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ABSTRACT: The functional importance of lithium in many types of materials requires reliable methods to study its local structure 
and dynamics. Nuclear magnetic resonance (NMR) spectroscopy should be ideal for this purpose, but suffers from poor resolution 
due to intrinsic dipolar broadening. We overcome this problem by diluting the 7Li spins with 6Li, producing ultrahigh-resolution 7Li 
magic-angle spinning (MAS) NMR spectra of lithium borates without appreciably sacrificing sensitivity. Resolution of up to six 
distinct lithium environments permits assignments, aided by density-functional theory, which indicate separate chemical shift re-
gions for different coordination numbers. With high sensitivity and site-specific Li resolution, two-dimensional NMR methods for 
probing Li hopping become more informative, revealing preferential site exchange in a complex lithium borate phase. The success 
of this approach will make 7Li MAS NMR an attractive method for probing lithium coordination environments and mobility in 
diamagnetic lithium-bearing materials. 

Lithium is a functional component in a vast array of materi-
als, including battery cathodes,1-5 ion-conducting organic 
polymers,6 non-linear optical crystals,7 pharmaceuticals such 
as anti-depressants,8 dental cements9, 10 and glass-ceramics,11, 12 
impacting diverse areas of research ranging from health and 
medical sciences to earth and environmental sciences.13, 14 
Essential to the development of next-generation lithium-
bearing materials are research tools to accurately and efficient-
ly characterize lithium local structure and dynamics in solids, 
so as to better understand its specific functional role. Howev-
er, its small x-ray scattering cross-section and its propensity to 
diffuse amongst adjacent sites makes it difficult to locate by 
laboratory-based diffraction methods as well as atom-specific 
probes such as x-ray absorption spectroscopy. As a result, 
solid-state nuclear magnetic resonance (NMR) spectroscopy 
has emerged as an indispensable tool for the characterization 
of lithium chemical environments in materials.13, 15-18  

The attractiveness of 7Li as a probe nucleus in NMR derives 
from its high receptivity (1H=1.0; 7Li = 0.271; 13C = 0.0001), 
stemming from its high natural abundance (92.5%) and large 
magnetogyric ratio (ɣ = 10.397 x 107 rad s-1 T-1). Although 7Li 
is quadrupolar (I = 3/2), its quadrupole moment is very small 
and has a negligible influence on the central transition at typi-
cal NMR magnetic fields, such that it can generally be treated 
as a spin-1/2 nuclide. Because of these advantages, 7Li magic-
angle spinning (MAS) NMR has played a prominent role in 
the advancement of lithium batteries, where the paramagnetic 
nature of most cathode materials produces large contact shifts 
up to ~1000 ppm and in some cases up to 2500 ppm, resulting 
in dramatic gains in spectral resolution.1, 19, 20 For example, 7Li 
NMR has provided key insights into the structure and function 
of lithium cobalt oxide (LiCoO2) cathodes, which possess high 
energy density and are valuable components of commercial 
lithium-ion batteries.5, 21, 22 Unfortunately, 7Li NMR is less 
effective for diamagnetic solids, where the total chemical shift 

range is less than 5 ppm in oxides,23 for example, precluding 
the resolution of site-specific information about local chemical 
environments and hopping between them. Besides its narrow 
chemical shift range, 7Li NMR resolution is hampered by peak 
broadening due principally to strong homonuclear dipolar 
coupling between nearby 7Li spins with a large magnetogyric 
ratio and high natural abundance. The inability of MAS to 
completely attenuate this broadening typically leads to peak 
widths which span the entire chemical shift range of diamag-
netic compounds, limiting its chemical applications.  

This broadening is analogous to that which prevents wide-
spread use of 1H NMR in the structural elucidation of organic 
solids. The well-known effectiveness of MAS for eliminating 
heteronuclear dipolar couplings does not extend simply to 
homonuclear couplings, which becomes a critical obstacle to 
spectral resolution in materials with high-sensitivity nuclei 
present in abundance. For example, strong 1H-1H dipolar cou-
pling inhibits high-resolution 1H MAS NMR spectroscopy of 
complex proteins and peptides, and many of the innovations in 
this area have come from the biomolecular community. His-
torically, appreciable linewidth reductions have been realized 
using a combination of moderate spinning frequencies and 
homonuclear decoupling pulse sequences such as 
WAHUHA24, CRAMPS25 or Lee-Goldburg26 decoupling. 
More recently, advances in MAS probe technology have in-
creased maximum spinning frequencies to above 100 kHz,27 
improving resolution through better, but still incomplete aver-
aging of strong homonuclear dipolar couplings.28-30 Aside 
from the high cost of such probe systems, distinct disad-
vantages include severely restricted sample volumes (i.e., 
nanoliters) and considerable frictional heating effects, requir-
ing active cooling to avoid sample dehydration and/or degra-
dation. An alternative method to reducing homonuclear dipo-
lar couplings was presented in the early 1990s, where dilution 
of proton spins by reverse isotopic labeling with deuterium 



 

significantly improved resolution in perdeuterated biomolecu-
lar solids,31-35 even at modest spinning frequencies.36, 37 Com-
bining faster spinning (> 40 kHz) with perdeuteration has led 
to advances using direct 1H NMR detection of proteins.38 This 
approach offers very high resolution (< 0.2 ppm) linewidths 
and enhanced sensitivity in biomolecular solids through 1H 
detection and J-based transfers.38-40 

In this work, we demonstrate ultrahigh-resolution 7Li MAS 
NMR spectroscopy of crystalline and amorphous lithium-
bearing materials using isotopic dilution by 6Li to interrupt the 
strongly coupled network of 7Li spins, and MAS to eliminate 
broadening from the resulting 6Li-7Li heteronuclear dipolar 
interactions. The substantial peak width reductions obtained 
by this method are sufficient to resolve multiple lithium sites 
in a series of lithium borates, which display rich structural 
diversity and are under scrutiny as solid electrolytes for next-
generation lithium batteries.41, 42  The high sensitivity of 7Li is 
retained even at moderate spinning rates and external magnetic 
fields, facilitating quantitative NMR analysis in practical time 
frames and enabling 2D NMR methods for monitoring Li ion 
dynamics.  

Several crystalline lithium borates were studied by 7Li MAS 
NMR in their natural abundance and 7Li-depleted (5%) forms 
to evaluate the benefits of isotopic dilution on spectral resolu-
tion and sensitivity. Lithium metaborate, LiBO2, containing a 
single crystallographic Li site, yields an eight-fold reduction in 
the 7Li MAS NMR peak width upon 7Li depletion, the full-
width at half maximum (FWHM) decreasing from 1080 to 140 
Hz at a modest spinning rate of 16 kHz (data not shown). 
There are six lithium ions within a 4 Å radius, the closest 
being 2.6 Å, corresponding to a 1 kHz dipolar coupling con-
stant. The significance of 7Li-7Li dipolar broadening in the 
natural abundance sample is underscored by increasing the 
spinning rate to 60 kHz, which reduces its MAS peak width by 
a factor of three (340 Hz, Figure 1) relative to the 16 kHz 
spectrum. Combining isotopic dilution with fast spinning 
results in an overall 15-fold improvement in resolution for 
LiBO2 (FWHM ~70 Hz, 0.3 ppm).  

At natural abundance, the three crystallographically in-
equivalent sites of lithium orthoborate, Li3BO3, appear in fast-
spinning 7Li MAS NMR (𝑣r = 60 kHz) as a single undifferen-
tiated broad peak (Figure 1). In this case, the lithium spin 
network is more highly coupled, with 13 lithium neighbors 
within a 4 Å radius. Depleting the 7Li in the sample to 5% 
simplifies the spin system, revealing two distinct 7Li peaks in a 
~2:1 intensity ratio, with similar resolution at moderate and 
fast spinning rates (𝑣r = 16 or 65 kHz, Figures 1 and S1). 
Considering that the structure possesses two five-coordinate Li 
sites and one four-coordinate Li, this spectrum may be as-
signed according to established correlations between coordina-
tion number and chemical shift (vide infra).43, 44 The four-
coordinate peak width is less than 40 Hz (0.2 ppm), a 20-fold 
improvement in resolution. Comparable resolution may be 
obtained from 6Li MAS NMR of a natural abundance sample 
(7.5% 6Li), however at a staggering cost in experimental time. 
Whereas 3 mg of 7Li-depleted Li3BO3 required only 30 
minutes to acquire the spectrum shown in Figure 1, a natural-
abundance 6Li MAS NMR spectrum with similar signal-to-
noise required over 140 minutes with an order-of-magnitude 
more sample (30 mg) to achieve comparable signal-to-noise. 
The 6Li-enriched starting materials used to dilute the 7Li spins 

are inexpensive compared to other common isotopes used in 

NMR; for example, 6Li-enriched Li2CO3, LiCl and Li 
(~$0.2/mg, 95% 6Li) compare to 13C-labeled amino acids and 
sugars (~$0.4/mg glucose, 99% 13C), 17O-labeled water 
(~$4.5/mg, 90% 17O) and 119SnCl2 (~$15.0/mg, 97% 119Sn). 
The high spectral resolution, combined with small sample 
requirements and high 7Li sensitivity, make this an attractive 
and cost-effective method for other Li-bearing materials.  

Figure 1. 7Li MAS NMR (B0 = 11.7 T, 𝒗r = 60 kHz) of depleted 
(5% 7Li, black traces) and naturally abundant (92.5% 7Li, blue 
traces) LiBO2, Li3BO3 and Li6B4O9. 

A more stringent test of this method is Li6B4O9, which pos-
sesses six distinct crystallographic lithium sites.45 Fast-
spinning 7Li MAS NMR of the natural abundance sample 
yields a familiar broad and featureless peak with only a hint of 
asymmetry (Figures 1 and S2), whereas the 7Li-depleted sam-
ple reveals multiple partially resolved peaks. In conjunction 
with quantum-chemical calculations, these peaks can be rea-
sonably assigned to the six Li sites in the compound (Table 
S1, vide infra). The 6Li MAS NMR spectrum of the isotopical-
ly diluted sample is provided for comparison (Figure S2), 
exhibiting poorer resolution than 7Li MAS NMR of this sam-
ple and at the expense of ~50-fold increase in experimental 
time (15 hours vs 20 min). This extreme difference in practical 
sensitivity is due principally to the much longer nuclear spin-
lattice relaxation time (T1); whereas the 7Li T1 values in these 
samples are not short, ranging from 2 to 15 minutes, attempts 
to measure the 6Li T1s were unsuccessful, as full relaxation 
had not been achieved after more than 4 hours. Interestingly, 
7Li T1 values are very similar in the natural abundance and 7Li-
depleted samples, suggesting that relaxation is dominated by 
quadrupolar effects and not significantly influenced by homo-



 

nuclear dipolar interactions. In all of these samples, the 6Li 
NMR spectral resolution of natural abundance samples is 
comparable but slightly worse than that of 7Li in the depleted 
samples, leading to inferior detection of multiple lithium sites. 
Since the chemical shift ranges of different isotopes of the 
same element are identical when measured in parts-per-
million, resolution will be largely based on their respective 
magnetogyric ratios. For Li, the very small chemical shift 
range in oxides (~4 ppm) requires a large external magnetic 
field to quench the second-order quadrupolar broadening and 
achieve adequate peak resolution, even if homonuclear dipolar 
interactions are minimized by isotopic depletion. For example, 
matching the Hz/ppm resolution of 7Li at a typical laboratory 
field of 14.1 T (600 MHz, 1H) would require an external mag-
netic field of more than 35 T (> 1500 MHz, 1H) for 6Li. The 
combination of lower site resolution and significantly longer 
experimental times for 6Li NMR spectroscopy makes severe 
demands on the instrumentation and limits options for more 
advanced multidimensional approaches. Considering the pro-
hibitive purchase and operational costs of ultrahigh-field mag-
nets and that the state-of-the-art commercial target is "only" 
1.5 GHz, 7Li depletion is an inexpensive and effective experi-
mental approach to overcome 7Li-7Li broadening interactions 
in lithium-containing materials.  

Figure 2. Two-dimensional 7Li EXSY MAS NMR (Bo = 11.7 T, 
𝒗r = 60 kHz) contour plots of (a,b) Li3BO3 and (c,d) Li6B4O9, with 
the specified mixing times. Peak assignments are from quantum 
chemical calculations (see text). 

 Lithium NMR is commonly used to study chemical 
environments and dynamics in solid-state materials. For ex-
ample, much has been learned by 6/7Li MAS NMR about the 
structure and function of materials for lithium batteries such as 
Li[Ni1/3Mn1/3Co1/3]O2,46 Cr-doped LiCoO2 (or LiMnO2),47 and 
LiVPO4F.48 Resolution in these systems originates principally 
from the contact interaction due to unpaired electron density at 
the nucleus. In diamagnetic systems like solid-state electro-
lytes, site-specific 7Li resolution is rarely observed and ionic 
mobility must often be inferred from NMR line widths, T1 
values or subtle changes in the breadth of unresolved 2D con-
tours in exchange spectroscopy.49 The enhanced resolution 
made possible by 7Li depletion opens the door to site-specific 

information about lithium dynamics in diamagnetic solids 
using two-dimensional exchange spectroscopy (EXSY). Fig-
ure 2 shows the 7Li EXSY 2D contour plots of Li3BO3 and 
Li6B4O9 with mixing times ranging from 0.1 to 10 seconds. 
Lithium orthoborate clearly shows exchange between the 
resolved sites at a mixing time as short as 100 ms (Figure 2a), 
with the cross-peak intensity growing with mixing time (Fig-
ure 2b). The short mixing-time plot shows evidence of the two 
Li sites which are unresolved in the 1D data set, despite being 
separated by less than 0.2 ppm. The much more complex 
Li6B4O9 also exhibits lithium exchange in EXSY NMR, albeit 
on a longer timescale. Whereas no exchange is observed with 
a mixing time of 1 s (Figure 2c), a 10 s mixing time reveals 
significant lithium migration amongst four of the six lithium 
sites (Figure 2d); only after 40 seconds is hopping amongst all 
six sites observed (Figure S3). These experiments reveal quali-
tatively that exchange occurs most readily amongst the four-
coordinate sites (2, 5, 6, labeled according to the published 
crystal structure45), whereas intersite diffusion is slower for the 
five-coordinated sites (1, 3, 4). While a comprehensive analy-
sis of the ionic hopping is beyond the scope of this work, it is 
worth noting that 7Li isotopic dilution reduces the likelihood 
of interference from spin diffusion, simplifying the spectral 
interpretation in terms of cation mobility, even at long mixing 
times. Finally, we point out that the EXSY data shown in 
Figure 2 were all acquired with 3 mg of 7Li-depleted sample 
and eight co-added transients per slice, implying that isotopic 
dilution should not hamper other multidimensional correlation 
NMR experiments. 

The unprecedented gain in 7Li NMR resolution shown here 
provides an opportunity to evaluate the influence of lithium 
coordination on the isotropic chemical shift. Figure 3a shows 
the excellent agreement (R2 = 0.94) between experimental 7Li 
isotropic chemical shift data and those predicted using quan-
tum-chemical gauge including projected augmented wave 
(GIPAW) calculations, inspiring confidence in using this 
approach to assign the observed peaks to specific Li crystallo-
graphic sites. For the borates studied here, four-coordinate 
lithiums, [4]Li, are found above +0.7 ppm, whereas [5]Li appear 
between -0.2 and +0.8 ppm. This follows the trend document-
ed for many other cations, such as 29Si, 27Al, 11B, 73Ge, 25Mg, 
133Cs, whereby a decrease in coordination number - or a reduc-
tion in average bond length (Figure 3b) - is associated with a 
shift to higher frequency.14, 50-58 Further partitioning of the [5]Li 
region to reflect specific geometric arrangements of the oxy-
gen ligands is tempting, with trigonal-bipyramidal-like geome-
tries appearing in the lower part of the [5]Li chemical shift 
range and square-pyramidal-like geometries at higher chemi-
cal shifts. Using the τ parameter previously defined to reflect a 
structural transition from idealized trigonal-bipyramidal (τ5 = 
1) to square-pyramidal (τ5 = 0) geometry59 yields a suggestive 
trend (Figure S4), but the small data set (n = 6) renders any 
conclusions speculative. While none of the compounds inves-
tigated here contains six-coordinate lithium, Xu and Stebbins 
reported 6Li chemical shifts for [6]Li in lithium silicates from -
0.5 to -1.5 ppm, extending the correlation.14 It is worth point-
ing out that 7Li MAS NMR peaks in diamagnetic oxides with 
naturally abundant 7Li are often as wide as the entire Li chem-
ical shift range, and only with the ultrahigh resolution afforded 
by 7Li depletion can these well-known correlations between 
chemical shift and coordination environment be exploited to 
gain structure information. Considering the weak x-ray scatter-
ing cross section of lithium and its propensity to diffusion, 



 

taking advantage of the high resolution of 7Li MAS NMR in 
this way may prove to be one of the most effective methods 
for identifying lithium local structure and dynamics in many 
Li-based materials.  

 

Figure 3. (a) GIPAW calculated isotropic chemical shifts (δiso, calc) 
as a function of experimentally determined isotropic chemical 
shift (δiso, expt) for three lithium borate crystals (R2=0.94). (b) 7Li 
isotropic chemical shifts as a function of average Li-O bond dis-
tances for the lithium borates studied here. Ovals denote Li coor-
dination number ranges from four- to six-fold coordinate, where 
[6]Li data are from reference 14. 

To further assess the capabilities of this method, 7Li-
depleted lithium borate glasses were prepared in an attempt to 
resolve distinct Li sites in structurally disordered solids. Sig-
nificant line width reductions were observed upon isotopic 
depletion, with the resulting widths all in the 200-300 Hz 
range: glasses with high lithium content exhibited a five-fold 
reduction in width, whereas lithium-poor glasses narrowed by 
less than a factor of two (Table S3, Figure S5). Despite the 
clear attenuation of homonuclear dipolar coupling, no evi-
dence of multiple Li chemical environments was observed. 
This may be jointly attributed to the distribution of lithium 
environments intrinsic to amorphous solids, and the ionic 
mobility in these glasses, variants of which are under consid-
eration as solid-state electrolytes.13, 15, 60-63  

Other potential applications of 7Li-depletion MAS NMR 
take advantage of the high spectral resolution that can be ob-
tained even at slow spinning rates. For example, the measure-
ment of hindered lithium diffusion at low temperatures would 
require MAS NMR experiments at cryogenic temperatures, 
where spinning rates are limited.64, 65 Likewise, the low-
temperature demands of dynamic nuclear polarization NMR 
restrict spinning rates to ≤ 40 kHz.66-68 Similarly, high-
temperature MAS NMR probes can only reach spinning 
speeds of around 4 kHz, necessitating isotopic dilution to 
achieve site resolution in lithium compounds in situ. Finally, 
the determination of 7Li quadrupole couplings in solids typi-

cally requires the observation of a manifold of satellite-
transition spinning sidebands at lower spinning rates, which is 
at cross-purposes with maximal resolution in natural-
abundance samples. By 7Li depletion, site-specific 7Li NMR 
resolution may be retained in spinning sidebands even at slow 
spinning speeds, facilitating estimates of quadrupolar parame-
ters for multiple sites. 

We demonstrate ultrahigh-resolution one- and two-
dimensional 7Li MAS NMR spectra of diamagnetic solids by 
7Li isotopic depletion. Despite a substantial reduction in the 
number of 7Li spins, this approach retains the benefits of 7Li 
NMR, including high sensitivity and fast spin-lattice relaxa-
tion rates relative to those of 6Li, while reducing 7Li homonu-
clear dipolar coupling to provide unprecedented resolution in 
diamagnetic solids under moderate MAS.  In conjunction with 
improved MAS technology (> 60 kHz) and 2D exchange 
spectroscopy, three crystallographically inequivalent lithium 
sites were resolved within a 1 ppm chemical shift range, and 
up to six lithium sites assigned using quantum-chemical calcu-
lations, leading to valuable structural correlations. This simple 
method holds great promise for structural and dynamic studies 
of diamagnetic lithium-bearing materials, with potential appli-
cations in NMR crystallography and dynamic nuclear polari-
zation. 
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