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a b s t r a c t

Recent developments in magic angle spinning (MAS) technology permit spinning frequencies of �100
kHz. We examine the effect of such fast MAS rates upon nuclear magnetic resonance proton line widths
in the multi-spin system of b-Asp-Ala crystal. We perform powder pattern simulations employing
Fokker-Plank approach with periodic boundary conditions and 1H-chemical shift tensors calculated using
the bond polarization theory. The theoretical predictions mirror well the experimental results. Both
approaches demonstrate that homogeneous broadening has a linear-quadratic dependency on the
inverse of the MAS spinning frequency and that, at the faster end of the spinning frequencies, the residual
spectral line broadening becomes dominated by chemical shift distributions and susceptibility effects
even for crystalline systems.
� 2018 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The superior sensitivity of 1H detected experiments and the
wealth of information on molecular structure and dynamics that
they provide has always rendered observation of protons (1Hs) as
very important for the NMR spectroscopy. Without much of an
exaggeration it is due to accessibility of 1H NMR in liquid samples,
where anisotropic interactions such as dipolar couplings and
chemical shift anisotropy (CSA) are well-averaged by overall rota-
tional diffusion, solution NMR has become an extremely powerful
and widely applicable approach to study molecules at atomic res-
olution. In solids, however, high-resolution proton studies are
hampered by the significant line-broadening effects due to the
presence of strong homonuclear 1H–1H dipolar couplings. Despite
this drawback, 1H NMR in the solid state has found numerous
applications, particularly in studies of small natural abundance
organic molecules and their crystal polymorphs that are pharma-
ceutically relevant [1] but also, increasingly, for elucidation of
structure and dynamics of biomolecules [2–7]. To combat the
broadening effects of 1H–1H dipolar couplings and improve spec-
tral resolution in 1H observed spectra, studies usually employ
either dilution of the dense networks of protons with deuterium
atoms [8–10], combined rotation and multiple pulse spectroscopy
(CRAMPS) techniques to decouple the homonuclear dipolar cou-
plings [11–13] or combination of these two solutions [14]. The first
of these approaches is most commonly used for proteins where
incorporation of 2H is achieved by biosynthetic methods [15]. For
other systems where deuterated derivatives need to be synthe-
sized chemically, this route is less common due to a more resource
intensive nature of the approach. On the other hand, CRAMPS
methods achieved a remarkable feat of efficient averaging of the
1H–1H dipolar couplings even under moderate spinning frequen-
cies [16–25]. Thanks to this, investigations on uniformly proto-
nated compounds have become increasingly popular in the
recent years [18,21,26–34]. However, to obtain the optimum per-
formance for CRAMPS techniques effects of pulse imperfections,
specifics of hardware, details of irradiation schemes, intricacies of
windowed acquisition and related artifacts, etc. have to be consid-
ered. Because of that homonuclear decoupling sequences typically
require optimization of experimental parameters [16,35].
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Fig. 1. Triple resonance magic angle spinning NMR probe with 0.81 mm rotor
module capable of spinning to 100 kHz.
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Consequently, routine implementations of CRAMPS methods
require a considerable level of technical expertise from operators.
In addition, because application of homonuclear decoupling scales
down the chemical shifts and the theoretical scaling factors often
differ from the experimental ones, proton chemical shifts need to
be corrected by comparing the decoupled spectra to spectra where
the dipolar coupling averaging is accomplished using only MAS
[21,29,36]. Finally, the losses of magnetization during application
of CRAMPS methods mean that the full potential of 1H detected
experiments is not yet fully exploited. In spite of these challenges
the numerous applications enabled by CRAMPS are a testament to
desirability and wide scope of applications of 1H spectroscopy.

The promise to achieve similar or better resolution as the one
afforded by CRAMPS methods but without the associated chal-
lenges renders 1H spectroscopy enabled by fast spinning highly
desirable [37]. To guide such experiments and to understand their
intrinsic limitations, in this contribution we estimate the extent to
which the powder lines can be narrowed by MAS.

In the absence of extensive dynamics and special cases such as
e.g. in the presence of paramagnetic centers, the majority of solid
state 1H line widths is due to two different effects: (i) homogenous
broadening primarily due to strong dipolar couplings and to a les-
ser extent 1H–1H J-couplings (in the case of the dipeptide with iso-
tropic values of up to 20 Hz) and (ii) inhomogenous broadening
due to B0 field inhomogeneities, magnetic field variation in pow-
dered samples caused by susceptibility distribution (anisotropic
bulk magnetic susceptibility) due to variation of particle/crystal
shapes and chemical shift dispersion caused by disorder/defects
in the sample. In proteins where slow molecular motions play a
much more prominent role than in small molecules, homogenous
broadening from relaxation can also be a significant factor [3,4].
Inhomogeneous broadening scales linearly with magnetic field
strength and is re-focused by 180� pulses [38] but stays constant
when measured in ppm. Notably, this effect survives averaging
by MAS (and CRAMPS as well) and will lead to residual broadening
even under infinitely fast MAS. One of the goals of this investiga-
tion is to provide estimation for this source of broadening in a
small molecule polycrystalline sample in the regime where the
homogenous broadening becomes increasingly small.

Homogeneous line broadening can be separated from inhomo-
geneous broadening by measuring the coherence lifetimes, T02, dur-
ing a spin echo experiment [39,40]. As discussed by Levitt et al. in
the context of spin pairs the MAS line width should be proportional
to 1/xMAS or 1/(xMAS)

2 depending on the chemical shifts (CS) and
the CS tensors of the coupled nuclei [41]. Brunner et al. considered
the dependence of the line width on spinning frequency in analysis
that included the geometry of the network of the coupling nuclei
[42]. Since the Hamiltonian of a dipolar network of like spins such
as protons does not, in general, commute with itself at different
times, the analytical treatment of the homogeneous broadening
effect is mostly limited to simple manageable cases. Here we were
able to perform rigorous simulations of homogenous proton broad-
ening on a multiple spin system consisting of a muchmore realistic
number of spins compared to studies found in the literature. Our
simulations are based on the Fokker-Plank equations applied to a
crystal lattice with periodic boundary conditions and calculated
1H chemical shift anisotropy [43]. A direct comparison with exper-
imental results allows the extraction of simple rules for the line
narrowing effect due to fast MAS. Our simulations avoid most lim-
itations that hampered numerical simulations in the past [44].
These investigations aid in guiding the relatively straightforward
and time-efficient ‘‘fast MAS only” method that is appropriate for
the characterization of small organic molecules at natural abun-
dance (i.e. without any isotopic enrichment) in the solid state.
2. Experimental

NMR experiments were performed on a 850 MHz Bruker
Avance III spectrometer using a triple resonance 0.81 mm probe
(Fig. 1) developed in the Samoson laboratory. The rotor size was
carefully optimized for the sensitivity. In the final design sample
with volume of �700–800 nL could spin at �100 kHz. Powdered
natural abundance b-L-Asp-L-Ala dipeptide was purchased from
Bachem and packed, without further re-crystallization, into a
0.81 mm rotor. The adjustment of the magic angle was carried
out at 80 kHz spinning speed via line width observation and min-
imization for 1H spectra. 1D 1H spectra of the dipeptide were
obtained over a range of spinning frequencies (xr/2p) between
15 and 100 kHz (±50 Hz). A spin-echo experiment was employed
to improve the spectral baseline, with a total echo length (2s) of
24 rotor periods [32]. Spin-echo experiments were also performed
at different spinning frequencies in the range between 15 and 100
kHz to measure, for each proton in the dipeptide, the transverse
dephasing time in the absence of inhomogeneous broadening
(T20) [40]. These experiments were repeated to account for the
effects of sample temperature on the line widths. A Bruker BCU-
X cooling unit was used with the target temperature set to �80
�C and the input nitrogen gas pressure set to 0.2 bar for relevant
spinning frequencies (leading to different internal sample temper-
atures at different spinning frequencies). While the exact sample
temperature was not known, application of cooling compensated
for the frictional sample temperature rise and no difference in line-
width was observed consistent with a lack of extensive molecular
motions in the molecule. In the subsequent experiments on pro-
teins with internal chemical shift reference and water chemical
shift as the indicator of sample temperature, we learned that in a
0.81 mm probe the frictional heating varies between 5 and 10 �C
at �90 kHz and reaches over 20 �C at 100 kHz (resulting in the
overall sample temperature of �45–50 �C if no cooling is applied).

Spectral line widths were obtained by fitting the 1H spectra
with ACD/NMR Processor. Each line width presented corresponds
to the mean value of five independent fits (for which the peak
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height, width, position and Lorentzian/Gaussian fraction were opti-
mized) of the same spectrum, with varying starting fitting condi-
tions. The standard deviations of the resulting width calculations
were interpreted as the experimental errors. It should be noted
that at lower spinning frequencies, these uncertainties were
mostly larger due to the unresolved nature of the spectra, which
meant that the same overall spectrum could be recreated from a
range of close to equivalent solutions. T02 values were estimated
by fitting in Origin 8.5 [45] the signal intensity decay curves from
spin echo experiments. For each curve, the points were obtained by
taking the intensities of the relevant deconvoluted resonances of
the spectra. The spin-echo line widths - homogeneous line-
widths - were calculated as 1/(pT20), with errors propagated by fit
variations from related T02 calculations.
3. Simulations

3.1. Structure modeling and NMR calculations

The crystal structure of a b-L-Asp-L-Ala dipeptide [46] was
obtained from the Cambridge Crystallographic Data Centre [47]
(CSD refcode FUMTAI). The original CIF-file (space group
P212121) was transformed into a COSMOS [48] coordinate coo-
file. The symmetry operations of the space group P212121 were
executed on the non equivalent sites using COSMOS to generate
all atoms within the unit cell. The cell contained 4 zwitterions with
4 equivalent sets of 12 protons (see Fig. 1 in Supplementary Mate-
rials) giving finally a spin system with 48 protons. By applying
periodic boundary conditions on this spin matrix (3 � 3 � 3 � 48
= 1296 spins) we obtained one of the most realistic model of 1H
network used for simulations to date (also see state of the art by
Hodgkinson et al. [49,50]). For protons of the CH3 and NH3 groups
which experimentally provide only single resonances, we distin-
guished all 8 different signals by the simulations (see Table 1 in
Supplementary Materials). All dipolar couplings and chemical shift
tensors were considered. 1H shielding tensors have to be taken into
account because their orientation dependences in respect to dipo-
lar interactions are not negligible (e.g. level crossing during MAS)
[51]. All nuclear shielding tensors were calculated using the bond
polarization theory [52–54] (BPT). Due to the zwitterionic charac-
ter of the crystal molecules within the unit cell, wide-ranging
polarization effects had to be considered by taking periodic bound-
ary conditions into account. By these means atomic charges and
shielding tensors were calculated and included in the spin matrix
(see Supplementary Materials for details).

BPT calculations are well suited for shielding tensor predictions
(see Supplementary Materials Figs. 2a and 2b: R > 0.992 and error
RMDS < 1.6 ppm). However, the accuracy of the isotropic values
was further improved by shifting the tensor traces to the mean
experimental values. The proton sites of the unit cell including
the CS tensors were saved to a COSMOS coordinate file as an input
for the simulations with Spinach.
3.2. Spectra simulations

The MAS powder pattern simulations were performed using the
Spinach [55] simulation package written as a set of MATLAB [56]
functions. The routines for the Fokker-Plank calculations [57] of
the Spinach library were executed from a program controlling
the input of the COSMOS coordinate files, data handling, powder
averaging which also allowed to set the parameters of the NMR
experiment. The simulation routine was complemented by a script
for exporting graphics and spectra. A special routine was included
that allowed to sample separate FIDs of all 48 proton sites to ana-
lyze all T02 decay times. The unbiased 48 complex FIDs were stored
in a file for further analysis.

Spinach simulations were carried out as batch processes on a
high-performance computing cluster of Tallinn University of Tech-
nology. The powder averaging was simultaneously performed with
parallelized algorithms on 12 processors. The simulations were
performed using ‘‘spinach_1.4.2313” requiring at least MATLAB
version R2013b (64-bit). Related Spinach version facilitates the
usage of crystallographic periodic boundary conditions. The atoms
of a unit cell must be provided as an input and then the periodic
continuation is generated automatically. A single simulation with
such unit cell consumed between 6 (15 kHz MAS) and 10 days
(120 kHz MAS) of total computating time.

Spinach read directly Cartesian coordinates and calculated all
dipolar interactions of the spin system. The CS tensors were
imported from COSMOS coordinate file. Periodic boundary condi-
tions were applied to the unit cell with a dimension of a = 4.845
Å which has been only slightly larger than the used dipolar cut
off radius of 4 Å. Since proton interactions between connected unit
cells were considered, realistic NMR signals can be expected.

Under experimental conditions (�300 K) the NH3 and CH3

groups undergo rotational jumps or diffusion which partially aver-
ages out their dipolar interactions on the NMR time scale. As an
approximation for the influence of this effect, we set all dipolar
coupling values of the protons within these groups to zero.

Spectra were obtained by fast Fourier transformation of the
original simulated FIDs. FIDs were preprocessed using zero filling
and gentle exponential apodization. The simulated FIDs did not
decay to zero (see Fig. 3 is Supporting Materials). We increased
the exponent for the apodization until the Fourier transform arti-
facts from the step contribution just started to disappear. Despite
the fact that the apodization added 82 Hz to the line widths the
simulated spectra display sharper lines than the experimental ones
(see Fig. 2) because the applied line broadening is still smaller than
inhomogeneous line width in the sample used in the experiments
(see Table 2). Resulting spectra could be analyzed by fitting reso-
nances to Lorentzian line-shapes (see Figs. 5a and 5b in Supple-
mentary Materials) but spectra cannot be expected to provide
the quantitative identity of the influence of MAS on the residual
line widths which are dominated at high speed by susceptibility
and disorder effects. Only the homogeneous part of the line widths
can be compared and interpreted. This part is related to T02 decay
time measured during spin echo experiments. We decided to
determine T02 directly from simulated FIDs. In a model-free-
approach of the form of decay only absolute values of the 48 com-
plex FIDs were used. The T02 timings were obtained by searching for
the time interval where the intensity dropped to 1/e of the values
with respect to the zero-time-point. This procedure can be per-
formed for all kinds of decaying functions disregarding the special
functional forms. From all 48 individual positions, similar protons
were averaged to obtain the 8 detectable mean T02 values (for the
complete setup of the simulations see Supplementary Materials).
4. Results and discussion

To observe the effect of increasing MAS on averaging of proton
line widths, we measured 1D 1H spectra on the dipeptide b-Asp-
Ala at spinning frequencies from 15 to 100 kHz at 850 1H Larmor
frequency, without homonuclear decoupling but with 13C decou-
pling (Figs. 2a and 2b).

At the lowest considered MAS spinning frequency of 15 kHz, the
simulation indicates (Fig. 4 in Supplementary Materials) that the
rotational sidebands start to separate from the central lines. Due
to the dominating dipolar broadening individual lines cannot be
easily identified. Predictably, more peaks become resolved as xr



Fig. 2a. Simulated (top panel, red) and experimental (bottom panel, black) 1D 1H
NMR spectra of b-Asp-Ala at 15 kHz MAS frequency. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2b. Simulated (top panel, red) and experimental (bottom panel, black) 1D 1H
solid-state NMR spectra of b-Asp-Ala at 100 kHz MAS frequency. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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is increased; with the two Asp CH2 proton resonances becoming
resolved at around 65 kHz (see Supplementary Materials Fig. 6)
where corresponding resonances have line widths of 418 ± 5 and
351 ± 1 Hz (0.49 ppm and 0.41 ppm, Hb2 and Hb3 Asp respectively).
The distance between the two protons of CH2 groups give rise to a
dipolar coupling of 64.3 kHz (see Table 1) and obviously we have to
spin at least with a similar minimum frequency to separate the
lines of the sites. At 850 MHz 1H Larmor frequency and 100 kHz
spinning the line width of the CH2 protons becomes 0.34 ppm
(Hb2: 292 ± 1 Hz) and 0.32 ppm (Hb3: 274 ± 2 Hz, see Table 2).

These are comparable to the 0.36 ppm and 0.34 ppm improved
line widths that had been achieved using eDUMBO-PLUS-1
homonuclear decoupling scheme at a similar field strength (800
MHz) [18]. Thus line narrowing at 100 kHz spinning is comparable
to the state of the art high power homonuclear decoupling at lower
spinning frequencies. One of the obvious benefits of the approach
based on fast magic spinning is its simplicity. At a given tempera-
ture, the extent of obtained line-narrowing only depends on the
precision of the magic angle setting and quality of shimming, both
of which would be required for any other type of experiment setup,
e.g. CRAMPS. Another major advantage is that intensities of chem-
ical shift resonances which are reflecting certain molecular envi-
ronments are directly proportional to a number of related proton
spins: 1H concentrations can be directly extracted from such spec-
tra without any special manipulation or rescaling.

The contributions to the proton line widths can be grouped into
two categories: homogeneous broadening and inhomogeneous
boradening. Homogenous broadening is dominated by the incom-
plete averaging of homonuclear dipolar couplings, which can be
reduced by MAS, with contribution from transverse relaxation.
Inhomogeneous broadening due to field alternations and disorder
within the sample cannot be eliminated by spinning (or CRAMPS)
without removing chemical shift information. As such it is useful to
separate the two broadening components and compare experi-
ments with realistic calculations. In order to remove the inhomo-
geneous part, we measured the transverse dephasing time of
protons during the spin-echo experiments, T02 [40], as a function
of spinning frequency, in the 30–100 kHz range. For 100 kHz spin-
ning the values are compiled in Table 1 (and Fig. 7 of Supplemen-
tary Materials) which shows the MAS frequency dependence of the
total and spin-echo line widths (equal to 1/(pT20)) of the protons in
b-Asp-Ala. It has been found in numerous other studies that line
widths decrease with increasing xr since the dipolar couplings
are averaged out more effectively. The offset between the two sets
of data for each proton (total broadening and homogeneous broad-
ening) represent the inhomogeneous contribution of the line
width, which is not refocused in a T02 measurement. Although the
inhomogeneous contribution is approximately constant with vary-
ing xr, [38] the offset is site-specific. The amount of such inhomo-
geneous broadening in this particular polycrystalline b-Asp-Ala
sample is typically > 125 Hz (> 0.15 ppm). The absolute spin-echo
line widths should, however, be considered with some degree of
caution, as systematic errors can arise in cases where a single
exponentials fit the T02 data rather poorly (we recognized such
deviations in our simulation results) [38].

The line width dependency on xr has been investigated previ-
ously. For instance, Zorin et al. [44] used a semi-analytical
approach of dipolar interacting spin systems to show a 1/xr depen-
dency of line width. This analysis disregards the influences of
chemical shift tensors. Brunner et al. [42] assumed that the 1H CS
tensors should be axially symmetric (skew +1 or �1) which doesn’t
reflect the results of our COSMOS BPT-calculations (see evaluation
results in Table 2 of Supplementary Materials). Since our simula-
tions of spectra included realistic 1H CS tensor values for of each
site their relative influence can be understood in detail. First of
all, it is clear that the influence of rotational resonances [41] even
at lowest spinning frequency of 15 kHz can be excluded: such con-
ditions may occur if the differences of isotropic shifts of two sites
are equal to a multiple (n) of the rotational frequency (Dxiso �
nxr). In our experiments, the largest possible CS difference of
11.7 ppm yields Dxiso/2p of 10.5 kHz.

When discussing the xr dependency of the line width three
cases have to be distinguished: (i) case of negligible small CS differ-
ence (Dxiso � 0), (ii) case where the chemical shift difference is on
the same order of magnitude as the dipolar coupling (Dxiso �xdip)
and (iii) case where the chemical shift difference exceeds the dipo-
lar coupling (Dxiso »xdip). In the limit of case (iii) the flip-flop term
of the interaction Hamiltonian can be neglected [41] and the
Hamiltonian has then a similar form as a hetero-nuclear spin inter-
action. Such an operator is self-commuting and behaves like an



Table 1
Observed 1H chemical shift differences and calculated dipolar couplings to the nearest neighbor proton sites. The shift difference in frequency units is displayed in the last
column. The 1H dipolar couplings within the CH3 and NH3 groups are not displayed.

Proton Site Chemical Shift, ppm Nearest Neighbor DD Coupling Const. to Nearest Neighbor, kHz Dxiso/2p, kHz

H (OH) 13.1 Ha Asp 15.60 7.22
HN Ala 8.5 Hb2 Asp 24.05 4.45
HN Aspa 7.9 HNH Aspa 14.36, 4.58, 12.71 4.37
Ha Asp 4.5 H(OH) 15.60 7.22
Hb2 Asp 3.2 H(OH) 64.32 0.50
Hb3 Asp 2.6 Hb3 Asp 64.32 0.50
Ha Ala 5.4 Hb2 Asp 17.36, 10.198, 17.37 3.56
Hb Alaa 1.4 Hb Alaa,HN Ala 17.37, 10.18, 17.37 3.56

Hb Alaa,Ha Ala

a The chemical shifts are mean values of 3 protons of a CH3 or NH3 group resp.

Table 2
Total, homogeneous and inhomogeneous limit 1H line widths of b-Asp-Ala, measured at 100 kHz MAS spinning and 850 MHz 1H Larmor frequency. Inhomogeneous limit values
indicate the minimum line width that may be measured on this sample at an infinite spinning frequency which reflects the contributions from inhomogeneous broadening, 1H–1H
J-couplings (here up to 20 Hz) and relaxation.

Peak H(OH) HN Ala HN Asp Ha Ala Ha Asp Hb2 Asp Hb3 Asp Hb Ala

Line width/Hz (ppm) 229 ± 1 339 ± 5 325 ± 2 211 ± 0.5 295 ± 1 292 ± 0.5 274 ± 2 269 ± 0.5
(0.27) (0.40) (0.38) (0.25) (0.30) (0.34) (0.32) (0.32)

Spin-echo line width/Hz (ppm) 78 ± 9 146 ± 38 174 ± 15 71 ± 10 138 ± 25 290 ± 130 240 ± 120 136 ± 6
(0.09) (0.17) (0.20) (0.08) (0.16) (0.34) (0.28) (0.16)

Inhomogenous limit line width/Hz (ppm) 147 ± 23 170 ± 10 164 ± 16 135 ± 5 84 ± 8 142 ± 29 163 ± 12 166 ± 12
(0.17) (0.20) (0.19) (0.16) (0.10) (0.17) (0.19) (0.20)
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inhomogeneous contribution under MAS, i.e. produces sharp split-
ting in the spectrum but cannot be re-focused with a 180� spin-
echo. In our simulations, we frequently encountered the interme-
diate scenario (ii) where Dxiso and xdip are in the same order of
magnitude. In this case, we should observe a decrease of the line
width with the inverse of the MAS rate squared [41]: 1/(xr)

2. Since
the Hamiltonian for this case does not commute with itself at dif-
ferent times, the interaction is called homogeneous and is not re-
focused in spin-echo experiments. If the coupling nuclei have neg-
ligible CS differences (i) we have the case of so-called ‘‘n � 0 rota-
tional resonances” [41]. Since in our simulations also the CS
anisotropy is present this effect does occur if the principal axes
of the CS tensors of the coupling nuclei do not coincide. This effect
Fig. 3. Simulated T02 times at spinning frequencies from 30 to 100 kHz. The lines are
parameters are given in Table 3.
has essentially the same behavior as a case (ii) and leads to a
homogeneous broadening of the MAS line with a narrowing related
to 1/(xr)

2. These cases that are discussed above are strictly valid
only for isolated spin pairs but the theory [41] provides some
guidelines to tackle the case of an interacting multi-spin system.

For the simulated spectra, we needed to introduce apodization
which introduced artificial broadening mostly reflecting the inho-
mogeneous contributions but not the influence of MAS. Therefore,
only the homogeneous part of the line widths is considered under
thorough theoretical investigations involving magnetization decay
time T02 in spin echo experiments. A direct determination of T02 from
the calculated FID was obtained avoiding any data processing. The
collected theoretical data of T02 as a function of MAS frequency
obtained by fitting the data to a linear-quadratic dependence. Values of a and b
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mr =xr/2p, can be seen in Fig. 3. Strikingly, all simulated T02-curves
follow a linear-quadratic model of the following form:

T 0
2 ¼ amMAS þ bm2MAS

It is not possible to derive the linear-quadratic trend of T02 on the
MAS frequency directly from the line widths dependence on 1/xr

and 1/(xr)
2 but we represent two limiting cases - T02 proportional

to mMAS if the 1/(xr)
2 term is vanishing and T02 proportional to

(mMAS)
2 if the 1/xr term is zero. The linear-quadratic dependence

of T02 on the MAS frequency should, therefore, be regarded as the
first two-term of a power series of T02 with respect to mMAS. The
two limiting cases can be readily identified in our simulations
Table 3
Best fit parameters for the fit of the T02 times to a linear-quadratic model of the form:
T 0
2 ¼ amMAS þ bm2MAS (mMAS in kHz, see Fig. 3).

Proton resonance Parameter a � 10�5 Parameter b � 10�7

Hb Ala (CH3) 4.158 3.151
H(OH) 5.848 1.519
HN Asp (NH3) 2.997 3.279
HN Ala 0.814 4.988
Ha Asp 1.395 1.052
Hb2 Asp (0.0)-0.147a 1.710
Hb3 Asp (0.0)-0.633a 2.298
Ha Ala 5.243 0.126

a Within the error limits these values should be zero.

Fig. 4. Correlation plots for the simulated and experimental 1H T02 times in b-L-Asp-L-
correlation data between calculated and experimental values. (For interpretation of the r
this article.)
(see Fig. 3 and Table 3): T02 of Ha Ala has a nearly linear dependence
on mMAS and for Hb2 and Hb3 of Asp the linear term is approximately
zero and only the quadratic term remains. For Ha Ala echo decay
times are dominated by a 1/xr dependence, which is reflected by
the parameters a and b (see Table 3): Ha Asp has a much smaller
quadratic term compared to the other proton sites. Hb2 Asp and
Hb3 Asp have the lowest linear contribution and follow dependency
closer to 1/(xr)

2 in accordance with the findings of Levitt et al. [41].
The obvious differences between the proton sites display some reg-
ular patterns when looking at the nearest neighbors (see Table 1).
The CH2 protons have the largest dipolar interaction (64.32 kHz)
and the smallest CS difference (0.5 kHz) such that they have the
smallest linear term a. The proton of the OH-site has a small quad-
ratic term b and a large linear term a corresponding to CS differ-
ence to Ha Asp with 7.22 kHz and a dipolar coupling of only
15.6 kHz. But these rules are to be taken with care since they
involve only isolated spin pairs. Until now there is no theory for
the parameters a and b of the linear-quadratic dependency of T02
on mMAS but some trends can be observed how a and b depend on
the NMR parameters Dxis and xdip. For NMR experimentalists, it
is encouraging that proton lines with a small difference in CS but
a large dipolar interaction are narrowed in a quadratic manner
with the MAS frequency.

Having considered extended Spinach simulations the question
arises whether calculated trends are also consistent with experi-
ments. Fig. 4 shows plots correlating the theoretical and experi-
Ala. The color code is the same as in Fig. 3. The lines represent linear fits of the
eferences to colour in this figure legend, the reader is referred to the web version of
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mental T02 times, which exhibit linear correlation within the exper-
imental error bounds. Ideally, the slope of the linear correlations
should be close to 1.0 and the lines crossing with the ordinate at
zero point. However, such behavior is only met for Ha Ala and
Ha Asp (panel A in Fig. 3 and Table 5 in Supplementary Materials).
All other proton sites theoretically provide a slope smaller than 1.0
which indicates a lower simulated homogeneous line width than
observed in the experiment. The main reason for that might be
the neglecting of homonuclear scalar J couplings (up to 20 Hz)
and disregarding of relaxation due to molecular motion. Rotation
or fast jumps of the CH3 and NH3 groups not only influence corre-
sponding protons of the groups but also scale down the dipolar
interactions to protons in the neighborhood. The dipolar interac-
tions within those groups were set to zero but this treatment
might need an improvement in future simulations. In particular,
for the NH3 group, the considered approximation yields a slope
of only 0.24. It is known that NH3 protons are forming hydrogen
bonds to carbonyl oxygen atoms (see Fig. 1 in Supplementary
Materials) that will slow down the motion of this group, with the
result of a larger line width than in the case of CH3 protons which
are much less affected by hydrogen bonds.

We could use the determined trends of 1H line widths as a func-
tion of the spinning frequency to evaluate benefits of developing
even faster spinning probes than currently available. The broadest
1H resonances in the considered here dipeptide and probably also
in most other organic compounds originate from the CH2 protons
with a large dipolar interaction of more than 60 kHz. Based on
the determined in our work trends to reduce homogeneous line
widths by a factor of 2 one has to raise the spinning by a factor
of

p
2. Thus even for CH2 protons in b-L-Asp-L-Ala an increase of

the spinning rate from 100 to 141 kHz would result in a homoge-
nous line broadening of 0.2 ppm (170 Hz) which becomes on the
order of inhomogeneous line broadening of powdered polycrys-
talline samples. Considering the minimum inhomogeneous contri-
butions reported in the literature for single crystals of glycine, the
total line width can be around 120 Hz [58] for CH2, i.e. a further
increase in MAS spinning speed up to 200 kHz for strongly coupled
protons and beyond for other 1H sites might still considerably
improve the resolution.
5. Conclusions

The Spinach Fokker-Plank approach using PBC with COSMOS/
BPT chemical shift tensor values and crystal coordinates of
b-L-Asp-L-Ala dipeptide has been successfully applied for MAS
spin-echo simulations from 15 to 100 kHz spinning frequencies.
Subtle details of spectra were faithfully reproduced by simulation,
validating our computational approach to a complicated many-
spin and time-dependent problem. The 1H homogeneous line
broadening had been extracted and provided as simplest descrip-
tion a linear-quadratic dependency of T02 on mMAS, i.e. the two terms
represent the limiting cases with vanishing 1/xr-term or vanishing
1/(xr)

2-term. At spinning frequencies on the order of 100 kHz,
inhomogeneous broadening starts becoming a dominant or at least
non-negligible factor even in crystalline systems but the coherence
lifetimes are increasing dramatically, in fact, faster than previously
thought. The quadratic improvement of 1H coherence lifetimes as a
function of spinning frequency will be particularly beneficial for
applications involving scalar couplings for polarization transfer,
which have a theoretical 100% efficiency. The simple linear-
quadratic dependence of T02 on the MAS frequency allows an easy
estimate of the 1H line widths at higher spinning speed from pre-
liminary experiments.

We show that at 100 kHz MAS frequencies and 850 MHz 1H Lar-
mor frequency, high-quality proton spectra can be obtained on
powdered samples with 1H line widths in the same order as those
achievable with state of the art homonuclear decoupling schemes
under optimal conditions. This work and other impressive exam-
ples reported recently in the literature suggest that the approach
relying on 1H detected spectroscopy at �100 kHz spinning should
be widely applicable both to small as well as large molecules espe-
cially for material, medical and biological applications.
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