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Abstract

We report a compact benchtop solid-state NMR platform that achieves 50 kHz magic-angle
spinning (MAS) ina 1.4 T permanent magnet with an 18 mm bore, enabling high-speed MAS
under extremely space-constrained conditions. The probe architecture leverages field—bore
orthogonality for convenient magic-angle alignment and is demonstrated with miniaturized
1.8 mm rotors (=5 mm length) at stable high-speed operation. As a demanding test case,
we measure 'Li MAS NMR of the paramagnetic layered cathode oxide LiNig5Mng50,,
where hyperfine interactions produce very large paramagnetic shifts spanning the several-
thousand-ppm regime. Overall, the results establish a path toward portable, cost-effective
high-MAS NMR in compact permanent-magnet geometries.

Keywords: magic-angle spinning (MAS); small-bore magnet; compact NMR instrumentation;
high-speed spinning; low-field NMR; portable NMR systems; miniaturized MAS probe;
permanent magnet

1. Introduction

Magic-angle spinning (MAS) solid-state NMR is a powerful tool for structural and dy-
namic analysis of solids ranging from inorganic functional materials to polymers and
biomacromolecules [1]. Increasing the MAS frequency improves resolution by more
efficiently averaging second-rank anisotropic interactions (e.g., dipolar couplings and
chemical-shift anisotropy) and by reducing residual broadening from higher-order terms
(e.g., second-order quadrupolar interactions), while also affecting relaxation [2,3].

At the same time, there is growing demand for portable, low-cost, and infrastructure-
light NMR (e.g., for at-line process control, materials screening, education, and field de-
ployable analysis), motivating renewed interest in permanent-magnet platforms. However,
combining MAS with compact permanent magnets is not straightforward: permanent
magnets typically provide lower By, restricted bore sizes, and less flexible probe geometries
than superconducting systems, all of which constrain rotor size, stable spinning, temper-
ature control, and sample handling. Consequently, most compact-MAS demonstrations
have historically been limited to modest spinning speeds and/or larger bores. Previous
studies have reported MAS at modest speeds (up to ~10 kHz) in bore sizes larger than
25 mm using 1.0-1.5 T Halbach arrays or single-pole configurations [4,5].

In parallel, MAS at elevated speeds has emerged as a key enabling technology for
modern solid-state NMR, providing substantial gains in resolution and sensitivity across
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a broad range of nuclei and materials classes. Comprehensive reviews have highlighted
how fast/ultrafast MAS unlocks improved averaging and enables experiments that were
previously impractical due to broad lines or short coherence lifetimes, especially when
combined with modern pulse sequence design [6].

A particularly demanding and scientifically relevant class of targets for ultrafast MAS
are paramagnetic energy materials, such as transition-metal (TM) oxide battery electrodes.
In these systems, strong hyperfine interactions and fast relaxation can broaden resonances
over hundreds to thousands of ppm, complicating both assignment and quantification.
A foundational body of work has established that, despite these challenges, solid-state
NMR provides uniquely local information on lithium environments, cation ordering, and
structural motifs in electrode materials—often even in the paramagnetic state [7,8].

For layered lithium—cobalt-nickel-manganese oxides and related cathodes, ultrafast
MAS has proven particularly effective. For example, Stoyanova and co-workers used high-
speed Li MAS NMR (with complementary EPR) to connect lithium local structure with
electrochemical behaviour in LiCo;_NixMn,O, materials, demonstrating that high MAS
rates can yield stable, interpretable spectral profiles and resolved intensity distributions
even in strongly paramagnetic compositions [9].

Building on these developments, the present work targets a key hardware gap: bring-
ing genuinely high-speed MAS into a compact permanent-magnet geometry. We demon-
strate, 50 kHz MAS in a miniaturized setup operating at 1.4 T within an 18 mm bore,
establishing a new benchmark for integrating ultrafast MAS capabilities into portable and
environmentally relevant, cryogen-free NMR platforms. The performance of the system is
demonstrated on paramagnetic lithium-ion battery electrode materials, where the combina-
tion of fast MAS and compact-field operation enables spectra that can be directly compared
with the literature reports [9] under ultrafast MAS conditions at low magnetic fields.

2. Results
2.1. Magnet and Probe Configuration

The 1.4 T permanent magnet (18 mm bore) and integrated MAS probe-head are shown
in Figure 1. Stable field homogeneity was achieved over a <5 mm spherical volume. The
probe-head could be repositioned in £1 mm steps without significant spectral distortion to
locate the magnet “sweet spot,” and fine azimuthal rotation enabled precise alignment to
the 54.74° magic angle.

2.2. Spectroscopic Performance

High-resolution MAS spectra were achieved at 50 kHz spinning speed. For Adaman-
tane, a 'H line width of ~8 ppm was achieved. Off-angle spectra demonstrated broadened
and asymmetric lines, confirming the criticality of precise angle alignment.

As a reference for instrumental resolution, we additionally measured “Li MAS
NMR of LiCl under the same probe conditions. The line shows a FWHM linewidth
of 15 ppm at 50 kHz MAS (Figure 2B), confirming that the broad features observed for
LiNig 5Mng 50, are dominated by paramagnetic interactions rather than instrument-limited
field inhomogeneity.

Figure 2B shows the 7Li MAS NMR spectrum of LiNipsMng50;. The spectrum exhibits
substantial MAS-induced line narrowing and resolves a dominant broad envelope in the
several-hundred-ppm regime. This behaviour is consistent with the low-field ultrafast-MAS
data reported by Stoyanova et al., where the stabilized high-speed profile for LiNiy5Mng 50,
is dominated by components in the 300-1000 ppm range (reported to account for ~94% of
the intensity), with only a minor contribution in the 1350-1500 ppm region (<6%) [9]. In that
work, the 1350-1500 ppm components were assigned to Li environments located in transition-
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metal layers arising from Li/Ni disorder, whereas the 300-1000 ppm region reflects Li in
Li layers experiencing different local TM-neighbour configurations and exchange/dipolar
contributions. We additionally observe spectral intensity at very high apparent shifts (around
~2000 ppm) that remains to be further investigated, see Table 1.
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Figure 1. MAS detector with an outer diameter of 18 mm. (A) Exploded view showing the probe-head
inserted from the top (mechanical turbine including the detection coil) and from bottom (resonant
printed-circuit-board section); the two parts are connected inside the 18 mm bore (C). (B) 1H nutation
curve showing By ~ 0.2 MHz at ~120 W RF power. (D) Spectral dependence on probe position (1 mm
steps) used to locate the magnet “sweet spot”. The frequency offset Av (Hz) is given relative to the
carrier frequency vg.
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Figure 2. (A) Spectral response to magic-angle (MA) adjustment, shown as frequency offset Av (Hz)
relative to the carrier frequency vg (same definition as in Figure 1D). (B) 7Li MAS NMR spectrum of
the paramagnetic LIB cathode material LiNip 5Mng 50, acquired on the 1.4 T (18 mm bore) benchtop
setup. The improved spectral resolution under high-speed MAS is consistent with ultrafast-MAS
low-field spectra reported by Stoyanova et al. [9], see Table 1. A weak additional contribution is
observed near ~2000 ppm, which may correspond to low-intensity Li environments and is under
ongoing analysis. A LiCl reference trace (external standard) is included for comparison.
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Table 1. Deconvoluted 7Li spectrum components of LiNip sMng 50, at 1.4 T (this work) and qualitative
assignment following [9].

. Assignment Motif Detail
Component Label 8/ppm Site Class (Concise) (from Figure 2B Annotations)
. . .2+ . o
L5-2Ni90 577(79)  Li_Li(layer)  Ni-only closestsites i With only Ni" in the two closest 90

Li-O-TM positions

Dominantly Ni?* neighbours; Mn**

L4-NiDom(Mn180) 702(8) Li_Li (layer) Ni-dominant only in 180° positions
L3-Int 736(1) Li_Li (layer) Intermediate No explicit n.elghbour motif indicated
component in Figure 2B
. R Mixed first/ 1x Mn** + several Ni?* in
L2-Mn1+Ni(shell) 876(3) Li_Li (layer) second shell first/second shell
. C . Mixed Mn/Ni Regular Li layer with 2-3x Mn** (90°)
L1-Mn(2-3)Ni(1-2) 989(3) Li_Li (layer) neighbours and 1-2x Ni?* neighbours

TM2-5Mn1Ni90

1221(3) Li_TM (antisite) Mn-rich antisite

Liin TM layer; 5x Mn** + 1x Ni?* via
90° Li-O-TM pathways

TM1-6Mn90

1442(11) Li_TM (antisite) Mn-only antisite

Liin TM layer; 6x Mn** via 90°
Li-O-Mn pathways

U1-HS

1953(4) Unassigned High-shift feature

High-shift feature; site not assigned
(under ongoing analysis)

3. Discussion

To our knowledge, this is the first reported implementation of MAS NMR at 50 kHz in
a bore size as small as 18 mm using a permanent magnet.

In established MAS hardware systems, larger rotors are typically operated at lower
spinning frequencies (e.g., 7 mm up to ~7 kHz and 4 mm up to ~15 kHz), whereas
fast/ultrafast MAS is achieved using smaller rotors (e.g., 1.3 mm up to ~67 kHz, 0.8 mm
~110 kHz, 0.5 mm ~170, and 0.4 over 200 kHz [10,11]). Such conventional solid-state MAS
probe families are commonly designed around standard-bore (~54 mm) and wide-bore
(~89 mm) magnet geometries [4]. In contrast, achieving high MAS rates in the confined
geometry of compact magnets remains comparatively underexplored for <45 mm bore
sizes [2].

The demonstrated probe-head concept is broadly applicable to commercial benchtop
permanent-magnet systems that provide sufficiently compact access to the magnetic-field
“sweet spot” and allow stable routing of drive and bearing gas lines for a miniaturized MAS
turbine. In practice, adaptation to a specific instrument would primarily require mechanical
customization of the outer probe diameter, insertion length, and mounting/positioning
interface to match bore and access constraints, together with system-specific implemen-
tation of gas supply and exhaust handling to ensure stable high-speed spinning. The
NMR electronics (tuning/matching and console interface) follow standard RF practice;
the key enabling feature in the present work is the compact mechanical integration of the
MAS turbine and detection coil within a small-bore permanent-magnet geometry, with
the stator plug-connected to a printed circuit board that hosts the remaining resonant-
circuit components.

The results demonstrate that high-speed MAS can be implemented in compact
permanent-magnet geometries, enabling cost-effective solid-state MAS NMR without
cryogenics. Because magic-angle optimization here relies on field-bore orthogonality and
azimuthal rotation, applying the same alignment strategy to conventional superconduct-
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ing magnets (with By along the bore axis) would require a different and compromised
mechanical approach.

An improved spectral resolution due to reduced paramagnetic broadening and high-
spinning speed has been clearly monitored at such a low-field benchtop setup. A new weak
feature is observed near ~2000 ppm. Its enhanced visibility may reflect the altered balance
of paramagnetic broadening and relaxation at low By under ultrafast MAS. Future work
may address interpreting such additional peak patterns and driving further applications.

4. Materials and Methods
4.1. Magnet Design and Bore Size

A 1.4 T permanent magnet (Qualion Ltd., formerly Foxboro NMR, Haifa, Israel) with
an 18 mm cylindrical bore was used. The field stability and homogeneity were improved
using passive shielding and internal homogenization. The magnet geometry allowed
insertion of a custom-built MAS probe-head while maintaining stable field conditions in
the central measurement region. A heater assembly was used for the magnet temperature
stabilization.

4.2. MAS Probe and Rotor Design

Because the static magnetic field is orthogonal to the magnet bore axis, the MAS angle
can be adjusted by rotating the probe around the bore axis, without requiring additional
radial space for turning the stator to a specific angle. This geometry simplifies the mechan-
ical layout compared with conventional MAS probes constrained by a fixed 54.74° rotor
relative to the bore axis.

Bore and field orthogonality and sweet spot access from both ends render the use
of small-bore permanent magnets relatively efficient. The MAS system was designed for
1.8 mm diameter rotors, with specially miniaturized length (5 mm). Rotors were spun
using a compressed air turbine with controlled inlet pressure, with common drive and
bearing gas channels. The system sustained spinning rates up to 50 kHz with a sufficient
temperature stability and minimal wobble.

4.3. Sample Preparation

Proof-of-principle powder samples were filled into 1.8 mm rotors under dry conditions.
No additional solvents or dopants were used. As a test application material powder, we
used mixed oxides of lithium, nickel, and manganese (LiNig5Mn507) [9].

4.4. NMR Spectroscopy

Experiments were conducted using a Varian INOVA 600 MHz console adapted to the
1.4 T probe-head, equivalent to a proton Larmor frequency of ~60 MHz. Pulse calibration
(~2.5 us for 90°), standard nutation, and referencing were performed at room temperature
on LiCl. Spectra were recorded under MAS and off-angle conditions.

4.5. Data Processing and Analysis

Time domain data were acquired with the Varian INOVA console and exported as
complex FIDs. Spectral processing (Fourier transformation, phase correction, and baseline
correction) was performed using MestreNova (Mestrelab Research) v14.2.0. The processing
software is used for standard post-acquisition analysis and does not require hardware
integration into the probe-head or magnet system.
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5. Conclusions

We report a compact solid-state NMR system operating at 50 kHz MAS within an
18 mm bore of a 1.4 T permanent magnet. The system achieves stable and high-quality
spectra, confirming its utility for advanced, yet very affordable and sustainable MAS NMR.
This design may catalyze the development of portable MAS NMR for field applications
and point-of-care diagnostics. Recent progress in permanent magnets up to 2.1 T renders
even 13C CP experiments feasible.

Author Contributions: Conceptualization, A.S., A.O. and R.W.; methodology, A.O. and R.W.,; soft-
ware, RW.; validation, RW., A.O. and A.S,; formal analysis, R.W. and R.S.; investigation, R.W. and
R.S.; resources, A.S., R.S. and R.W,; data curation, R.W.; writing—original draft preparation, RW.;
writing—review and editing, RW. and A.S.; visualization, A.O. and R.W.,; supervision, A.S. and
R.W.; project administration, A.S.; funding acquisition, A.S., R.S. and R.W. All authors have read and
agreed to the published version of the manuscript.

Funding: ETAG (Estonian Research Agency) and Tallinn University of Technology (TalTech) of
projects PRG1832 and STP57; Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)
under Germany’s Excellence Strategy—EXC 2154—Project number 390874152; CELEST (Centre for
Electrochemical Energy Storage Ulm-Karlsruhe); Synergy grant HyperQ (No. 856432) of European
Research Council (ERC); and “Master” (KI1-06-DO02/3 dated 18 May 2023).

Data Availability Statement: Work did not generate any large scale data.

Acknowledgments: Special thanks to the engineering and technical staff involved in rotor manufac-
turing, probe-head and temperature control design.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Polenova, T.; Gupta, R.; Goldbourt, A. Magic Angle Spinning NMR Spectroscopy: A Versatile Technique for Structural and
Dynamic Analysis of Solid-Phase Systems. Anal. Chem. 2015, 87, 5458-5469. [CrossRef] [PubMed]

2. Samoson, A.; Tuherm, T.; Gan, Z. High-Field High-Speed MAS Resolution Enhancement in 'H NMR Spectroscopy of Solids. Solid
State. Nucl. Magn. Reson. 2001, 20, 130-136. [CrossRef] [PubMed]

3. Sternberg, U.; Witter, R.; Kuprov, I.; Lamley, ].M.; Oss, A.; Lewandowski, ].R.; Samoson, A. IH Line Width Dependence on MAS
Speed in Solid State NMR—Comparison of Experiment and Simulation. J. Magn. Reson. 2018, 291, 32-39. [CrossRef] [PubMed]

4. Serensen, M.K; Bakharev, O.; Jensen, O.; Jakobsen, H.J.; Skibsted, J.; Nielsen, N.C. Magic-angle spinning solid-state multinuclear
NMR on low-field instrumentation. J. Magn. Reson. 2014, 238, 20-25. [CrossRef] [PubMed]

5. Mitchell, J.; Gladden, L.E; Chandrasekera, T.C.; Fordham, E.]. Low-field permanent magnets for industrial process and quality
control. Prog. Nucl. Magn. Reson. Spectrosc. 2014, 76, 1-60. [CrossRef] [PubMed]

6. Nishiyama, Y.; Hou, G.; Agarwal, V; Su, Y.; Ramamoorthy, A. Ultrafast Magic Angle Spinning Solid-State NMR Spectroscopy:
Advances in Methodology and Applications. Chem. Rev. 2022, 123, 918-988. [CrossRef] [PubMed]

7. Grey, C.P; Dupré, N. NMR Studies of Cathode Materials for Lithium-Ion Rechargeable Batterie. Chem. Rev. 2004, 104, 4493—-4512.
[CrossRef] [PubMed]

8. Pell, A.].; Pintacuda, G.; Grey, C.P. Paramagnetic NMR in Solution and the Solid State. Prog. Nucl. Magn. Reson. Spectrosc. 2019,
111, 1-271. [CrossRef] [PubMed]

9. Stoyanova, R.; Ivanova, S.; Zhecheva, E.; Samoson, A.; Simova, S.; Tzvetkova, P; Barra, A.-L. Correlations between lithium local
structure and electrochemistry of layered LiCoj_,,NixMnyO; oxides: 7Li MAS NMR and EPR studies. Phys. Chem. Chem. Phys.
2014, 16, 2499-2507. [CrossRef] [PubMed]

10. Samoson, A. H-MAS. ]. Magn. Reson. 2019, 306, 167-172. [CrossRef]

11.  Samoson, A. Co-Gilinther Laukien Prize Lecture. Experimental Nuclear Magnetic Resonance Conference (ENC): Tutorial & Award

Lectures. 2026. Available online: https://www.enc-conference.org/Tutorial-and-Award-Lectures (accessed on 14 May 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules31122038


https://doi.org/10.1021/ac504288u
https://www.ncbi.nlm.nih.gov/pubmed/25794311
https://doi.org/10.1006/snmr.2001.0037
https://www.ncbi.nlm.nih.gov/pubmed/11846236
https://doi.org/10.1016/j.jmr.2018.04.003
https://www.ncbi.nlm.nih.gov/pubmed/29679841
https://doi.org/10.1016/j.jmr.2013.10.015
https://www.ncbi.nlm.nih.gov/pubmed/24291330
https://doi.org/10.1016/j.pnmrs.2013.09.001
https://www.ncbi.nlm.nih.gov/pubmed/24360243
https://doi.org/10.1021/acs.chemrev.2c00197
https://www.ncbi.nlm.nih.gov/pubmed/36542732
https://doi.org/10.1021/cr020734p
https://www.ncbi.nlm.nih.gov/pubmed/15669160
https://doi.org/10.1016/j.pnmrs.2018.05.001
https://www.ncbi.nlm.nih.gov/pubmed/31146806
https://doi.org/10.1039/C3CP54438A
https://www.ncbi.nlm.nih.gov/pubmed/24356075
https://doi.org/10.1016/j.jmr.2019.07.010
https://www.enc-conference.org/Tutorial-and-Award-Lectures
https://doi.org/10.3390/molecules31122038

	Introduction 
	Results 
	Magnet and Probe Configuration 
	Spectroscopic Performance 

	Discussion 
	Materials and Methods 
	Magnet Design and Bore Size 
	MAS Probe and Rotor Design 
	Sample Preparation 
	NMR Spectroscopy 
	Data Processing and Analysis 

	Conclusions 
	References

