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Abstract:
In this paper we undertake a study of the decoupling efficiency of the Multiple-Pulse (MP)
scheme, and a rationalization of its parameterization and of the choice of instrumental set
up. This decoupling scheme is known to remove the broadening of spin-1/2 spectra I,
produced by the heteronuclear scalar interaction with a half-integer quadrupolar nucleus S,
without reintroducing heteronuclear dipolar interaction. The resulting resolution
enhancement depends on the set-up of the length of the series of pulses and delays of the
MP, and some intrinsic material and instrumental parameters. Firstly through a numerical
approach, this study investigates the influence of the main intrinsic material parameters
(heteronuclear dipolar and J coupling, quadrupolar interaction, spin nature) and
instrumental parameters (spinning rate, pulse field strength) on efficiency and resolution
enhancement of the scalar decoupling scheme. A guideline is then proposed to obtain
quickly and easily the best resolution enhancement via the rationalization of the
instrumental and parameter set up. It is then illustrated and tested through experimental
data, probing the efficiency of MP-decoupling set up using this guideline. Various spin

systems were tested (31P-51V in VOPO4, 31P-93Nb in NbOPO4, 119Sn-17O in Y2Sn2O7), combined
with simulations results.

1. INTRODUCTION
In solid-state NMR spectroscopy, improving the spectral resolution is vital for the detailed
structural investigation of solid materials. In particular, homonuclear and heteronuclear
decoupling have been widely used to remove the significant dipolar couplings that typically
affect NMR spectra of solids, but are removed in solution by rapid molecular tumbling. In
recent years, attention has been focused on improving the resolution of NMR spectra of
nuclei with spin quantum number I = ½ that are broadened by heteronuclear interactions
(such as scalar and dipolar coupling) with highly abundant surrounding nuclei. There are
several possible ways to remove these interactions. For example, magic-angle spinning
(MAS), where the sample is rotated around an axis inclined at an angle of 54.7° with respect
to the external field B0, leads to a time-dependence of the heteronuclear dipolar coupling,
which results in a manifold of spinning sidebands. In addition, the application of
radiofrequency (RF) pulses to the coupled heteronucleus during the signal acquisition can be
used typically to remove (or in some cases to selectively retain) heteronuclear interactions.
Heteronuclear dipolar-decoupling schemes are commonly employed in solid-state NMR
experiments, with the primary aim of improving spectral resolution. Originally employed in
solution-state NMR spectroscopy, continuous wave (CW) decoupling [1] is now also routinely
used in solid-state NMR MAS. Owing to the limitations of this simple decoupling scheme, a
number of more complex decoupling schemes have been specifically developed for use on
rotating solids, some using continuous irradiation or adiabatic pulses, including TPPM (and
its related variant XiX) [2–4], the SPINAL schemes [5], DFS [6], PISSARO or rCW [7–9] and
other approaches [10–14].
The choice of decoupling scheme depends upon the type of heteronuclear interactions that
broadens the spectral lines [15,16]. It has been shown that the heteronuclear scalar coupling
between nuclei with spin quantum number I = ½ spin and surrounding quadrupolar nuclei (I
> 1/2) with half-integer spin quantum number can dramatically decrease the spectral
resolution and hinder the extraction of structural and chemical information [16–21].
Although the heteronuclear dipolar coupling can, in principle, be averaged by MAS, the
introduction of other time-dependent phenomena, such as RF irradiation (as applied during
a decoupling sequence for example), can lead to an interference effect if the two happen on
a similar timescale. This can result in an unwanted recoupling of the heteronuclear dipolar
interaction, leading to an increased broadening of spectral lines, which is added to the
broadening due to the 2nI+1 multiplet that results from the heteronuclear scalar coupling
(where n is the number of neighboring quadrupolar nuclei with spin quantum number I).
In recent years, the Rotor Asynchronized – MultiPulse RA-MP decoupling scheme [16]
(showed in Fig. 1) has been developed to overcome this problem, and has shown good
efficiency for the decoupling of the heteronuclear scalar interaction between a spin I = ½
nucleus and a proximate half-integer quadrupolar nucleus, without reintroducing
heteronuclear dipolar coupling. This scheme is based on the application of a series of

moderate strength RF-field pulses (of duration τp) spaced by a time interval or “delay” (of
duration τd), chosen such that τp + τd ≠ τr, where τr is the MAS rotor period. However, the
efficiency of this decoupling scheme has been shown to be limited for the case of strong
heteronuclear dipolar and scalar couplings or the presence of a large quadrupolar
interaction on the coupled spin [20,21]. To date, the RA-MP scheme has not been widely
used, despite showing excellent efficiency (often offering significant improvements over CWbased approaches) when employed in the appropriate case. When applicable, this approach
requires an appropriate selection of the decoupling parameters (i.e., τp and τd) with respect
to the nature of the nuclei involved in the coupling and the other experimental parameters
(i.e., MAS rate and RF field strength) employed, in order to obtain the best possible results.
Here we investigate the influence of instrumental parameters and those parameters intrinsic
to the material studied on the MP decoupling of the heteronuclear scalar interaction
between spin I = ½ nuclei and half-integer quadrupolar nuclei while considering possible
recoupling of dipolar interaction. Using a combination of simulation and experimental
verification we will develop a time-saving guide to the optimum choice of experimental
parameters in order to access the best decoupling performance as the nature of the specific
system of interest varies.

Figure 1 : MP decoupling sequence. The half-integer quadrupolar nucleus S is irradiated by a series of pulses of
a duration τp, and an interpulse delay τd, during signal acquisition on the observed ½ spin nucleus I channel.

2. EXPERIMENTAL METHODS
2.1. Synthesis
2.1.1. γ-VOPO4
γ-VOPO4 was synthesized by thermal decomposition of VOHPO4.0.5H2O, a precursor that
was synthesized according the VPO preparation route [22], by refluxing V2O5 in a 90/10 vol
mix of isobutanol and benzylic alcohol for 16 h. A stoichiometric amount of phosphoric acid
(1 M) was added, followed by one hour of additional reflux. The resulting compound was
filtered and washed with a mixture of isobutanol and benzylic alcohol (90/10 ratio), and
subsequently dried at 140 °C. The resulting blue powder was recovered and decomposed in
air at 750 °C for 5 h. A powder X-ray diffraction pattern obtained for the final yellow powder
confirmed the formation of the γ-VOPO4 polymorph [23].
2.1.2. Y2Sn2O7

The procedures used for the synthesis and 17O enrichment of Y2Sn217O7 can be found in Refs.
[24,25].
2.2. Solid-state NMR spectroscopy
2.2.1. γ-VOPO4
31P

solid-state NMR experiments were performed using a Bruker Avance III spectrometer
equipped with a 14.1 T magnet and a 2.5 mm probehead at Larmor frequencies of 242.938
and 157.852 MHz for 31P and 51V, respectively. 31P experiments were carried out using an RF
field strength ν1P = 40 kHz (corresponding to a RF pulse duration for a π/2 pulse of 6.25 μs) at
a MAS rate of 22 kHz, using a recycle interval of 60 s. Two 51V decoupling strategies were
tested during 31P acquisition, using CW and MP schemes. For CW decoupling, the 51V RF
field was set to be the highest possible field that could be used without broadening the 31P
signals due to the reintroduction of dipolar interaction, i.e., ν1v(CW) = 28.8 kHz. Further
details for the MP decoupling schemes used are given in the relevant figure captions.
Experimental 31P chemical shift scales are shown relative to 1 M H3PO4 (aq) at 0 ppm. The RF
field strengths used for 51V decoupling were determined using CsVO3 in HCl.
2.2.2. Y2Sn2O7
119Sn

solid-state NMR experiments were performed using a Bruker Avance III spectrometer
equipped with a 9.4 T magnet and a 4 mm triple resonance probehead at Larmor
frequencies of 149.115 MHz and 54.243 MHz for 119Sn and 17O, respectively. 119Sn
experiments were carried out using an RF field strength ν1Sn = 100 kHz (corresponding to a
RF pulse duration for a π/2 pulse of 2.5 μs) at a MAS rate of 10 kHz, using a recycle interval
of 30 s. An RF nutation rate ν1O of 35 kHz was used for MP and CW decoupling. 119Sn NMR
spectra are shown relative to (CH3)4Sn at 0 ppm (measured using a secondary reference of
SnO2 at –604 ppm.

2.3. Density matrix simulations
Numerical density matrix simulations were performed using the SIMPSON program [26].
Considering the computational effort to carry out these simulations, we have considered a
two-spin system composed of a spin I = ½ nucleus on the observe channel, and a half-integer
quadrupolar nucleus on the decoupled channel. Our simulations were close to those
obtained with a three-spin system, validating our two-spin approach. The two nuclei were
coupled through both heteronuclear dipolar and isotropic scalar couplings. The simulations
included both first- and second-order quadrupolar interactions on the coupled spin. The FIDs
were Fourier transformed using 10 Hz apodization and the maximum intensity of the
corresponding spectra were used in subsequent plots. The number of gamma angles was set
to 19. Testing of several sets of Euler angles were conducted, but their influence is not
significant on the results. By comparing simulations carried out with and without considering
anisotropy, the results obtained were very close. As a consequence, we did not take into
account the CSA interaction in the numerical approach, as its effect is considered as
negligible. Other simulation parameters are given in the relevant figure captions.

3. RESULTS AND DISCUSSION
The conditions required for optimum MP performance as the system and experimental
parameters varied were considered using both numerical simulation and experimental
verification. The effect of varying the magnitude of the quadrupolar coupling, heteronuclear
scalar and dipolar interactions, and the influence of instrumental and acquisition parameters
such as the decoupling RF field and the MAS rate have been investigated systematically. In
the following, we have considered the signal intensity (obtained in simulation or
experimentally) as a reliable reflection of the decoupling efficiency.

3.1. Numerical approach
•

Large quadrupolar coupling and large heteronuclear dipolar interaction

Figure 2 : Two-dimensional contour plots showing the variation in the 1H NMR signal amplitude (obtained from
a SIMPSON simulation) under 27Al MP decoupling, as a function of τp and τd. Decoupling RF field strengths are
set to (a) ν1Al = 2 kHz and (b) ν1Al = 70 kHz, with 27Al CQ = 15 MHz and ηQ = 0. Heteronuclear dipolar and scalar
couplings were set to 9300 Hz and 375 Hz, respectively. The MAS rate was 20 kHz. The parameters τp and τd
were varied from 0 to 50 μs in steps of 1 μs.

Figure 2 shows the calculated amplitude of the 1H NMR signal under 27Al decoupling, as a
function of the decoupling sequence parameters τp and τd values, at two different
decoupling RF field strengths (2 and 70 kHz for Figs. 2a and 2b, respectively). The SIMPSON
simulations were performed using the 1H and 27Al spin system parameters typical of
aluminum hydride species grafted on -alumina [21]. In this system, the 1H/27Al pairs are
constrained to the surface, leading to large values of the quadrupolar and dipolar couplings
(CQ = 15 MHz, DIS = –9.3 kHz, J = 375 Hz). Experimentally the 1H sextet resulting from the
scalar coupling to 27Al (I = 5/2) shows an asymmetry, due to the presence of both a large
heteronuclear dipolar interaction and the significant quadrupolar coupling. The secondorder dipolar/quadrupolar cross term that results in this case is significant, and the scalar

interaction cannot be removed simply by MP decoupling used directly during the acquisition.
The cross-term interaction is not considered in the simulation, and so to facilitate later
comparison. A J-HMQC filter was employed prior to the 27Al MP decoupling to efficiently
filter the couplings with the 27Al outermost satellite transitions. This leads to a doublet in the
1H NMR spectrum arising from the coupling with only the 27Al central transition. In this
situation, 27Al MP decoupling was then used in acquisition to suppress the residual scalar
coupling.
The SIMPSON simulations (Fig. 2b) carried out with the set of parameters extracted from the
study of Mazoyer et al. [21] shows a very low 1H signal amplitude under 27Al decoupling
(ν1Al= 70 kHz), at all conditions considered. This can be explained by the strong recoupling of
heteronuclear dipolar interaction observed for large dipolar couplings (-9.3 kHz in this case).
At the lower decoupling RF field (ν1Al = 2 kHz, Fig. 2a), the simulated 1H NMR signal
amplitude is low, unless short pulse durations (τp = 3-5 μs) are used, again a result of the
strong heteronuclear dipolar recoupling. This recoupling decreases dramatically the MP
decoupling efficiency, making this scheme as poorly effective to decouple scalar coupling as
the CW in that case. Moreover, in the regions where calculated amplitude is the highest (τp <
3 μs), the corresponding simulated 1H MAS NMR spectra still show the 1H-27Al J-multiplet
corresponding to the heteronuclear scalar coupling (Fig. 1 SI 2). These calculations show the
inefficiency of MP decoupling in the case of a large heteronuclear dipolar interaction
(revealed here through the large second-order cross terms) in agreement with the results
obtained by Mazoyer et al [21]. Similarly, as in the case of CW decoupling, the MP scheme is
not favored for the case of a large dipolar coupling.
However, when associated with a preliminary pulse sequence to filter out the couplings with
satellite transitions, MP decoupling outperforms CW [21]. The combination of RA-MP with
filtering techniques to remove the effect of satellite transitions will not be discussed any
further in this article.
•

Influence of MAS rate and decoupling RF field strength

Figure 3 shows the calculated intensities of the 31P NMR signal under different 51V MP
decoupling conditions, as a function of pulse lengths, τp, and interpulse delay, τd. The
simulations were carried out considering a 51V – 31P spin system with a 51V (I = 7/2)
quadrupolar coupling constant of 3 MHz, typical of that found in VOPO4 materials (usually
between 0.5 and 4 MHz) [27–29], together with a J coupling of 30 Hz, and a dipolar coupling
constant of -396 Hz (calculated for an internuclear distance of 3.18 Å). The simulations were
performed with increasing RF field strengths and at two different spinning rates, the two
most important experimental parameters to consider. Their influence on the decoupling
efficiency can be evaluated together with the influence of the quadrupolar coupling
(parameterized using either CQ or νQ) through the adiabatic passage parameter α, described
by Grey and Vega [30,31]. The parameter α = ν

ν21

r ×νQ

, where ν1 is the decoupling RF field

strength, νr the spinning rate and νQ the quadrupolar frequency of the half-integer
3𝐶𝑄
quadrupolar nucleus (defined in this case as 𝜈𝑄 = 2𝐼(2𝐼−1)
). When α >>1, the regime is
considered as adiabatic, i.e., the population transfer is facilitated, and a direct consequence
is that the reintroduction of dipolar coupling is facilitated as well, as it is in the TRAPDOR
sequence [31]. In contrast, when α << 1, the regime is considered sudden (i.e., not in favored

of dipolar recoupling). In the following figures, we have considered different cases with
increasing α, ranging from 0.1 to 4.8.

Figure 3 : Two-dimensional contour plots showing the variation in the 31P signal amplitude (obtained from a
SIMPSON simulation) under 51V MP decoupling, as a function of τp and τd. The quadrupolar coupling constant,
CQ, was set to 3 MHz and the asymmetry parameter ηQ to 0. The dipolar and scalar coupling constants were set
to -396 Hz and 30 Hz, respectively. Several decoupling RF field were tested for two different MAS rates.
Decoupling field strengths of (a) ν1Al = 14 kHz, (b) ν1Al = 20.7 kHz, (c) ν1Al = 40.4 kHz and (d) ν1Al = 101 kHz were
used for an MAS rate of 10 kHz. Decoupling field strengths of (e) ν1Al = 21.7 kHz, (f) ν1Al = 30 kHz, (g) ν1Al = 60
kHz and (h) ν1Al = 150 kHz were used for an MAS rate of 22 kHz. The adiabatic passage parameter α is (a, e) 0.09
(b, f), 0.2 (c, g), 0.76 and (d, h) 4.76. The parameters τp and τd were varied in steps of 3 μs. The triangles
represent (τp,τd) pairs of (50 μs, 35 μs) and (60 μs, 60 μs) in Fig 2a, (35 μs, 55 μs) and (45 μs,75 μs) in Fig. 2b, (20
μs, 90 μs) in Fig. 2d, and (24 μs, 32 μs) in Fig. 2f.

Figure 3a shows the amplitude of the 31P NMR signal intensity as a function of (τp, τd) for a RF
field strength of 14 kHz, corresponding to an α value of 0.09. As previously observed [16],
the rotor synchronized condition (i.e., τp + τd = τr) should be avoided as it leads to a minimum
intensity (i.e., poor decoupling performance). However, significant regions of efficient
decoupling of heteronuclear scalar interaction on either side of this rotor synchronized
condition are observed, making the choice of (τp, τd) pair straightforward. For example, the
(50 μs, 35 μs) or (60 μs, 60 μs) pairs, highlighted with triangles in Fig. 3a, produce similarly
good efficiencies of the 51V MP decoupling of 31P-51V scalar interaction. Indeed, when α is
small (i.e., a large quadrupolar coupling constant or low RF field strength), the decoupling
pulses do not generate a reintroduction of dipolar interaction, with the result that MP and

CW schemes should show similar efficiencies (this is later in this article supported by
experimental data). When the decoupling RF field strength is increased (Fig. 3b), the regions
that correspond to maximum decoupling efficiencies move towards shorter pulse lengths
and longer interpulse delays, although still close to the rotor synchronized condition. For
example, in Fig. 3b (α = 0.2), a maximum efficiency is found for (τp, τd) of (35 μs, 55 μs). The
(τp, τd) pair of (45 μs,75 μs) gives similarly good efficiency. This regime is characterized by an
interpulse delay that is always larger than the pulse duration. For larger α parameters (e.g.,
0.76 and 4.76 in Figs. 3c and 3d), the maximum efficiency is found towards shorter pulse
durations, with a reduced region of efficiency found around the rotor synchronized
condition. At α = 4.76, maximum efficiency is obtained for τp = 20 μs and τd = 90 μs. Any
slight variation from this (τp, τd) pair results in a dramatic loss of MP decoupling efficiency.
Finally, increasing the decoupling RF field strength is always favorable in terms of maximum
decoupling efficiency. For example, the maximum calculated amplitude for Figs. 3a and 3d
are 25 and 60 (arbitrary units), respectively. For a higher MAS rate of 22 kHz (Figs. 3e to 3h),
a similar general trend is observed, i.e., shorter τp and longer τd are favoured as the
decoupling RF field strength (and, concomitantly, α) increases. However, the regions
corresponding to maximum intensity are larger, leading to a MP decoupling efficiency that is
less dependent on the choice of (τp, τd).
Finally, it can be noted that the maximum calculated amplitude increases with increasing
decoupling RF field strength for a given spinning rate, but also increases with increasing
spinning rate for a given α parameter. This is illustrated in Fig. 2 SI where simulated 27Al MAS
NMR spectra are shown for conditions shown by the triangles in Fig. 3.
•

Competition effect between heteronuclear scalar and dipolar coupling

Figure 4 : Two-dimensional contour plots showing the variation in the 31P NMR signal amplitude (obtained from
a SIMPSON simulation) under 51V MP decoupling, as a function of τp and τd. These parameters were both
incremented in steps of 3 μs. The quadrupolar coupling constant CQ was set to 3 MHz and asymmetry
parameter ηQ to 0. The decoupling RF field strength was set to ν1V = 30 kHz and the MAS rate to 22 kHz. Two
scalar coupling constants of (a-c) JIS = 10 Hz and (d-f) JIS = 50 Hz were considered with dipolar coupling
constants of (a, d) DIS = –100 Hz, (b, e), –400 Hz and (c, f) –800 Hz. The adiabatic passage parameter α = 0.2.

Figure 4 shows the influence of both the scalar and dipolar coupling constants on the
efficiency of the MP decoupling for different values of (τp, τd). The simulations were
performed by considering a spin pair, 51V-31P, with a 51V quadrupolar coupling constant CQ,
that corresponds to the upper value (CQ = 3 MHz) of those encountered in
vanadophosphates.
For a small scalar coupling constant of 10 Hz with a small dipolar coupling (–100 Hz,
corresponding to an internuclear distance of 5 Å), most (τp, τd) pairs provide efficient
decoupling of the heteronuclear scalar interaction (as shown in Fig. 4a). This means that no
dipolar recoupling occurs and the weak scalar interaction can be easily decoupled. As the
dipolar coupling increases (from top to bottom in Fig. 4), the region that corresponds to
maximum decoupling efficiency moves towards shorter τp and longer τd values, on either
side of the rotor synchronized condition, i.e., the use of longer τp, where the dipolar
recoupling would dominate, should be avoided.
For the larger scalar coupling constant of 50 Hz and for a weak dipolar coupling (100 Hz, Fig.
4d), the overall intensity (and therefore MP decoupling efficiency) is significantly reduced
with respect to that obtained when J = 10 Hz, and region corresponding to optimum
efficiency moves towards longer τp values, still ensuring that rotor synchronization is
avoided. This illustrates that larger scalar couplings require longer pulse lengths for optimum

MP decoupling. However, when the dipolar coupling is increased, dipolar interaction is
reintroduced for long τp, such that the signal amplitude decreases rapidly and the pulse
lengths for optimum MP decoupling performance tend to decrease. This dependence
illustrates the competitive effect of scalar decoupling and reintroduction of dipolar
interaction, which has been clearly observed in the case of CW [19] but can also occur for
MP.
3.2. Experimental results
The conclusions about the influence of the various experimental and system parameters on
MP decoupling efficiency determined from the simulations were tested experimentally on
systems containing a spin I = ½ nucleus (31P or 119Sn) J-coupled to a quadrupolar nucleus (51V,
93Nb or 17O).

• γ-VOPO4: Small CQ and moderate 31P-51V scalar and dipolar interactions
Figure 5 compares experimental (Fig. 5a) and calculated (Fig. 5b) 31P signal amplitude under
51V MP decoupling for different (τ , τ ) values. The γ-VOPO polymorph was used for the
p
d
4
experimental measurements, while calculations were performed using the corresponding
NMR and structural parameters [23,29]. The γ-VOPO4 polymorph exhibits a moderate
dipolar coupling of –396 Hz (corresponding to a internuclear P-V distance of 3.18 Å), and a
small quadrupolar coupling constant, CQ, of 1.5 MHz, shown above to be favorable for MP
decoupling. The experimental and calculated contour plots show good agreement, with
similar regions of decoupling efficiency located at pulse lengths slightly shorter than the
interpulse delays, on either side of the rotor synchronized condition. This is typical of
behavior expected in the intermediate regime (here,  = 0.35), as shown in Fig. 2.
The resolution enhancement provided by MP decoupling was evaluated by comparing the
experimental 31P MAS NMR spectrum obtained with MP decoupling (Fig. 5c), with τp = 15 μs
and τd = 37 μs (corresponding to the circle in Fig. 5b), with a spectrum acquired using
optimized CW scheme (Fig. 5d) and a final spectrum recorded without decoupling (Fig. 5e).
The spectrum acquired without decoupling exhibits two major, broad signals centered at –
16.7 and –20.73 ppm (FWHM around 900 and 695 Hz, respectively). The use of (optimized)
CW decoupling slightly improves the resolution, and allows the two signals overlapping at –
16.7 ppm to be distinguished. However, the spectrum acquired using 51V MP decoupling
shows the most spectacular improvement in resolution, enabling the unambiguous
assignment of three 31P signals at –20.76, –17.43, and –15.83 ppm. Another signal, belonging
to a small impurity of the β-VOPO4 polymorph is observed at –10.59 ppm.

Figure 5 : Two-dimensional contour plots showing the variation in the 31P NMR signal amplitude, and
experimental 1D 31P MAS NMR spectra. These plots are obtained (a) in experiment and (b) from a SIMPSON
simulation, under 51V MP decoupling, as a function of τp and τd. The decoupling RF field strength was ν1V = 28.8
kHz and the MAS rate was 22 kHz. Experimental data were obtained for the γ-VOPO4 polymorph, and is shown
for the 31P site at –22.7 ppm. Simulations were carried out using the spin system parameters extracted from
the published data [23,29]: CQ = 1.5 MHz (νQ = 107.1 kHz), ηQ = 0.5 ; δaniso = –942 ppm ; ησ = 0.07; DIS = –396 Hz,
JIS = 30 Hz. (τp, τd) steps were (1.5 μs, 1.5 μs) and (3 μs,3 μs) for experimental and simulated plots, respectively.
Experimental 31P MAS NMR spectra of the γ-VOPO4 phase were acquired at B0 = 14.1 T, at an MAS rate of 22
kHz (c) under MP decoupling (ν1V = 28.8 kHz), with (τP, τd) = (15 μs, 37 μs) corresponding to the circles in (a) and
(b); (d) with optimized CW decoupling (ν1V = 28.8 kHz) and (e) without decoupling. At these conditions, the
adiabatic passage parameter, α, is 0.35.

The best fit simulations of the three spectra in Figs. 5c, 5d and 5e are shown in the
supplementary information (Fig. 4 SI), together with a table summarizing the fitting results
(Table 1 SI). The analytical fits of each spectrum show that the relative integrated intensities
of the three 31P signals at –20.76, –17.43, and –15.83 ppm, are approximately 50%, 30% and
20%, respectively (isotropic chemical shifts are determined using the fit of MP decoupled 31P
spectrum in Fig. 5c, then rightly adjusted as such for all best-fit simulations). The lowest
linewidth is found for the MP decoupled spectrum. Indeed, for the signal at –20.76 ppm, the
linewidth decreases by 38%, from 695 Hz (when no decoupling is applied) to 430 Hz (when
MP decoupling is used). CW also gives a lower linewidth (573 Hz) for this site (corresponding
to a decrease of 18%). The CW scheme used here employs a decoupling RF field optimized to
be just lower than that which would reintroduce the dipolar coupling, which means that the
resolution enhancement using this approach has reached its limit. Thus, for the same
decoupling RF field of 28.8 kHz, the analytical fits show that MP is more efficient for
decoupling the heteronuclear scalar interaction than the CW approach.
•

NbOPO4: High CQ and moderate 31P-93Nb scalar and dipolar interactions

Figure 6 : Two-dimensional contour plots showing the variation in the 31P NMR signal amplitude. (a) 31P
linewidth (FWHM in Hz) of the 31P MAS NMR spectrum of NbOPO4 acquired under 93Nb CW decoupling, as a
function of the 93Nb decoupling RF field strength, at B0 = 18.8 T and an MAS rate of 20 kHz. Fig. 6a is extracted
with permission1 from [20], (b, c) Two-dimensional contour plots showing the variation in the 31P NMR signal
amplitude, obtained from a SIMPSON simulation, under 93Nb MP decoupling, as a function of τp and τd.
Simulations were conducted with typical spin system parameters for NbOPO4 (CQ = 21 MHz (νQ = 875 kHz),
scalar coupling of 40 Hz, dipolar coupling of –304 Hz [20,32]), at an MAS rate of 20 kHz, with (b) ν1Nb =30 kHz
and (c) ν1Nb = 55 kHz. The adiabatic passage parameter α is (a) 0.05 and (b) 0.18.

Figure 6a shows the 31P linewidth extracted from a 31P MAS NMR spectrum of NbOPO4 as a
function of the 93Nb CW decoupling RF field [20]. It is clear that there is a decrease in
linewidth as the RF field increases. However, as described by Girard et al., even at the
maximum available RF field strength of 55 kHz, the 31P signal linewidth is still decreasing. In
other words, under these conditions there is no apparent effect of dipolar recoupling which
usually broadens the signal, as was observed in aluminophosphates [16]. This could be
explained by the magnitude of the 93Nb quadrupolar coupling (CQ = 21 MHz), which
considerably reduces the recoupling of the heteronuclear dipolar interaction [30,31].
Figs. 6b and 6c show the 31P signal amplitude determined from a SIMPSON simulation under
93Nb MP decoupling, as a function of (τ , τ ), for a spin system similar to NbOPO , i.e., D = –
p d
4
IS
304 Hz (calculated from the structure of Longo et al. [32]), CQ = 21 MHz, J = 40 Hz. Two
decoupling RF field strengths were tested: 30 kHz and 55 kHz in Figs. 6b and 6c, respectively.
In the simulation the instrumental parameters were set to be comparable to those used in
the 31P NMR study of NbOPO4 by Girard et al.[20] (i.e., 93Nb decoupling RF field of 55 kHz,
MAS rate of 20 kHz, B0 = 18.8 T). For these settings, the two-dimensional contour plot
simulated for a decoupling RF field strength of 30 kHz (Fig. 6b) shows regions of good
decoupling efficiency located at rather long pulse lengths, largely at values that are longer
than the interpulse delays. This behavior is quite similar to that observed for the CW
scheme, and is in agreement with the observations of Girard et al. In the particular case
where the quadrupolar coupling is large relative to ν12/νr, CW may sometimes be better than
the MP decoupling scheme. For the higher decoupling RF field of 55 kHz (Fig. 6c), MP could
prove useful, as the plot shows areas of higher decoupling efficiency and these are observed

1

Reprinted from Solid State Nuclear Magnetic Resonance, 84 (6), G. Girard, F. Vasconcelos, L. Montagne, L.
Delevoye), 31P MAS NMR spectroscopy with 93Nb decoupling and DFTcalculations: A structural characterization
of defects in a niobium-phosphate phase, 210-215, Copyright (2017), with permission from Elsevier.

for wider ranges of τp and τd. This is an intermediate situation where MP scheme becomes
more efficient than CW owing to the increased dipolar recoupling which occurs for CW (in
this case) at rather high decoupling RF field due to large quadrupolar coupling.

•

Y2Sn2O7: Moderate CQ and dipolar interaction with high scalar coupling.

Figure 7 : Two-dimensional contour plots showing the variation in the 119Sn NMR signal amplitude. These plots
are obtained (a) in experiment and (b) from a SIMPSON simulation, under 17O MP decoupling, as a function of
τp and τd. Experimental data were obtained for Y2Sn2O7, and peak heights are shown for the 119Sn signal at –
582.5 ppm. Simulations were carried out using the spin system parameters extracted from the published
available data [12], and by the best fit simulation (Fig. 6 SI): CQ = 4 MHz (νQ = 600 kHz), ηQ = 0; ησ = 0, δaniso = 0
ppm; DIS = –680 Hz, JIS = 90 Hz. (τp, τd) steps were (1 μs, 1 μs) and (5 μs, 5 μs) for experimental and calculated
SIMPSON plots, respectively. Experimental 119Sn MAS NMR spectra of Y2Sn2O7 were acquired at B0 = 9.4 T at an
MAS rate of 10 kHz. The 119Sn spectra are: (c) under MP decoupling (ν1O= 35 kHz) with (τP, τd) = (50 μs, 80 μs)
corresponding to the circle in (b); (d) with optimized CW decoupling (ν 1O = 35 kHz), and (e) without decoupling.
At these conditions, the adiabatic passage parameter α is 0.2.

Figure 7 shows experimental (Fig. 7a) and simulated (using SIMPSON) (Fig. 7b) twodimensional contour plots of 119Sn signal amplitude under 17O MP decoupling, as a function
of (τp, τd) values. In both experiment and simulation the MAS rate and decoupling RF field
strength were 10 kHz and 35 kHz, respectively. Experiments have been performed on
Y2Sn2O7, and plots show the peak height of the signal at –582.5 ppm. Figs. 6c, 6d and 6e
show experimental 119Sn MAS NMR spectra, acquired using 17O MP decoupling (ν1O = 35 kHz)
at τp and τd corresponding to the circle in Fig. 7b (Fig. 7c), under optimized CW decoupling at
ν1Al = 35 kHz (Fig. 7d) and without decoupling (Fig. 7e).

The contour plot (Fig. 7b) for simulated data was generated using the spin system
parameters extracted from the published available data and fits of the 119Sn MAS NMR
spectra (Fig. 7c to 7e, and [33]): CQ = 4 MHz, DIS = –680 Hz, J = 90 Hz (see supplementary
information). This plot shows regions of good MP decoupling efficiency areas close to the
rotor synchronization condition, for τp slightly smaller than τd. The (τp, τd) pair of (50 μs, 80
μs) corresponding to the circle in Fig. 7b, was used to acquire the 17O MP decoupled
spectrum.
An attempted fit (in red) of the complex lineshape of the 119Sn MAS NMR spectrum is
proposed in Fig. 6SI on the basis of J-couplings, considering a three component signal (a
“singlet” component corresponding to uncoupled 119Sn species in agreement with the
pyrochlore structure of Y2Sn2O7 described by Matteucci et al.[33–35] (purple), a doublet
component corresponding to Sn experiencing a 119Sn-117Sn 2J coupling of 180 Hz (green), and
11 line multiplet corresponding to Sn experiencing a 1J coupling to two 17O of 92 Hz (grey)).
This tentative decomposition is by no means unambiguous, but was useful to point out the
multiplet rising from the J coupling between 119Sn and 17O. The exact interpretation of the
obtained 119Sn NMR lineshape would probably require additional experiments at multiple
fields.
As shown in Fig. 7d, the application of 17O CW decoupling partly suppresses the component
of the lineshape due to the coupling with the oxygens. Although the spectrum is narrowed
using this approach, the effect of scalar decoupling is more impressive on the MP decoupled
spectrum (Fig. 7c). Indeed, the linewidth is smaller due to an efficient scalar decoupling,
which suppresses the multiplet 119Sn-17O component, even though the 119Sn lineshape is still
affected by the 119Sn-117Sn scalar coupling.
4. Conclusion
In the present article, we propose a guideline for the choice of experimental and
instrumental parameters for MP decoupling of half-integer quadrupolar nuclei during the
acquisition of spectra of nuclei with spin I = ½, in the case of a moderate heteronuclear
dipolar interaction. This case is commonly encountered in inorganic materials when studying
nuclei with relatively low  (i.e., not 1H or 19F) that are coupled to each other. We have not
treated this less common case where a large dipolar and a large quadrupolar coupling are
present (direct 1H-27Al bonding for example). The evaluation of the decoupling efficiency was
first evaluated with a numerical approach and confirmed experimentally for various halfinteger quadrupolar nuclei (e.g., I = 5/2 (17O), 7/2 (51V) and 9/2 (93Nb)) coupled to nuclei with
spin I = ½.
We have shown that the MP decoupling scheme is characterized by a pulse length (τp) and
an interpulse delay (τd), values that need to be carefully chosen, as efficiency can vary quite
considerably. This efficiency also depends on the instrumental parameters (e.g., decoupling
RF field strength, MAS rate) and intrinsic parameters of the material under study (e.g.
heteronuclear dipolar and scalar interaction, quadrupolar coupling). We have considered
three regimes (named as slow, fast and intermediate as a function of adiabatic passage

parameter value), and for each of them typical regions of efficient decoupling have been
determined in terms of the values of τp and τd.
In all cases, the decoupling RF field strength should be chosen to be the highest possible, as
this results in better decoupling efficiency. The MAS rate should be chosen to be reasonably
high, removing the broadening due to the chemical shift anisotropy, in addition to a rotorperiod τr of the order of >10 μs (e.g a MAS rate up to 100 kHz). This results in a broad region
of efficient decoupling and ensures that the choice of (τ p, τd) be less restricted.". However,
high spinning rates, where the rotor period becomes of the the same order as the pulse
length, should be avoided. As matter of fact, setting a very high spinning rate would imply
that the regions of rotor-synchronization conditions (for instance 0.5τr, τr or 1.5τr) would be
close from one another, so difficult to avoid. This would lead to a very picky choice of τp and
τd away. For instance, if MAS rate is 150 kHz, then τr = 6.7 μs, 0.5 τr = 3.3 μs).
The optimal MP decoupling should be obtained following three main steps. Firstly, the rotor
synchronized condition should always be avoiding. Secondly, one should validate or
eliminate the extreme regime condition (α<0.05 and α>2-3). As a matter of fact, when α <
0.05 (sudden passage regime), long pulse lengths τp, much larger than interpulse delays τd,
are chosen. Sometimes, CW decoupling can as well be used.
When α > 2-3 (adiabatic regime), one should use small τp compared to interpulse delay.
Finally, if the regime is intermediate (α ϵ [0.1 ; 2-3]), τp and τp are quite close, and one might
probe a few (τp; τd) pair chosen on either side of the rotor synchronized condition, to
determine the best τp/τd ratio to choose in order to have the best MP decoupling efficiency
possible.
To summarize, we have studied in detail the influence of experimental conditions and the
parameters intrinsic to the material on the efficiency of MP decoupling efficiency for NMR
observation of nuclei with spin I = ½ coupled to half-integer quadrupolar nuclei. The
decoupling efficiency was investigated as a function of the decoupling RF field, MAS rate,
and the magnitude of the heteronuclear interactions and the quadrupolar coupling constant
of the remote spin. The consideration of simulated and experimental data for a variety of
spin systems helped a series of general, time-saving guidelines to be proposed, designed to
expediate experimental implementation of MP schemes. Heternonuclear interactions with
proximate quadrupolar spins can limit the resolution in NMR spectra of spin I = ½ nuclei,
even under MAS conditions. Improving this resolution, enabling the extraction of more
accurate site specific information, will be a vital step for the future structural
characterization of complex materials.
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