively.  

Although fast MAS is a prerequisite for the 1H resolution 

(Fig.2), the MQMAS efficiency decreases under fast MAS 

(compare the left and right plots in Fig.6).41 On the contrary, it 

has been shown that, due to the decrease of the rotor period, 

the STMAS efficiency increases with the MAS frequency.39 

However, this MQMAS efficiency loss is overcome by the 

SPAM sensitivity enhancement. Theoretically, compared to 

MQ-HETCOR, the MQ-SPAM-HETCOR approach gives rise to a 

signal enhancement of 1.4 for I = 3/2 (23Na) and 1.7 for I = 5/2 

(27Al).10 These gains are confirmed by the intensity plots in 

Fig.6, and the application of SPAM at νR = 62.5 kHz gives a 

larger efficiency than that at νR = 20 kHz with conventional 

pulses.  

We note (i) that the first pulse length (p1) is identical, 

irrespective of the presence or absence of SPAM, but (ii) that 

the optimum second pulse length (p2) is different between 

MQMAS and MQMAS-SPAM, due to the difference of the 

selected coherence pathways. Indeed, without SPAM, only one 

pathway is selected (-3 → -1 or +3 → -1), but with SPAM, all 

other available coherence pathways are mixed to add up. The 

simulations show that the overall signal intensity of both MQ-

HETCOR and MQ-SPAM-HETCOR is sensitive to the p2 pulse 

length by a few tenths of µs. This was confirmed 

experimentally at νR = 62.5 kHz, by the {23Na}-1H and {27Al}-1H 

MQ-CP-HETCOR and MQ-SPAM-CP-HETCOR 1D profiles upon 

varying the p2 length between 0.2 and 2.0 µs by step of 0.2 µs 

(Fig.7). For I = 3/2, the optimum p2 length is longer with than 

without SPAM, whereas the opposite is true for I = 5/2. 

For the sake of sensitivity, we recommend utilizing the 

SPAM approach to circumvent the inevitable MQMAS 

efficiency loss under fast MAS, and we suggest carefully 

optimizing the MQ conversion hard-pulse length (p2) upon 

acquisition of both MQ- and MQ-SPAM-HETCOR spectra, in 

accordance with the simulations (Fig.6) and the experiments 

Fig.6 Simulated signal intensity for (a,b) 23Na and (c,d) 27Al MQMAS with respect to each pulse length (p1, p2 and p3) for a range of CQ values at B0 = 14.1 

T with ν1 {p1, p2, p3} = {150, 150, 20} kHz, and νR = 20 (a,c) or 62.5 (b,d) kHz. For each plot, one of the pulse lengths (denoted in the x-axis) is varied 

while others are fixed. The combination of pulse lengths used within each plot is, for example, {p1, p2, p3} = {3.5, 1.0 (Conventional) /1.3 (SPAM), 6.0} 

or {3.0, 1.2 (Conventional) / 0.9 (SPAM), 4.0} µs, for 23Na or 27Al, respectively.  

Fig.7 Examples of 1D (a) {23Na}-1H and (b) {27Al}-1H MQ-CP-HETCOR and MQ-SPAM-CP-HETCOR profiles versus the p2 pulse length at νR = 62.5 kHz and 

NS = 24. RD = 3/1 s, Texp = 1.2/0.5 min each, MQMAS: {p1, p3} = {3, 6}/{2.5, 3.5} µs, CP: τCP  = 4/3.5 ms, ν1,Na/Al = 11/4.5 kHz, ν1,H (ramp90100.100) = 52/89 

kHz, for NaH2PO4/ ipa-AlPO-14, respectively. 
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(Fig.7). This is utilized in the next section where we compare 

the series of MQ- and MQ-SPAM-HETCOR spectra. 

IV. Comparison of 1D and 2D MQ- and 
MQ-SPAM-HETCOR spectra 

Having established the optimum experimental conditions, 

we compare the 1D and 2D MQ-HETCOR spectra of the four 

selected compounds, recorded with CPMAS or RINEPT transfer 

and with or without SPAM conversion pulse.  

 

Fig.9 Examples of (a,b) {23Na}-1H and (c,d) {27Al}-1H MQ-HETCOR and MQ-SPAM-HETCOR 2D spectra at νR = 62.5 kHz via (a,c) CP and (b,d) RINEPT plotted 

with an expansion around the signal region. An isotropic projection of the 2D MQMAS spectra is shown for comparison. NS = 24/24/48/96, RD = 

1/1/1/0.6 s, 600/800/600/500 t1 increments, Texp = 4-6/5.5-8/8-12/8.3-12.2 h each, for NaH2PO4/Na2HPO4/sodium citrate dihydrate/ipa-AlPO-14, 

respectively.
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IV.1. 1D MQ- and MQ-SPAM-HETCOR spectra 

The 1D spectra correspond to the first FIDs of the 2D 

acquisitions (t1 = 0). Since the signal intensities of these FIDs 

are proportional to the integrated intensities of the 2D 

spectra, they provide a quick preliminary insight to the success 

of the following 2D acquisitions, which often last for a few 

hours or days. 

Fig.8 shows the 23Na→1H and 27Al→1H MQ-HETCOR and 

MQ-SPAM-HETCOR 1D spectra at νR = 62.5 kHz, with CPMAS 

or RINEPT transfer, for each of the four samples. The use of 

the SPAM pulse is expected to give a signal gain of 1.4 or 1.7, 

for I = 3/2 (23Na) or 5/2 (27Al), respectively,10 and this was 

observed experimentally upon comparison of the MQ-HETCOR 

and MQ-SPAM-HETCOR 1D spectra. Indeed, the SPAM gains 

with CPMAS and RINEPT were found to be 1.5 and 1.4 

(NaH2PO4), 1.4 and 1.4 (Na2HPO4), 1.5 and 1.5 (sodium citrate 

dehydrate) and 1.5 and 1.6 (ipa-AlPO-14). It should be 

remembered that the total experiment time (Texp) of RINEPT 

might be slightly longer than the CPMAS equivalent due to the 

presence of the 1H saturation period. Here, the quadrupolar 

CPMAS efficiency was slightly higher than that of RINEPT 

(Fig.8). This is due to the efficient spin-locking under fast MAS, 

because the sudden passage condition, α = ν1
2/νQνR << 1, is 

then favourably satisfied. However, the experimental setting 

up with CPMAS may be much longer than with RINEPT, due to 

the four parameters to optimize, instead of a single parameter 

in the latter case.  

 

IV.2. 2D MQ- and MQ-SPAM-HETCOR spectra 

Fig.9 displays a series of {23Na}-1H and {27Al}-1H MQ-

HETCOR and MQ-SPAM-HETCOR 2D spectra of the four 

samples via CPMAS and RINEPT transfers. It should be noted 

that the signal regions displayed in Fig.9 occupy only a small 

part of the full spectra. This is related to the fact that the 

isotropic spectral width is proportional to νR, and hence is very 

large under fast MAS. The full spectra are shown in Fig.S2 for 

NaH2PO4 and ipa-AlPO-14 and in Fig.S3 for Na2HPO4 and Na 

citrate dihydrate. 

The direct F2 dimension corresponds to the 1H MAS 

spectra and the indirect F1 to the isotropic MQMAS spectra. 

For the ease of comparison, Fig.10 shows the isotropic 

projections of the {23Na}-1H and {27Al}-1H MQ-HETCOR and 

MQ-SPAM-HETCOR 2D spectra of the four samples. In 2D 

experiments, the SPAM gains with CPMAS and RINEPT were 

found to be similar (i.e. slightly higher by 5%), to those 

observed in 1D (Fig.8). 

V. Reduction of the experiment time 

Fig.8 Comparison of 1D (a-f) {23Na}-1H and (g,h) {27Al}-1H MQ-HETCOR and MQ-SPAM-HETCOR spectra at νR = 62.5 kHz via (a,c,e,g) CP and (b,d,f,h) 

RINEPT of (a,b) NaH2PO4, (c,d) Na2HPO4, (e,f) Na citrate dihydrate and (g,h) ipa-AlPO-14. NS = 48, RD = 1 s, Texp = 0.8-1.2 min each. 

Fig.10 Comparison of isotropic projections of 2D (a-f) {23Na}-1H and (g,h) 

{27Al}-1H MQ-HETCOR (red) and MQ-SPAM-HETCOR (blue) spectra at νR = 

62.5 kHz via (a,c,e,g) CP and (b,d,f,h) RINEPT. (a,b) NaH2PO4: NS = 24, RD 

= 1 s, 600 t1 increments, Texp = 4-6 h each. (c,d) Na2HPO4: NS = 24, RD = 1 

s, 800 t1 increments, Texp = 5.5-8 h each. (e,f) Na citrate dihydrate: NS = 

48, RD = 1 s, 600 t1 increments, Texp = 8-12 h each.  (g,h) ipa-AlPO-14: NS 

= 96, RD = 0.6 s, 500 t1 increments, Texp = 8.3-12.3 h each.  
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So far, the MQ-HETCOR and MQ-SPAM-HETCOR 

acquisitions of the four simple compounds presented in this 

study required 4-12 hours of the spectrometer time (Fig.10). 

One would then envisage to reduce Texp of such long 2D 

acquisitions. We note here that our MQ-HETCOR and MQ-

SPAM-HETCOR experiments are performed with "States" 

acquisition, with a minimum of scans per t1 point due to the 

phase-cycling intrinsic to the pulse sequence: NS = 24 for I = 

3/2 or 48 for I = 5/2. In our cases, the total duration has been 

related either (i) to this minimum phase cycling (NS = 24 for 

NaH2PO4), or (ii) to the limited sensitivity of the sample (NS = 

96 for ipa-AlPO-14).  

In the following, we briefly demonstrate the reduction of 

Texp by two experimental tricks: the Echo-Antiecho acquisition 

for the case (i) and the non-uniform sampling (NUS) for the 

case (ii), respectively.  

For I = 3/2 nuclei, on condition that the sensitivity is not a 

limiting factor, the "Echo-Antiecho" acquisition can be used to 

shorten the phase cycling with a minimum of NS = 12, as 

opposed to NS = 24 of the “States” acquisition. This reduces 

Texp by a factor of 2. This time reduction can even be increased 

to 8/3 by using twice more echoes than anti-echoes (E:AE = 

2:1).39 Fig.11 shows a comparison of the {23Na}-1H isotropic 

projections of the MQ-SPAM-HETCOR 2D spectra of NaH2PO4 

and Na2HPO4 recorded with Echo-Antiecho acquisition. The 

information remains the same as with "States", but it was 

obtained in Texp = 3 instead of 8 h. However, this time 

reduction also leads to a decrease of S/N, which is 

proportional to √Texp, and hence it is only applicable to I = 3/2 

systems with high S/N ratios. 

For 27Al (I = 5/2), the minimum NS of both MQ-HETCOR and 

MQ-SPAM-HETCOR is 48 with both Echo-Antiecho and “States” 

acquisitions. In this case, we can utilize a non-uniform 

sampling (NUS) along the indirect dimension to reduce Texp. 

However, it should be remembered that this sampling can also 

be applied to I = 3/2 or any spin value. Fig.12 shows a 

preliminary comparison of the isotropic projections of the 

{27Al}-1H MQ-SPAM-CP-HETCOR spectra of ipa-AlPO-14 upon 

NUS. Starting with the fully acquired 2D set of FIDs, NUS 2D 

sets with 50, 32, 24, and 12.5 % of t1 points were obtained 

using the default random sampling scheme on TopSpin with 

the processing parameters in the free license. These different 

sets correspond to Texp = 8.3, 4.15, 2.7, 1.7 and 1 h, with 

conventional acquisition, and NUS with 50, 33, 24 and 12.5 %, 

respectively. In this particular case of high-resolution spectra 

along the indirect dimension, down to 32, or even 24, % NUS 

may be safely employed, which thus lead to a great potential 

to reduce Texp of such long 2D MQ-HETCOR experiments. We 

should, in principle, be able to improve the quality of our NUS 

MQ-HETCOR spectra by the use of more appropriate sampling 

schemes and/or processing algorithms,42 which are currently 

under investigations.  

VI. Conclusions 

We have shown a comparison of the population transfers 

from the half-integer spin quadrupolar nuclei (23Na or 27Al) to 
1H via CPMAS and RINEPT in the context of MQ-HETCOR and 

MQ-SPAM-HETCOR under fast MAS conditions. Pros and cons 

of CPMAS and RINEPT transfers were discussed, and a step-by-

Fig.11 Comparison of isotropic projections of 2D {23Na}-1H MQ-SPAM-

HETCOR spectra recorded by Echo-Antiecho acquisition with E:AE = 1:1 

(red) and E:AE = 2:1 (blue), respectively, at νR = 62.5 kHz via (a,c) CP and 

(b,d) RINEPT. (a,b) NaH2PO4: NS = 12, RD = 1 s,  600 t1 increments, Texp = 

2-3 h each. (c,d) Na2HPO4: NS = 24, RD = 1 s, 800 t1 increments, Texp = 2.7-

4 h each. 

Fig.12 Comparison of isotropic projections of {27Al}-1H MQ-SPAM-CP-

HETCOR spectra at νR = 62.5 kHz of ipa-AlPO-14: (a) Full (experimental) 

with NS = 96, RD = 0.6 s, 500 t1 increments, Texp = 8.3 h. (b) 50% NUS, (c) 

32% NUS, (d) 24% NUS and (e) 12.5% NUS using the default random 

sampling scheme on TopSpin (i.e. no exponential weighting, NusT2 = 1 s) 

with the CS-IRLS algorithm (Mdd_mod = CS, Mdd_CsALG = IRLS) and the 

virtual echo option (Mdd_CsVE = TRUE) for processing 
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step experimental setup procedure was established for the 

CPMAS, RINEPT and SPAM blocks with the aid of simulations 

and a series of 1D acquisitions. Due to the intrinsic MQMAS 

efficiency loss under fast MAS conditions, the SPAM sensitivity 

enhancement can be easily implemented to compromise the 

signal loss. Very recently, a very simple and efficient approach 

has been presented for 1Q ↔ 3Q transfers in the context of 

MQMAS experiments.43 We believe that it is also a promising 

approach for MQ-HETCOR experiments, and it would be 

interesting to compare it with the SPAM approach. 

We summarize the precautions to be used upon successful 

acquisition of the MQ-HETCOR signals via CPMAS and RINEPT. 

For CPMAS, use a very low rf-field on the quadrupolar channel 

(a few kHz) for the sake of efficient spin-locking. For RINEPT, 

carefully optimize the power input of the three CT-selective 

pulses on the quadrupolar channel (with an effective rf-field of 

a few kHz). The CPMAS efficiency is significantly affected by 

offsets or probe tuning instability, whereas RINEPT inevitably 

requires a 1H presaturation period, which may result in a 

slightly longer experiment time than the CPMAS equivalent.  

As a general conclusion, MQ-HETCOR experiments via 

CPMAS transfers are slightly more efficient (ca. 10-20 %) than 

with RINEPT using square π-pulses as basic element. However, 

CPMAS requires four parameters to optimize, instead of a 

single one with RINEPT: the recoupling time. This criterion is 

very important when the S/N is low. Moreover, it has been 

shown recently at νR = 62.5 kHz that the RINEPT and PRESTO-

R16	

 transfers using (270090180) composite pulses are more 

efficient that with square π-pulses as basic element.22 At ultra-

fast MAS, these sequences are hence as efficient as CPMAS, 

and very simple to set due to their unique parameter to 

optimize. They are thus highly recommended to be used with 

MQ-HETCOR experiments. 

Currently, we investigate several sampling schemes and/or 

processing algorithms for the non-uniform sampling (NUS) of 

the MQ-HETCOR acquisition. Furthermore, as a 

complementary approach,11 ST-HETCOR is expected to exhibit 

much higher sensitivity under fast MAS and is also under 

investigations. 
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{23Na}-1H MQ-HETCOR (red) and MQ-SPAM-HETCOR (blue) 1H spectra at R = 62.5 kHz, with CPMAS (left) 

or RINEPT (right) transfer. CPMAS is slightly more efficient, but much more time-consuming to set-up. 
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