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Abstract

This study reports a first successful demonstration of a single channel proton 3D and 2D high-

throughput ultrafast magic angle spinning (MAS) solid-state NMR techniques in an ultra-high 

magnetic field (1020 MHz) NMR spectrometer comprised of HTS/LTS magnet. High spectral 

resolution is well demonstrated.
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Solid-state NMR has been a valuable technique for high-resolution studies on non-soluble 

and even on non-crystalline chemical and biological materials.1–5 Though the challenges 

posed by molecular size, mobility, and physical and chemical nature of a system can be 

overcome, the major factors that severely limit wide-spread applications of solid-state NMR 

spectroscopy are poor spectral resolution and sensitivity.6 Therefore, there has been 

considerable interest in the development of high-resolution and high-throughput solid-state 

NMR techniques.7 Particularly, the development of proton-based techniques under ultrafast 

magic angle spinning (MAS) conditions, which effectively utilize the very high sensitivity 

of protons by dramatically suppressing the dipole-dipole interactions among protons, has 

been the focus of recent research.8–20 Furthermore, there are extensive efforts on the 

development of ultra-high field magnets for high-resolution NMR studies.21–24 The 

traditional LTS (low-Tc superconductors) magnet has an upper limit of magnetic field 

strength around 1 GHz, which was achieved in 2009. On the other hand, the recent 

achievement by combining the HTS (high-Tc superconductors) innermost coils and LTS 

outer coils has resulted in a magnetic field up to 24 T (with 1020 MHz 1H resonance 

frequency) with good magnetic field stability and spatial homogeneity.23,24 While there are 

numerous challenges in the construction of stable HTS/LTS ultra-high field magnets (≥1.0 

GHz), there are also tremendous difficulties in performing multidimensional NMR 

experiments in general and solid-state NMR experiments in particular utilizing such 

magnets. To be more specific, the issues related to the stability/magnetic field drift and 

magnetic field inhomogeneity with these magnets do not typically favor proton solid-state 

NMR experiments. Nevertheless, extensive efforts were made to overcome these limitations 

in order to carry out the present study. While an external 2H lock as discussed later was used 

to reduce the magnetic field drift, the magnetic field inhomogeneity was controlled by a 

passive shimming approach. Subsequently, we successfully demonstrate herein the unique 

advantages of combining the high spectral resolution, rendered by fast MAS (60 kHz) and 

ultra-high magnetic field (24 T), to perform multidimensional single-channel proton solid-

state NMR experiments. Specifically, a three-dimensional SQ/DQ/SQ experiment14 that 

correlates the single-quantum (SQ), double-quantum (DQ), and SQ frequencies of protons at 

1020 MHz is demonstrated on a powder sample of L-Histidine·HCl·H2O at 60 kHz MAS. 

Since the span of chemical shift anisotropy (CSA) tensor is proportional to the magnetic 

field strength, it is shown that the high magnetic field enables easy measurement of proton 

CSA tensors. To the best of our knowledge, this is the first successful demonstration of 

single-channel proton high-resolution multidimensional solid-state NMR experiments at the 

highest magnetic field (24 T) so far.

Before fast MAS NMR measurements at 1020 MHz spectrometer, the magnetic field drift 

was reduced to minimum with an external 2H lock by using a D2O micro probe.24 However, 

the temporal field drift could still be around 0.17 ppm / 10 hours in comparison to 0.001 

ppm / 10 hours for a solution probe with an internal lock. Actually, such a drift may also 

contribute to the line broadening observed for protons. However, the higher sensitivity 
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rendered by the high natural-abundance and gyromagnetic ratio of protons greatly reduces 

the experimental time, and thus minimizes the effect of field drift on the spectrum. 1D 

ultrafast MAS proton spectra of L-Histidine·HCl·H2O obtained at 1020 and 600 MHz 

utilizing 1 mm rotors are compared in Figure 1. It is clearly shown that the peaks in the 

high-field region (< below 7 ppm) at 600 MHz with 60 kHz MAS display significant 

broadening due to residual 1H-1H dipolar interactions, whereas this broadening is largely 

suppressed at 1020 MHz under the same MAS rate leading to a higher proton resolution. 

More interestingly, the resolution of these peaks at 1020 MHz is comparable to that attained 

at 600 MHz under 120 kHz MAS using 0.75 mm rotor (Table S1). The line broadening 

observed for resonances 1 and 2 at 600 MHz and 120 kHz MAS should be attributed to poor 

shimming and increased frictional heating with larger temperature gradient as the spectrum 

under 110 kHz MAS (Figure S1) shows resolution comparable to that observed at 1020 

MHz under 60 kHz MAS. The poor shimming of 120 kHz MAS probe results from the use 

of prototype stator carrying metal parts that can induce B0 inhomogeneity. It is worthwhile 

to mention here that 120 kHz MAS probe is still at its developmental stage and we hope to 

build this probe with well-optimized features anytime soon. The resolution enhancement at 

ultra-high magnetic field mainly results from two factors: (1) the increased chemical shift 

range (in Hz) results in larger separation of peaks, and (2) the better suppression of 1H-1H 

dipolar couplings by MAS when the chemical shift difference (in Hz) is larger. Both factors 

act simultaneously to improve the resolution of peaks below 7 ppm, which are associated 

with strong 1H-1H dipolar interactions. Furthermore, the resolution enhancement above 7 

ppm is not significant, which is due to the presence of relatively weak dipolar couplings as 

compared to H2O and CH2. In addition, the presence of anisotropic bulk magnetic 

susceptibility (ABMS)25 can also induce inhomogeneous broadening on the order of 1 to 2 

ppm for compounds containing π electrons.

Encouraged by the feasibility of 1H detection and higher spectral resolution at 1020 MHz, 

we performed a 3D proton SQ/DQ/SQ experiment to show the higher resolution enabled by 

the high magnetic field using the pulse sequence given in Figure S2. The 3D SQ/DQ/SQ 

proton spectrum of L-Histidine·HCl·H2O obtained at 1020 MHz and 60 kHz MAS is shown 

in Figure 2; the 3D spectrum obtained at 600 MHz under the same experimental conditions 

is given in Figure S3. The spectral resonances are all well-resolved along all three 

dimensions. To better understand the resonance patterns in the 3D spectrum, 2D spectra 

projected from the 3D spectrum are shown in Figure 3. More 2D DQ/SQ1 (F2/F1) slices 

taken at different chemical shift values along the SQ2 (F3) dimension are given in Figure 

S4. Remarkably, rich structural information could be extracted from DQ/SQ1 (F2/F1), 

DQ/SQ2 (F2/F3) and SQ1/SQ2 (F1/F3) spectra. The SQ1/SQ2 correlation spectra (Figure 

3A and 3D) directly provide the proton proximity information, which in principle is similar 

to a normal 2D 1H/1H dipolar-coupling based correlation spectrum.15 It is shown that a 

finite pulse radiofrequency driven dipolar recoupling (fp-RFDR)15,26 mixing time of 3.73 

ms is sufficient to accomplish a total correlation of proton resonances in L-

Histidine·HCl·H2O. In addition, the DQ/SQ2 (Figure 3B and 3E) spectra give proximity 

information at a higher resolution compared to that rendered by the 2D SQ1/SQ2 correlation 

spectrum due to double spectral width in the DQ dimension. Furthermore, new cross peaks 

are observed in the 2D DQ/SQ1 (Figure 3C and 3F) spectra in comparison to the 2D 
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DQ/SQ2 spectra given in Figure 3B and 3E. In fact, these new cross peaks indicate the 

proximity between a spin (e.g. spin A) and a certain other pair of spins (e.g. spins B and C) 

that are close enough to induce a DQ signal through the recoupled dipolar coupling. The 

spin A is indicated by the isotropic chemical shift along SQ1 dimension, while spins B and 

C are indicated by the chemical shift along the DQ dimension, which equals to the sum of 

the isotropic chemical shifts of spins B and C. Actually, better resolved 2D DQ/SQ1 spectra 

could be sliced at a specific chemical shift as given in Figure S4, as they only provide local 

information related to the protons at the specific chemical shift. Such cross peaks are 

important for distance measurements in determining molecular structures, especially when 

there are protons that are overlapped and cannot be distinguished. More details about this 3D 

pulse sequence could be found in Ref.[14] Though the signal-to-noise (S/N) ratio is similar 

in the spectra obtained at 600 and 1020 MHz NMR spectrometers, the spectral resolution is 

definitely better at 1020 MHz. In principle, the S/N ratio at 1020 MHz should be better than 

600 MHz, however, the fact that we observed similar S/N ratio can be attributed to the use 

of prototype probe at 1020 MHz, which is not optimized well in comparison to the 

commercial probes. On the other hand, the effects of chemical shift offset are more 

pronounced at 1020 MHz. However, in the 3D experiments, we utilized a strong 

radiofrequency (RF) field for the rectangular 90°/180° pulses to overcome the offset effects. 

Besides, the implementation of super-cycled fp-RFDR15 and BABA-XY1627 sequences 

could also overcome the chemical shift offset effect as well as the RF field inhomogeneity. 

Herein, our results successfully demonstrate the feasibility of obtaining high-resolution 

multidimensional solid-state NMR spectra at an ultra-high magnetic field NMR 

spectrometer. In fact, the difficulties faced in accomplishing the higher sensitivity at 1020 

MHz are not surprising. Therefore, the development of novel composite pulses28 or offset-

compensating short pulses are worthwhile for further MAS NMR applications, not to 

mention about the need for super phase cycling schemes for the pulse sequences. Moreover, 

we would like to add here that similar resolution in the 3D proton SQ/DQ/SQ experiment is 

also possible at 600 MHz if we spin the sample at ultrafast MAS rates (≥ 95 kHz) using 0.75 

mm rotor (Figure S5). However, the main drawbacks of such measurement are the rise in the 

sample temperature due to spinning at such high rates, and the use of 2.75 times less sample 

volume in comparison to 1.0 mm rotors.

The unique advantage of an ultrahigh magnetic field could also be well demonstrated with 

the measurement of proton CSAs as shown in Figure 4. As the span of CSA linearly 

increases with the magnetic field, the amplified CSAs are easily and accurately measured at 

high magnetic field; this is especially more beneficial when CSA is small like that for 

aliphatic protons. Figure 4A shows the 2D proton anisotropic/isotropic chemical shift 

(CSA/CS) correlation spectrum obtained at 1020 MHz on L-Tyrosine·HCl sample using the 

pulse sequence given in Figure S6, whereas the 2D CSA/CS correlation spectrum at 600 

MHz is given in Figure S7. Symmetry-based sequence R188
7 with a phase-alternating 

composite π pulse (270°0–90°180) was adapted to recouple CSA interactions under ultrafast 

MAS, and used to obtain undistorted CSA lineshapes and to determine relative orientation 

of different CSA tensors.16, 29 Also, such phase-alternating composite π pulse could well 

overcome the RF field inhomogeneity and achieve remarkable CSA recoupling efficiency.16 

Figure 4B compares the proton CSA lineshapes obtained at 600 and 1020 MHz, which were 
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obtained from the spectral slices taken at the isotropic chemical shift (9.6 ppm) 

corresponding to the benzene-bonded OH group. Obviously, with the magnetic field 

increasing from 14.1 to 24.0 T, the splitting between the two singularities in the CSA 

lineshape is almost doubled. In fact, such splitting is proportional to the anisotropic chemical 

shift parameter δaniso = |δzz-δiso|,30 where the δiso is the isotropic chemical shift, and the 

principal components of the chemical shift tensor are defined as |δzz-δiso| ≥ |δxx-δiso| ≥ |δyy-

δiso|. By comparing the experimental spectra with SIMPSON numerical simulations,31,32 all 

the principal components of the CSA tensor could easily be determined. The CSA 

parameters for the benzene-bonded OH from the simulation are determined to be δaniso = 

20.0 ppm and η = (δxx-δyy) / δaniso = 0.5, (Figure S8). Here it should be pointed out that a 

DC balance, wherein the average of the final 1/8th FID points in t1 is subtracted from the 

total data points to remove DC offset effects, was applied prior to the Fourier transformation 

in the t1 dimension in order to suppress the zero-frequency peak. However, when the CSA is 

very small, the splitting may be absent in the CSA lineshape.30 Under such condition the 

zero-frequency peak may play a significant role, rendering it difficult to extract accurate 

CSA values. Fortunately, the high magnetic field will greatly amplify the CSA and thus the 

splitting in the CSA lineshape will alleviate the effect of zero-frequency peak on the 

extraction of the principal components of CSA tensors. On the one hand high magnetic field 

amplifies the CSA, but at the same time it also magnifies the higher-order cross-terms 

(CSAxCSA, CSAxCS) that can no longer be neglected in the recoupled CSA Hamiltonian 

with R-symmetry based sequences. Simulated lineshapes representative of a single spin 

CSA Hamiltonian at 1020 and 600 MHz (Figure S9) clearly highlight this aspect. As seen 

from Figure S9, the CSA lineshape at 1020 MHz is more distorted in comparison to 600 

MHz due to the recoupling of the higher-order CSA cross-terms. Finally, it should be 

pointed out that the single channel symmetry-based CSA recoupling sequence will also 

recouple the heteronuclear dipolar couplings, because both CSA and heteronuclear dipolar 

coupling have a space rank of 2 and a spin rank of 1.33 Therefore, it may suffer some 

limitation on the measurement of amide proton CSAs due to the presence of 14N-1H dipolar 

couplings unless 14N decoupling is achieved.

In conclusion, we successfully demonstrated the first use of 1020 MHz NMR spectrometer 

with a hybrid HTS/LTS magnet configuration in carrying out a single-channel 

multidimensional proton solid-state NMR experiments at fast MAS. The fast MAS could 

greatly average out the very large 1H-1H dipolar couplings, while the high field could 

expand the chemical shift range. As a result, the proton spectral resolution is largely 

enhanced. Due to the high natural abundance and gyromagnetic ratio, high-resolution and 

high-sensitivity proton solid-state NMR spectroscopy could provide abundant information 

about molecular structures and dynamics. In particular, the 3D SQ/DQ/SQ spectrum and the 

2D spectral slices show high spectral resolution rendered by the combination of high 

magnetic field, fast MAS, and proton-detection, and reveal dipolar-coupling based chemical 

shift correlation of protons. Such 3D spectrum not only provides the proximity information 

between a pair of proton spins, but also gives the information of proximity between a spin 

and a certain pairs of spins. In addition, the 2D anisotropic/isotropic correlation experiment 

under high field and fast MAS enables accurate measurement of CSA tensors, which can 

provide deep insights into hydrogen bonding interactions in numerous chemical and 
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biological systems. Overall, the elegant single-channel high-resolution proton 

multidimensional solid-state NMR experiments under fast MAS and high field enable the 

assignment of proton chemical shift resonances, and thus allow high-resolution and high-

throughput structure and dynamics studies for a variety of chemical and biological materials 

in solid-state that may not be amenable for traditional solution NMR or X-ray 

crystallographic techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Proton 2D and 3D solid-state NMR experiments are demonstrated at 1020 MHz.

• HTS/LTS hybrid magnet provides enough stability for long term measurements.

• Resolution enhancement and amplified 1H CSA are attained at 1020 MHz.
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Figure 1. 
1D ultrafast MAS proton spectra of L-Histidine·HCl·H2O.
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Figure 2. 
3D SQ/DQ/SQ spectrum of L-His·HCl·H2O obtained at 1020 MHz under 60 kHz MAS. 16 

t1 and t2 increments, 8 scans, and a 6 s recycle delay were used (total experimental time = 

13.65 hrs.). A 3.73 ms fp-RFDR mixing was utilized for magnetization exchange, and the 

BABA-XY16 sequence with 133.3 μs was used for excitation/reconversion.
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Figure 3. 
2D SQ1/SQ2 (A,D), DQ/SQ2 (B,E) and DQ/SQ1 (C,F) spectral projection extracted from 

the 3D spectra at 600 MHz (A,B,C) and 1020 MHz (D,E,F). Both experiments were 

performed under 60 kHz MAS.
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Figure 4. 
Proton CSA measurement under ultrafast MAS on L-Tyrosine·HCl sample. (A) 2D CSA/CS 

correlation spectrum under 60 kHz MAS at 1020 MHz. (B) 1H CSA lineshapes from 2D 

spectra extracted at the chemical shift of 9.6 ppm and obtained from a 600 MHz 

spectrometer at 70 kHz MAS (black) and a 1020 MHz spectrometer at 60 kHz MAS (red).
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