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1H solid-state NMR spectra are plagued by low resolution,
necessitating the use of complex pulse sequences or specialized
equipment. We introduce a new resolution enhancement method,
inspired by super-resolution microscopy, that uses a 2D Hahn-echo
experiment to constrain deconvolution. The result is an effective
doubling of the MAS frequency.

1H solid-state nuclear magnetic resonance (NMR) spectroscopy
is plagued by poor resolution that stems from the non-
refocusable homonuclear dipolar interactions between
neighboring *H spins. As such, despite the ubiquity of solution-
phase H NMR, studies of solid materials have never been
routine. From 1965 to 2000, the leading strategy for acquiring
high-resolution 'H NMR spectra were the cantankerous
combined rotation and multiple-pulse sequences (CRAMPS)
which combined slow magic-angle spinning (MAS) with
homonuclear dipolar recoupling.’® In 2000, however, Samoson
and Varian developed MAS probes capable of reaching rotation
frequencies (vg) of 50 kHz011 greater than typical H
homonuclear dipolar interactions (c.a. 20 kHz), providing useful
resolution without needing complicated pulse sequences,
enabling indirect detection via protons.'?17 Resolution can also
be further increased by leveraging the higher chemical shift
dispersion in 2D and 3D multiple-quantum experiments.'®
Further advances in spinning technology have continued to
increase the accessible MAS frequencies to 170 kHz via rotor
miniaturization.1%-2!

Fast-MAS H NMR spectra are unfortunately never
isotropic.?2* The homogeneous homonuclear dipolar
broadening is reduced at a rate of 1/vg as MAS frequencies are
increased, implying that infinite MAS rates would be required
to maximize resolution. In practice, recent estimates suggest
that spinning frequencies of 300 kHz may be sufficient to reach
optimal resolution in biomolecular systems;® higher
frequencies may be necessary for rigid solids. Non-refocusable
decay can be eliminated using a constant-time CRAMPS or fast-
MAS experiment, but resolution is nevertheless limited by the
coherence lifetimes.?62% As such, a third strategy to achieve
high-resolution *H solid-state NMR spectra has been proposed
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by Emsley et al.?® that borrows many core concepts from
resolution-enhanced microscopy.30-33 Specifically, if
information can be gained about the homogeneous linewidth of
the resonances, then deconvolution can be applied to extract
the pure isotropic 'H MAS spectrum. Similar ideas have also
been applied for J decoupling.3* Emsley et al. have achieved this
by monitoring the vg-dependence of the linewidths and, more
recently, via machine learning.3> The former method can be
summarized by the following. The NMR spectrum is expressed
as a column vector, S, with TD equally-spaced points. Each
point, i, has its own intensity (/;) and linewidth, which is assumed
to be inversely-dependent on the MAS frequency (o/vg, Where
o; is a MAS-independent linewidth coefficient). The final

spectrum is a convolution of these intensities with their
characteristic linewidths.
S=G-1 (1)

The rows of the lineshape matrix, G, can be expressed as
Gaussian functions, but can in principle take any form.
VR 2 — 2
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Spectra acquired at a variety of vy values can be
simultaneously fitted to determine the vector of MAS-
independent linewidth coefficients, o, and the vector of
isotropic intensities, I.

min ToreIS(vr) — G(vR) - 1| 3)
,0

Herein we build on this foundation by noting that the
convolution functions, G(vg), can be measured independently
by performing a 2D Hahn-echo experiment.3® Experimental
knowledge of o halves the number of independent values to be
determined by deconvolution, and the reliability of pure
isotropic spectrum reconstruction.

The general procedure for this
deconvolution (HEAD) experiment is outlined in Figure 1. First a
2D Hahn-echo experiment is performed with the same digital
resolution in both spectral dimensions. The cosine
transformation of this dataset along t; produces a spectrum
that correlates the convoluted NMR spectrum, S, to the scaled
homogeneous lineshapes at each frequency, G’=SoG. Note that
o indicates a Hadamard product. In practice the cosine
transformation is done by inserting free induction decays of
zero intensity in between each t; increment and then the
spectrum is processed using the States method (see pulse
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Figure 1. Graphical depiction of the HEAD process. Starting from
the 2D cosine transform of a Hahn-echo experiment (S vs. G’), a
shearing transform is applied to generate individual basis
spectra in F1 containing the characteristic linewidth of the
resonance at that frequency (S vs. G’-S). Integrating over these
columns produces a convoluted spectrum with broader
lineshapes than that seen in F2 (red). A least-squares
refinement is then performed over the intensities in F2 to
minimize the difference between the sum projection in F1 and
the original sum projection along F1 (I vs. S). The result is a
reduction in linewidths due to deconvolution.

program). 37 The spectrum is then sheared to produce a
spectrum correlating S to G’-S. Note that this convoluted
spectrum would equal the MAS spectrum in the event that the
homogeneous broadening was negligible: i.e S= 1.

We then perform a least-squares refinement to produce a
spectrum correlating SoW, where the vector W contains
weights applied to the experimental spectrum S, to a prediction
of the experimental S=G’:(SoW). The weights are minimized as
follows using a Broyden—Fletcher—Goldfarb—Shanno (BFGS)
algorithm.
min||$ — G+ (S o W)| (4)

The initial values of the W vector are set to 1. The least-
squares optimization is stabilized with the use of Tikhonov
regularization, where the weighting parameter A is chosen to
balance the noise and resolution of the produced spectrum. The
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optimal value for A is selected by manual inspection, but we
have found good success with values on the order of 0.001.
min(|$ — G- (Se W)l +A||LW|| (5)

In equation 5, the ||LW]]| is calculated as

Wl = [ST5 W - w2 ©

where W, is the weight for the ith basis spectrum. Note that this
procedure is conceptually similar to employing knowledge of
the point spread function in microscopy to perform image
deconvolution.30-33 The approximation to the pure isotropic
spectrum, |, is obtained by integrating this spectrum over G’.
Note that 11 is a vector of TD elements, all of which being equal
to 1.

I~ (G 1rp)°(S°W) (7)

It is important to note that this procedure makes no
assumptions on the form of the data (number of peaks,
linewidths, etc.) and simply performs a direct fitting of the 1D
spectrum against the experimental basis spectra obtained from
the vertical slices sheared 2D echo spectrum (Figure 1, right).

The reliability of this approach was first tested using
synthetic HEAD 2D spectra. The spectra consisted of three
equally-spaced resonances, at 4, 5, and 6 ppm, with variable
levels of line broadening or signal-to-noise. The results of the
HEAD processing on these spectra are shown in Figure 2.
Generally, we see that the resolution is degraded when the
signal-to-noise ratio falls below 32, but the linewidths and
positions are otherwise consistent for lower noise levels.
Because 'H’s have a high NMR receptivity, noise is not expected
to be a problem.
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Figure 2. HEAD resolution enhancement trials using an idealized
spectrum, shown on the bottom, and different levels of
Gaussian broadening (GB, a) and signal-to-noise ratios (b). The
source spectra are shown in black, while the HEAD
reconstructions are in red. In (a) the source spectrum with
GB/A6=0.5 is compared to the HEAD spectrum with GB/A6=1.2
(dashed blue) to highlight the approximate 2.5-fold increase in
resolution. In (a) the signal-to-noise ration is maintained at 64
while in (b) the GB/A#S ratio is maintained at 1.0.
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Figure 3. 'H MAS (black) and HEAD isotropic reconstructions (red) measured for (a) tyrosine HCl, (b) histidine HCI, and (c) citric acid
at MAS rates of 20 and 40 kHz, as indicated on the spectra. Compounds were purchases from Aldrich and used as received.
Assignments are taken from prior literature.2238 Spectra were acquired on a Bruker AVANCE Ill 600 spectrometer equipped with
a 1.6 mm Varian MAS probe. 8 scans were acquired for each of the 64 t;, increments with the 'H radiofrequency power set to 100
kHz. Increments were of 800 and 400 ps for the spectra acquired at 40 and 20 kHz, respectively. Recycle delays were set to 4 s with
the exception of citric acid where this was increased to 200 s. The pulse program is available in a GitHub repository, together with

the program used to process the spectra.3’

As we varied the linewidths at half height from 0.5 ppm to 2.0
ppm, while maintaining the signal-to-noise ratio at 64, we see a
progressive loss in resolution. When the linewidth exceeds the
peak spacing by 40%, we can no longer discern the middle peak.
The HEAD isotropic spectrum obtained with GB/AS = 1.2 was
similar to the spectrum with GB/AS = 0.5. This suggests that we
can expect roughly 2.5-fold improvement in resolution from
HEAD when homogeneous broadening is dominant. This level of
resolution enhancement is in line with that which is achievable
from deconvolution in microscopy and likely represents a
fundamental limitation of this form of deconvolution.3%-41

We tested the performance of HEAD experimentally using
tyrosine hydrochloride, histidine hydrochloride, and citric acid
at MAS frequencies of 20 and 40 kHz. The standard 1D spectra
and their HEAD resolution-enhanced spectra are shown in
Figure 3 in black and red, respectively. The experimental results
corroborate those obtained from the synthetic spectra in that
resolution is effectively doubled after deconvolution. The HEAD
spectra acquired at 20 kHz MAS rate have comparable linewidth
and resolution to those acquired at 40 kHz, while the HEAD
spectra acquired at 40 kHz have spectacular resolution, similar
to what is typically obtained at MAS rates near 100 kHz.2°4243
Importantly, these experiments demonstrate that HEAD can
resolve occluded peaks, such as the three resonances near 8
ppm in histidine which appear as a single Gaussian peak at 20
kHz and are nevertheless discernible using HEAD.

To summarize, we have shown that 2D Hahn-echo
experiments can be used to independently measure the
frequency-dependent *H MAS NMR lineshapes, which can in
turn be used for resolution enhancement via constrained

This journal is © The Royal Society of Chemistry 20xx

deconvolution. This builds on the approach introduced by
Moutzouri et al.,?® by removing all assumptions regarding the
form of lineshapes and their behavior with respect to the MAS
frequency. The resulting process most closely mirrors the use of
the point spread function in microscopy for resolution
enhancement and similarly yields a 2-3-fold improvement in
resolution, revealing otherwise occluded The
resulting spectra are equivalent to a rough doubling of the MAS
frequency.
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