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Abstract 

Chemical shift anisotropy (CSA) is a sensitive probe of electronic environment at a nucleus and 
thus, it offers deeper insights into detailed structural and dynamics properties of different 
systems: e.g. chemical, biological and materials. Over the years, massive efforts have been 
made to develop recoupling methods that reintroduce CSA interaction under magic angle 
spinning (MAS) conditions. Most of them require slow or moderate MAS (≤ 20 kHz) and 
isotopically enriched samples. On the other hand, to the best of the authors’ knowledge, no 13C 
or 15N CSA recoupling schemes at ultrafast MAS (≥60 kHz) suitable for cost-effective natural 
abundant samples have been developed. We present here a proton-detected 3D 15N CS/15N 
CSA/1H CS correlation experiment which employs 1H indirect detection for sensitivity 
enhancement and a γ-encoded -symmetry based CSA recoupling scheme. In particular, two 

different symmetries, i.e. R83
7 and R104

9, are first tested, in a 2D 15N CSA/1H CS version, on [U-
15N]-L-histidine·HCl·H2O as a model sample under 70 kHz MAS. Then the 3D experiment is 
applied on glycyl-L-alanine at natural abundance, resulting in site-resolved 15N CSA lineshapes 
from which CSA parameters are retrieved by SIMPSON numerical fittings. We demonstrate that 
this 3D R-symmetry based pulse sequence is highly robust with respect to wide-range offset 
mismatches and weakly dependent to rf inhomogeneity within mis-sets of ±10% from the 
theoretical value.  
 
Key words: solid-state NMR; fast MAS; 15N CSA; natural abundance 
 
Introduction 

Since the advent of magic angle spinning (MAS), solid-state NMR spectroscopy has proved to 
be a powerful technique to investigate molecular structures and dynamics. In fact, orientation-
dependent spin interactions, such as dipolar coupling and chemical shift anisotropy (CSA), are 
averaged out under sufficiently fast MAS rates, leading to much narrower peaks. This results in 
significantly improved sensitivity and resolution which in turn eases the analysis and 
interpretation of the spectra. However, the averaging of CSA leads to a loss of important 
information about conformation, molecular structure, and inter- and intramolecular hydrogen 
bonding, which is essential to get deeper insights on systems like proteins, drugs and materials. 
Hence, during the years, a large number of different approaches have been developed to firstly 
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recouple 13C and 15N CSA in the indirect dimension without sacrificing the valuable benefits 
provided by MAS in the direct dimension.1–9 The whole idea behind the recoupling is to make 
use of a synchronized radio frequency (rf) field irradiation which would interfere with MAS 
averaging. For the vast majority, the current recoupling methods perform best at slow or 
moderate MAS rates (≤ 20 kHz) employing high rf fields such that effective recoupling is 
achieved. The recent introduction of probes that can reach stunningly high spinning speeds up 
to 110 kHz has considerably contributed to significant improvements in solid-state NMR. 
Besides additional enhancement in sensitivity and resolution thanks to efficiently suppressed 
homonuclear 1H-1H dipolar interaction, ultrafast MAS regime allows the practical use of 
‘solution-like’ proton-detected correlation experiments, making measurements on cost-effective 
natural abundance samples possible.10–19 Moreover, since such high rates can be achieved by 
notably reducing the diameter of the rotor and the volume of sample within it, this simplifies the 
analyses on systems for which large amounts are not feasible or difficult to obtain. Several 
examples can be found in site-specific 1H CSA measurement by novel 2D/3D proton-detected 
recoupling sequences under such spinning regime.20–24 However, to our best knowledge, no 13C 
and 15N CSA recoupling sequence for ultrafast MAS regime ≥ 60 kHz is available. In fact, being 
the rf field strength proportional to the spinning rate, the application of the currently available 
CSA recoupling schemes would lead to totally impracticable rf values when reaching speeds of 
70 kHz or faster. Here, we present a proton-detected 3D 15N CS/15N CSA/1H CS correlation 
experiment in which a  recoupling scheme is applied to recouple 15N CSA under ultrafast 
MAS. In this sequence, we took advantage of the higher sensitivity provided by the proton 
indirect detection. The sequence was first demonstrated on [U-15N]-L-histidine·HCl·H2O (15N-L-
his) as a model sample and successfully applied to glycyl-L-alanine (GlyAla) at natural 
abundance. 15N CSA parameters are determined by numerically fitting the 15N CSA 
experimental powder patterns which were extracted from the 3D spectra. 

Design of 15N CSA recoupling sequence 

In the present work, we use a rotor-synchronized symmetry-based  sequence for 15N CSA 
recoupling,25 where integer symmetry numbers, N, n, and ν indicate which terms are 
symmetrically forbidden, i.e. decoupled. The RN scheme consists of a phase alternated 
inversion element Rϕ between  each of which provides a net 180° rotation in the absence 

of nuclear interactions other than rf fields. The sequence spans a total of n rotor periods (τr), 
such that each inversion element has a duration of nτr /N. First, we choose the symmetry 
numbers for the γ-encoded CSA recoupling of {ℓ, m, λ, μ}={2, ±1, 1, ±1} where ℓ and λ are the 
spatial and spin rank number of the tensorial interaction, respectively. All the other terms except 
for {0, 0, 0, 0} should be symmetrically forbidden. Besides the symmetry numbers, the choice of 
the inversion pulse element could play a significant role in the performances of the sequence. 
We examined symmetry-based sequences with both an inversion element of a 180° rectangular 
pulse and a 270°0-90°180 composite-180° pulse. The symmetry numbers are selected so that rf 
field amplitude (Nνr /2n and Nνr /n for the 180° and for the 270°-90° pulse, respectively) is 
smaller than 1.5νr suitable to ultrafast MAS applications. The list of symmetries is shown in 
Table S1. We also calculated the scaling factors and chose the symmetries with  

(highlighted in green in Table S1)26. 
Robustness with respect to rf field inhomogeneity is evaluated for each sequence by SIMPSON 
numerical simulations and the spectra are shown in Figure 1. Gaussian distribution is assumed 
for rf field distribution. It is evident that schemes with an element of 270°-90° composite-180° 
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pulses are more robust towards rf inhomogeneity than those with 180° rectangular pulses. 
and   with a 270°-90° element outperform the others in terms of robustness towards rf 

inhomogeneity and thus were chosen for this study. The two  sequences are summarized in 

Scheme 1 and the rf field strengths (Nνr /n) and the phases ( ) of the Rϕ block are 
determined by the symmetry properties for each sequence used. All parameters are listed in 
Table 1. The rf field strength converges in a realistic value even at ultrafast MAS conditions, as 
it is 1.11-1.14 times the MAS frequency. 

 

 

Figure 1. Recoupled 15N CSA line shapes generated from SIMPSON simulations using 
symmetry-based and  with a series of phase-alternating 180° pulses and , , 

,  and  with a series of phase-alternating 270°0-90°180 composite-180° pulses having 

a scaling factor  in the absence (green) and presence (brown) of rf field 

inhomogeneity.  
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Scheme 1. and  symmetry-based pulse sequences to record proton-detected 3D 15N 
CS/15N CSA/1H CS correlation experiment at ultrafast MAS. Both consist of a series of 270°-90° 
pulses with phases alternating between (67.5°, 247.5°) (filled rectangles) and (-67.5°, -247.5°) 
(unfilled rectangles) for   and between (72°, 252°) (filled rectangles) and (-72°, -252°) 

(unfilled rectangles) for . 

Table 1. Parameters associated with the used γ-encoded symmetry-based sequences. 

Symmetry sequence N, n, ν Rφ R’φ RF amplitude/νr 

 8, 7, 3 27067.590247.5 270-67.590-247.5 1.14 

 10, 9, 4 2707290252 270-7290-252 1.11 

Pulse sequence 

Scheme 2 shows the pulse sequence used for the proton-detected 3D 15N CS/15N CSA/1H CS 
correlation experiment. Firstly, the 15N magnetization is prepared by a ramped-amplitude cross-
polarization (RAMP-CP) and evolves with isotropic chemical shifts during t1 under 1H decoupling. 
The resultant 15N magnetization is stored along the z-axis by the first 15N 90° pulse, allowing 
time-evolution under the symmetry-based  recoupling scheme. During the t2 period, the net 
15N magnetization is allowed to evolve along the z axis with the recoupled 15N CSA. 15N-1H 
heteronuclear low-power CW decoupling is applied throughout these periods (t1 and t2) on the 
1H channel. The residual 1H magnetization is removed by homonuclear rotary resonance 
(HORROR) prior to the second CP from 15N to 1H. Finally, 1H spectra are acquired under 15N-1H 
WALTZ decoupling on the 15N channel.  
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Scheme 2. Proton-detected 3D 15N CS/15N CSA/1H CS pulse sequence. During t1, 15N isotropic 
chemical shifts are expressed under the 1H CW decoupling, whereas 15N CSA is recoupled 
during t2. The phase cycling scheme used in the 3D pulse sequence is as follows: φ1={4 (0), 4 
(180)}, φ2={90}, φ3={0, 180}, φ4={0}, φ5={90}, φ6={0}, φ7={90}, φ8={270}, φ9={2 (0), 2 (180)}, 
φ10={0}, φ11={0}, φacq={0, 180, 180, 0, 180, 0, 0, 180}. 

Material and methods 

15N-L-his and natural abundance GlyAla were purchased from Aldrich and used without further 
purification. All NMR experiments were performed on a solid-state NMR spectrometer (JNM-
ECZ900R, JEOL RESONANCE Inc., Japan) equipped with a 1.0 mm triple-resonance ultrafast 
MAS probe (JEOL RESONANCE Inc., Japan), operating at 1H and 15N Larmor frequencies of 
899.44 and 91.14 MHz, respectively, at a magnetic field of 21.1 T. Samples were separately 
packed in cylindrical 1 mm o.d. zirconia rotors. All measurements were acquired at ambient 
temperature under 70 kHz MAS. The 1H and 15N 90° pulse lengths were set to 0.97 and 2.2 μs, 
respectively. Recycle delays of 8 and 3 s for L-His and GlyAla, respectively and a 1H acquisition 
length of 8.19 ms were used in all experiments. For the 3D experiment 32 transients were 
collected for each 24 t1 and 16 t2 increments, whereas in the 2D 15N CSA/1H CS version 8 
transients were collected for each 12 t2 increments. A contact time of 2 ms was used for the first 
CP (1H to 15N) to maximize the magnetization transfer efficiency, whereas a short contact time 
of 0.3 ms was used for the second CP (15N to 1H) to select only those protons covalently bonded 
to nitrogen. rf fields strengths of 15 and 55 kHz were used for 1H and 15N, respectively to fulfill 
the double quantum Hartmann-Hahn condition in both CP steps. The phase-alternated 
HORROR sequence was applied for 50 ms with 35 kHz 1H rf field. During the t1 and t2 periods, a 

15N-1H heteronuclear continuous-wave (CW) decoupling of 38.6 for  or 41.2 kHz for  
was applied on the 1H channel, whereas during the t3 acquisition period a 15N-1H WALTZ 
decoupling with rf field strength of 12.9 kHz and nominal 90 degree pulse length of 25 μs was 
applied on the 15N channel. 
All the NMR data were processed using Delta NMR software (JEOL RESONANCE Inc.). t1, t2 

and t3 dimensions were processed by the application of zero filling followed by Fourier 
transformation. The CSA parameters were retrieved by numerical fittings using SIMPSON 
program.27 Powder averaging was achieved using 10 Euler γ-angles and 2000 α/β angles 
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employing the REPULSION method for powder averaging.28 CSA parameters are reported 
according to the Haeberlen convention where: principal components: |zz - iso|  |xx - iso|  |yy 
- iso|; isotropic value: iso = (11 + 22 + 33)/3; reduced anisotropy: aniso = zz - iso; anisotropy: 
 = zz - (xx + yy)/2; asymmetry:  = (yy - xx) /  aniso; (0    +1). 

Results and discussion/Experimental verification 

First, we demonstrated the experimental setup and performance of the  and  
sequences on 15N-L-his as model sample (Scheme 3). 

 
Scheme 3. Chemical structure of L-histidine·HCl·H2O. 

Fortunately, the three proton resonances of NH3
+, NH and NH+ groups are well resolved in the 

proton dimension, thus the 15N CSA line shape for each nitrogen site can be extracted with the 
2D 15N CSA/1H CS experiment (Scheme 2 with t1=0) rather than the time-consuming 3D 
measurement. The spectrum observed with the  symmetry provides 15N CSA powder 
patterns in the indirect dimension (Figure 2). Similar result was also obtained by employing the 
other symmetry, i.e.  (Figure S1). 
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Figure 2. 2D 15N CSA/1H CS correlation spectrum (1H = 899.4 MHz, 15N = 91.1 MHz) of 15N-L-
his recorded at MAS of 70 kHz using symmetry-based  pulse sequence. Measurement time 
is ~ 30 minutes. 

It should be noted that 15N CSA and 1H-15N heteronuclear dipolar interaction possess the same 
spin and spatial symmetry in case of a single rf channel irradiation and thus, are recoupled 
simultaneously. Hence, heteronuclear decoupling during the 15N CSA recoupling period is 
required. However, optimization of 1H decoupling is not straightforward as it may reintroduce 1H-
15N dipolar interaction. Firstly, a comparison between CW and WALTZ decoupling, which is 
optimized by 15N CPMAS experiments, during the recoupling time was carried out for both 

and  schemes (Figure S2(a)). It is clearly shown that CW outperforms WALTZ. This is 
most probably due to interference between the WALTZ phase modulation and the RN 
recoupling sequence. Further optimization of CW decoupling was performed on the 15N CSA 
dimension at various 1H rf field strengths and the best line shape (highest signal intensity) is 
obtained at 38.6 kHz CW decoupling for the  symmetry (Figure S2(b)). The condition is 
close to the HORROR condition and reintroduces 1H-1H dipolar interaction, which enhances the 
decoupling efficiency of the 1H-15N heteronuclear dipolar coupling. The SIMPSON simulations 
carried out on a spin system with and without 1H-15N dipolar interactions and with and without 
CW decoupling along with the experimental spectrum are shown in Figure 3. The numerical 
simulation well reproduces the experimental observation. It is also affirmed that no visible effect 
of 1H-15N dipolar interaction remains at the optimal 1H decoupling conditions. In fact, in the 
absence of a suitable 1H decoupling, the resulting powder patterns would contain the 
contribution of both the 15N CSA and 1H-15N dipolar coupling, leading to complex line shapes 
and preventing the accurate CSA measurement. 

 

Figure 3. Experimental 15N CSA line shape of the N2-H group of 15N-L-his (A), along with 
SIMPSON simulations carried out on: a single nitrogen spin (i.e. without 1H-15N dipolar 
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interactions) (B); with 1H-15N dipolar interactions under optimum CW decoupling (C); and with 
1H-15N dipolar interactions without CW decoupling (D). 

In order to extract accurate CSA parameters from powder pattern in the indirect dimension, root 
mean square deviation (RMSD) analysis was carried out by simulating several spectra with 
different combinations of δaniso and η values (Figure 4). The symmetry-based sequence appears 
insensitive to asymmetry parameter changes, whereas quite reliable for anisotropy. 

 

Figure 4. RMSD values plotted as function of anisotropy, δaniso, and asymmetry, η, for the N2-H 
group of 15N-L-his. The asterisk indicates the value found by the application of the RN 
sequence; the plus symbol marks off the value obtained from the Herzfeld-Berger analysis on 
SSBs at slow MAS. 

Figure 5 shows the experimental 15N CSA line shape (black line) extracted from the 

spectral slice at 1H chemical shift of 12.4 ppm (N2-H group) and best numerical fitting for 15N 

CSA parameters of anisotropy, δaniso = 140.0 ppm and asymmetry, η = 0.25 (shown in Figure 4 

by *). However, as shown in the RMSD plot, the asymmetry parameter can include significant 
error. 
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Figure 5. Experimental 15N CSA line shape (black line) extracted by taking a slice parallel to 15N 
CSA dimension at the 15N isotropic chemical shift of the N2-H group from the 2D spectrum of 
15N-L-his employing , along with best fitting simulated line shape (red line) obtained using 
SIMPSON program.  

We also carried out the Herzfeld-Berger analysis on spinning sidebands (SSBs) of a 15N 
CPMAS spectrum at slow MAS rate (about 2 kHz). The CSA values are determined as δaniso = -

123.4 ppm and η = 0.66 for the group Nε2-H (shown in Figure 4 by +) and δaniso = -126.5 ppm and 

η = 0.28 for the Nδ1-H, which are good agreement with the literature values of δaniso = -118.0 ppm 

and η = 0.69 and δaniso = -125.8 ppm and η = 0.56, respectively.29 Although large discrepancies 

are found in the asymmetry parameter, the good agreement is obtained in the anisotropies. The 

CSA parameters of N1-H (δaniso = 139.0 and η = 0.37) found with the new sequence are also 

demonstrated in Figure S3, which also show good agreement with those found by SSB analysis 
on the 15N CPMAS spectrum acquired at slow MAS rates. It should be noted that the sign of 
anisotropy cannot be determined by the current method. This limitation comes from recoupling 
terms only with |m| = 1, which results in two possible combinations of eigenvalues of the CSA 
tensor. Sign discrimination can be achieved by simultaneously recoupling two terms with |m| = 1 
and 2. 

To evaluate the robustness of the pulse sequence with respect to rf inhomogeneity/mismatching, 
the 15N CSA lineshapes were observed at rf amplitudes deliberately mis-set from the theoretical 
value, using both symmetries and  (Figure 6). It is found that the RN-based pulse 
sequence is tolerant of mis-sets of approximately ±10% from the theoretical rf amplitude. 
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Figure 6. Experimental 15N CSA line shapes of the N2-H group of 15N-L-his as a function of rf 
amplitude mismatch (±10%) from the theoretical value, using and  symmetry-based 
sequences. 
 
Moreover, as the 15N resonances can assume several different chemical shifts in the 15N 
dimension (up to 300 ppm), the sequence should be robust with respect to 15N offset. The effect 
is experimentally demonstrated. As the isotropic chemical shift is symmetrically forbidden, the 
resonance offset is absent in the first order. No visible deviations on 15N CSA line shapes is 
observed in the 40-180 ppm chemical shift range (Figure 7). 
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Figure 7. Experimental 15N CSA line shapes of the N2-H group of 15N-L-his as a function of 
resonance offset mismatch (range 40–180 ppm), using and  symmetry-based 
sequences. 

Subsequently, we applied the 15N CSA recoupling sequences on a challenging sample, GlyAla 
at natural abundance (Scheme 4). 

 
Scheme 4. Chemical structure of glycyl-L-alanine. 
 
In addition to low sensitivity, which is attributed to the low natural abundance of 15N (0.37%), the 
possible presence of overlapped NH resonances in the 1H dimension poses an additional 
difficulty. In fact, the NH resonances often overlap to each other as the chemical shift range of 
amide proton is limited. In this case, the proton detection and a 15N isotropic chemical shift 
dimension (third dimension) are essential to acquire site-specific 15N signal with enhanced 
signal to noise (S/N) ratio, allowing observation of naturally abundant samples. The 3D 15N 
CS/15N CSA/1H CS experiments with both and  were successfully measured on GlyAla 
(Figure 8 for R10, and Figures S4, S5 and S6 for R8). 

 
Figure 8. 3D 15N CS/15N CSA/1H CS correlation spectrum (1H = 899.4 MHz, 15N = 91.1 MHz) of 
GlyAla recorded at MAS of 70 kHz using symmetry-based  pulse sequence. Measurement 
time is ~ 28 hours. 

From the extracted 15N CSA/1H CS 2D spectrum (Figure 9), it is clear that the third dimension in 
which 15N isotropic chemical shift is expressed is not strictly necessary for this sample. In fact, 
the two 1H peaks are partially overlapped but can still be discriminated, allowing the extraction 
of 15N CSA line shapes, for both NH and NH3

+ groups. 
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Figure 9. 2D 15N CSA/1H CS correlation spectrum (1H = 899.4 MHz, 15N = 91.1 MHz) of GlyAla 
recorded at MAS of 70 kHz using symmetry-based  pulse sequence. Measurement time is 
for the 3D is ~ 28 hours. 

However, the third dimension would become essential for samples which show strongly 
overlapped 1H signals, preventing the distinction of different sites. Additionally, by extracting the 
2D 15N CSA/1H CS spectrum, 1H isotropic chemical shifts are more precisely determined and 
can be used for basic molecular assignment and/or structural refinement in quantum chemical 
calculations. An alternative approach would be to perform a quick 2D 1H-15N HETCOR spectrum 
to locate the 15N isotropic chemical shifts and then a set of 2D 15N CSA/1H CS recoupling 
experiments with frequency selective 15N pulses to measure CSA for the nitrogen signals of 
interest. This is particularly useful if no resonance overlaps are observed in the 15N dimensions. 
To determine the 15N CSA parameters from the 3D spectrum of GlyAla (Figure 8), the 2D 15N 
CS/15N CSA projection (Figure 10) was extracted, in which two nitrogen sites with significantly 
different CSA values are observed.  
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Figure 10. 2D projected 15N CS/15N CSA correlation spectrum (1H = 899.4 MHz, 15N = 91.1 
MHz) of GlyAla recorded at MAS of 70 kHz using symmetry-based  pulse sequence. 
Measurement time for the 3D is ~ 28 hours. 

The experimental NH3
+ and NH 15N CSA line shapes (black lines in Figure 11) were extracted 

by taking the corresponding spectral slices parallel to CSA dimension at the 15N isotropic 
chemical shifts of 22.5 and 122.7 ppm, respectively. A well resolved ‘Pake-like’ peak shape is 
observed for the 15N CSA of the NH group, whereas the NH3

+ group shows a small 15N CSA in 
agreement with its high local spherical symmetry. 
Finally, the best fits of the experimental 15N CSA line shapes (red lines in Figure 11) were 
achieved by simulations with SIMPSON and the obtained parameters, namely isotropic 
chemical shift δiso, anisotropy, δaniso and asymmetry, η are listed in Table 2. It should be noted 
that large error in asymmetry parameter is possible. 
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Figure 11. 15N CSA experimental line shapes (black lines) extracted by taking the slices parallel 
to anisotropic dimension at 15N chemical shift of the NH and NH3

+ groups of GlyAla from Fig. 10 
and SIMPSON best fitting simulated line shapes (red lines) to extract 15N CSA parameters. 
 
 
Table 2. 15N CSA parameters obtained by fitting the experimental line shapes for GlyAla using 

and . 

Symmetry 
NH3

+  NH 

δiso δaniso η  δiso δaniso η 

 22.8 21.0 0.40  122.9 112.0 0.25 

 22.8 20.0 0.30  122.9 112.0 0.38 

 

The experimental parameters obtained through the application of the and  schemes 
are in good agreement with literature and show how this novel pulse sequence can be 
effectively applied to 15N CSA recoupling in natural abundance samples. 

Conclusions 

In summary, we have presented a proton-detected 3D 15N CS/15N CSA/1H CS correlation 
experiment to recouple 15N CSA in natural abundance samples at ultrafast MAS of 70 kHz. 
Specifically, two γ-encoded -symmetries, i.e. and , were discussed and proved to 
be very robust towards mismatches of both rf field amplitude and resonance offset. The 
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sequences were successfully applied to natural abundance glycyl-L-alanine and allowed for a 
site-resolved 15N CSA parameters determination. In particular, the anisotropy, δaniso and the 
asymmetry, η values were retrieved by fitting the 15N CSA experimental line shapes with 
SIMPSON. We believe that the pulse sequences presented in this study represent an 
interesting improvement to the current 15N CSA recoupling sequences which fail at such ultra-
fast spinning speeds and more when dealing with natural abundance samples. The challenging 
purpose to extend such CSA measurements to natural abundance systems was achieved by 
exploiting the proton-detection method, feasible only at very high spinning rates, which 
significantly improves the S/N ratio of low abundant nuclei, such as 15N. It should be noted that 
because of amplitude-modulated signal in the CSA dimension, the γ-encoded sequence fails to 
determine the sign of anisotropy. The simultaneous recoupling of m=±1, ±2 terms in non γ-
encoded form may solve the problem. This may improve the sensitivity to asymmetry 
parameters. We are now working on it. 
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