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Abstract

Dynamic nuclear polarisation (DNP) has been used to obtain magic angle spinning *N°T
(nitrogen-14 overtone) solid-state NMR spectra from several model amino acids, with both direct
and indirect observation of the *N°T signal. The crystalline solids were impregnated with biradical
solutions of organic liquids that do not dissolve the crystalline phase. The bulk phase was then
polarized via H spin diffusion from the highly-polarized surface H nuclei, resulting in 'H DNP
signal enhancements of around two orders of magnitude. Cross polarisation from H nuclei
directly to the *N overtone transition is demonstrated under magic angle spinning, using a
standard pulse sequence with a relatively short contact time (on the order of 100 us). This
method can be used to acquire N overtone MAS powder patterns that match closely with
simulated line shapes, allowing isotropic chemical shifts and quadrupolar parameters to be
measured. DNP enhancement also allows the rapid acquisition of 2D *N°T heteronuclear
correlation spectra from natural abundance powder samples. H-!*N°T HETCOR and 3C-14N°T
HMQC pulse sequences were used to observe all single-bond H-N and C-N correlations in histidine
hydrochloride monohydrate, with the spectra obtained in a matter of hours. Due to the high
natural abundance of the N isotope (99.6 %) and the advantages of observing the overtone
transition, these methods provide an attractive route to the observation of C-N correlations from
samples at natural isotopic abundance and enable the high resolution measurement of N

chemical shifts and quadrupolar interaction parameters.



1. Introduction

Solid-state nuclear magnetic resonance (NMR) studies of nitrogen usually target the spin /
= 1/2 N isotope, but this nucleus has both a low resonance frequency and an extremely low
natural abundance (0.37%). Such studies therefore generally require either isotopic enrichment or
very long experiment times to achieve a useful signal to noise ratio (S/N). Since the natural
abundance of 13C is also very low (1.07%), only one C-N pair in around 25,000 will contain both of
these isotopes, so even with the excellent sensitivity afforded by modern NMR techniques and
hardware, the observation of 3C-1°N correlations at natural abundance remains a challenge.

The *N nucleus (99.63% abundance) provides a potential alternative, but poses its own
unique challenges due to its integer spin number (/ = 1) [1]. Unlike half-integer spin quadrupolar
nuclei, N lacks a central transition and both of its fundamental (Am = 1) transitions experience
very large anisotropic broadening due to the first-order quadrupolar coupling, resulting in powder
patterns that typically span many MHz. While such broadly dispersed signals can be observed
using strategies such as highly stable magic angle spinning (MAS) [2] or frequency-stepped
acquisition [3], they are inherently limited in resolution and these approaches are therefore
restricted to samples featuring only one or two distinct nitrogen environments [4]. The indirect
observation of N using HMQC [5-7] or similar pulse sequences [8] provides an alternative
approach that can improve both sensitivity and resolution.

Due to the large quadrupolar couplings experienced by “N, the overtone (Am = 2)
transition is weakly allowed, and its direct observation is possible. This transition is unaffected by
the first-order quadrupolar interaction and so exhibits far narrower spectral ranges and peak
widths. The concept of overtone NMR spectroscopy has been established for many decades [9,10]
but it was only recently combined with MAS [11,12], which provides further improvements in
resolution by partially averaging the second-order quadrupolar interaction as well as removing
other sources of broadening such as chemical shift anisotropy. *N overtone (**N°T) MAS NMR
therefore allows well-resolved N peaks to be obtained directly from powder samples. The main
limitation of this method is its low sensitivity, with the overtone transition providing only a small
fraction of the signal attainable from the fundamental transitions. Very recently, several authors
have investigated the possibility of observing these overtone signals indirectly via more amenable
nuclei such as *H, and this approach shows much promise [13,14]. In this contribution, we explore
the possibility of using dynamic nuclear polarisation (DNP) to enhance directly and indirectly

detected *N°T signals.



In high-field MAS DNP experiments, the much larger polarisation of unpaired electrons is
transferred to nearby nuclear spins, potentially providing signal boosts of several orders of
magnitude [15,16]. Typically, the analyte is dissolved or suspended in a glassy solution with a
stable biradical polarizing agent [17]. Solid-state MAS NMR experiments are then performed at
cryogenic temperatures (< 110 K) on frozen samples with continuous microwave irradiation to
drive the DNP mechanism. Low temperatures are critical to increase the proton and electron
relaxation times and obtain large DNP enhancements (up to a factor of several hundred at 9.4 T
[18]). Recently, it has been demonstrated that DNP can enhance the polarisation of protons at the
surface of materials that have been impregnated with minimal volumes of bi-radical solutions [19-
21]. It has also been shown that such impregnation DNP (iDNP) methods can be applied to
ordinary micro-crystalline solids impregnated with organic liquids that do not dissolve the
crystalline phase [22]. For impregnated solids with long H T; relaxation times, and which contain
sufficient proton density, spin diffusion can transport enhanced *H polarisation from the *H nuclei
at the surface over um distances into the bulk crystalline phase, after which cross polarisation can
be used to transfer the enhanced polarisation to another nucleus such as *3C [22-24]. Recent
studies have already applied CP pulse sequences to transfer DNP-enhanced *H polarisation to the
central transitions of half-integer quadrupolar nuclei such as O [25] and ?’Al [26], while DNP
enhancement in the indirect detection of the *N fundamental transitions has also been explored
using 13C labelled samples [27].

Herein, we use this state-of-the-art approach to demonstrate that cross polarisation from
'H nuclei directly to the *N overtone transition is possible under MAS conditions, and results in
high quality powder patterns that can be accurately simulated to extract N isotropic chemical
shifts and quadrupolar parameters. Furthermore, we show that DNP enhancements can allow 'H-
14NOT and 13C-14NOT correlation spectra to be obtained from natural abundance samples in a matter

of hours, providing an attractive method for observing C-N correlations from unlabelled samples.

2. Experimental details
2a. Sample preparation

Natural abundance samples of glycine, glycylglycine and L-histidine hydrochloride
monohydrate (histidineeHClI®H,0) were purchased from Sigma Aldrich and used without further
purification. Each sample was finely ground by hand using a mortar and pestle for around 15
minutes to reduce the grain size of the crystalline solids [23]. About 50 mg of ground solid was

then impregnated with approximately 15 pL of a 15 mM solution of TEKPol [18] in (94:6)
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tetrachloroethane (TCE)/methanol-ds. Samples were packed into 3.2 mm outer diameter sapphire
MAS NMR rotors. The small amount of methanol-ds was included to improve the glass formation
of the TCE solution at the particle surface, and the sample was ejected and re-inserted into the
cold NMR probe several times until the 13C signal from the TCE showed a smoother peak shape
(i.e., corresponding to a more disordered, glassy solvent) [18]. These two precautions make the

DNP enhancement more robust and reproducible.

2b. NMR

Impregnation DNP (iDNP) experiments were carried out at 9.4 T using a Bruker Avance Il
400 MHz DNP spectrometer [28] and a 3.2 mm triple-resonance MAS probe configured for *H-13C-
14NOT, The 4NOT frequency at this field strength is approximately 57.6 MHz. The sample
temperature was around 107 K and microwave irradiation was generated using a 263 GHz
gyrotron with an estimated output power of 4 W. A MAS rate of 10 kHz was used unless
otherwise specified. Certain other (non-DNP) spectra were obtained at 11.7 T using a Bruker
Avance Il 500 MHz spectrometer and a 4.0 mm triple-resonance MAS probe configured for *H-3C-
14NOT (see figure captions for details).

A basic cross polarisation pulse sequence (Fig 1a) was used to acquire 3C and *N°T MAS
spectra with a ramped contact pulse on the H channel [29,30]. In all cases SPINAL-64 'H
heteronuclear decoupling was applied with a 100 kHz RF field [31]. Unless otherwise specified, the
contact time for the *N°T CPMAS was 125 ps with the *H power linearly varied from vi(*H) = 20 to
39 kHz and a constant amplitude *N°T pulse with RF power corresponding to vi(?H) = 83 kHz [12].
The 2H pulse calibrations were performed separately with DNP using a frozen solution of 16 mM
AMUPol [32] dissolved in DMSO-ds/D,0/H,0 (60:36:4). All N°T pulses were applied on-
resonance with the +2w, overtone sideband unless otherwise stated. The #N°T spectra are
referenced against twice the (fundamental) N frequency obtained from solid NH4Cl at 0 kHz. A
kHz scale (rather than ppm) is conventionally used for overtone NMR spectra, and is also more
practical given the MAS rate dependence of the peak positions. While 2*N°T NMR spectra can be
obtained from powder samples spinning at any orientation, the magic angle will generally provide
the best sensitivity and resolution through the averaging of chemical shielding anisotropy and
dipolar coupling effects.

Since no NO°T signal could be observed at 107 K without the DNP enhancement, the CP
enhancement levels for the bulk crystalline samples were determined indirectly using *3C CPMAS

spectra acquired with 10 s recycle delays, and are denoted by the symbol eccp (defined as the ratio
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of the signal intensities of the 3C CPMAS spectra acquired with and without microwave
irradiation, and with all other experimental parameters the same). These '3C spectra are provided
in the supporting information. The values of ec cp provide a good estimate of the *N°T CP DNP
enhancements since the same network of protons (with the same level of polarisation
enhancement) are involved in the N°T and !3C cross polarisation experiments. Since longer
recycle delays were generally used for the acquisition of the “N°T CPMAS spectra, the spin
diffusion times over which the enhanced surface 'H magnetisation moves into the bulk phase will
be different. These ec cp values therefore provide only an estimate of the #N°T CP DNP
enhancement. We have also compared the *N°T DNP-enhanced CPMAS sensitivity with direct
excitation at room temperature, and this is discussed in section 3. Finally, the lack of observable
signal in the *H-1*N°T CP spectra acquired without DNP enhancement is consistent with the large
eccp (> 80) measured for 13C for all compounds.

A BC-“NOT HMQC pulse sequence was used to observe C-N correlations at natural
abundance (Fig 1b). A similar pulse sequence was recently used to record *H-*N°T spectra and is
discussed in more detail elsewhere [13,14]. Two differences here are the addition of the *H-13C
cross polarisation scheme and the inclusion of the microwaves for the DNP enhancement. *N°T
pulse lengths were 200 ps in length (vi(*H) = 83 kHz) and the recoupling time (t) was 7.5 ms. A H-
14NOT CP-HETCOR pulse sequence [33] was also used (Fig 1c). During the !H indirect evolution
period (t1) e-DUMBO-12; homonuclear *H decoupling was applied with an RF field strength of
approximately 100 kHz to improve the resolution in the *H dimension [34], followed by cross
polarisation to the *NO°T transition and signal detection. For both of these 2D experiments the
States-TPPI procedure was used for quadrature detection in the indirect dimension. Additional

experimental details are provided in the figure captions.

2c. Simulations

Exact numerical simulations of *N°T MAS powder patterns were carried out using the
SpinDynamica software running under Mathematica as described previously [12]. Unless
otherwise stated, a very short (0.1 ps) excitation pulse was simulated to achieve uniform
excitation, and only the +2w: overtone sidebands are shown. A MAS rate of 70 kHz was simulated
to speed up the calculation times and also to fully separate the overtone sidebands. The spectra
were subsequently shifted by -120 kHz to set the +2w, overtone sideband to the 10 kHz MAS
position. The N NMR parameters used in these simulations are provided in Table S1 in the

supporting information. The quadrupolar coupling constants (Cq) and asymmetry parameters (nq)
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were reported previously for the case of glycine [4] and histidineeHCI®H,O [14], and were
calculated for glycylglycine from a crystal structure [35] using the CASTEP software [36]. To match
the simulations to the experimental spectra, the isotropic chemical shifts (obtained from °N
CPMAS spectra) were fixed and the quadrupolar parameters were manually adjusted using the
reported or calculated parameters as initial values. It should be noted that due to the isotropic
quadrupolar shift, both the Cq and the isotropic chemical shift 6iso can affect the position of the
14NOT powder patterns, with the Cq parameter also varying their width. Since each simulation
required several hours of computational time, a reliable estimate of the uncertainties in the Cq
and nq values determined this way was not feasible. Faster computational methods [37] should
facilitate more straightforward fitting of these spectra and the extraction of all three parameters

with greater precision.

3. Results and discussion

Glycine is an excellent model system on which to test 1*N°" MAS NMR experiments. The
width of its +2w: overtone sideband is on the order of a few kHz at intermediate field strengths, so
a MAS rate of 10 kHz is sufficient to fully separate it from the other sidebands [11,12]. Line shape
distortions due to the pre-acquisition delay are also minimal. With *H decoupling applied and a
recycle delay of 0.5 s, the signal can typically be observed in a matter of minutes at room
temperature using a high power *N°T pulse on the order of 100 us in length and applied directly
on resonance with the +2w, sideband [11]. This sideband not only provides far more signal than
the other four, but was also recently shown to exhibit faster nutation rates [14]. We have
therefore used glycine to test the possibility of cross polarisation from the *H nuclei directly to the
14N overtone transition under MAS.

Prior to this work, static **N°T CP spectra were obtained by cross polarisation from H
dipolar order using Jeener-Broekaert and adiabatic demagnetisation in the rotating frame (ADRF)
pulse sequences [10,38]. Such experiments were chosen because the RF powers applied to the
two nuclei do not have a strict matching requirement, however they are only suitable for static
samples. For CPMAS experiments carried out on spin-1/2 nuclei, the conventional method is to
spin lock both nuclei at the Hartmann-Hahn match condition using the pulse sequence shown in
Fig 1a, and to the best of our knowledge no *N°T CPMAS spectrum has yet been reported. The
14NOT CPMAS NMR spectrum in Fig 2a was obtained using this approach at 107 K and with the 'H
magnetisation enhanced using DNP. Due to the reduced effective RF field experienced by the

overtone magnetisation, the 1*N°T contact pulse was set to as high an RF power as safely available
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(corresponding to vi(*H) = 83 kHz). An optimum match condition was then determined by varying
the RF power of the ramped 'H contact pulse [29,30], and the most efficient CP transfer was
observed with a maximum H RF amplitude of approximately 40 kHz (Fig 3a). At this match
condition, a contact time of between 100 and 150 ps provided the highest *N°T signal intensity
(Fig 3c). This is relatively short compared to the contact times of 2 to 3 ms typically required for
optimal 'H CP transfer to 13C in fully protonated organic solids [39], and could be due to the
inability to spin lock the *N°T magnetisation for an extended period of time. A more detailed
investigation into the 'H to NO°T cross polarisation mechanism will be required before the
efficiency of these experimental settings can be quantified, but this is beyond the scope of this
paper. It is possible that the experimental conditions used here allow only a fraction of the total
theoretical CP enhancement to be attained, however the very high level of signal enhancement
afforded by DNP allowed a high quality *N°T spectrum to be obtained in just 16 scans (10.7
minutes). Moreover, the shape of the powder pattern matches extremely well with the simulation
(Fig 2c), indicating that the polarisation transfer efficiency is similar for all crystallite orientations
under these CP conditions. This is important because distortion-free powder patterns enable the
accurate measurement of “N quadrupolar parameters and isotropic chemical shifts, which are
highly sensitive to the structural environment surrounding the nitrogen.

At 9.4 T, 1*NOT MAS signals will potentially span a frequency range on the order of 100 kHz.
We therefore tested the CP bandwidth by varying the offset frequency for the *N°T contact pulse,
and the N°T signal was observed at offsets of up to +25 kHz (Fig 3d), albeit with a significant
decrease in intensity. This bandwidth is comparable to H-!*N°T CP bandwidths previously
reported for static samples [38]. In addition, the CP experiment was repeated with the *N°T
contact pulse applied on-resonance with the +w, overtone sideband (i.e., at a frequency offset of
-10 kHz). No visible signal was observed from this sideband (see Fig S3 in the supporting
information), which is consistent with our previous unsuccessful attempts to observe it directly
[12] and provides further evidence that all overtone sidebands apart from that at +2w: can
generally be ignored. The different nutation rates exhibited by the other sidebands [14] would
also be expected to result in different CP match conditions for them, further decreasing the
likelihood of observing these peaks. This is beneficial since lineshape distortions from sideband
overlap are likely to be minimal (vide infra).

A quantitative analysis of the improvement in sensitivity enabled by this iDNP-CP
experiment is complicated by several inter-related factors. In the absence of microwave

irradiation, no *N°T signal was observed at all (Fig 2b). The reported DNP enhancement for this
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and subsequent samples was therefore measured indirectly using 3C CPMAS experiments, since
the same bath of protons are involved in the 3C and *N°T CP transfers. In this case, a DNP
enhancement of c cp = 82 was obtained (Fig S2). We were also unable to observe the **N°T signal
at 107 K using direct excitation, and we attribute this to a significant increase in the #N°T T;
relaxation time at this temperature. Our preliminary efforts to record a room temperature *N°T
CPMAS experiment without DNP enhancement have also been unsuccessful. While a DNP
enhancement level on the order of 80 is certainly appreciable, the rather long H T; relaxation
time (which ensures that large DNP enhancements are obtained for the bulk phase) imposed a
recycle delay of 40 s for optimal sensitivity in the iDNP-CP experiment. This is 80 times longer than
the recycle delay required for direct excitation at room temperature, representing a reduction in
sensitivity by a factor of approximately 9. However, we have previously observed that the
reduction in sensitivity due to increased longitudinal relaxation times is usually partially offset by
the improved Boltzmann polarisation and probe quality factor [23,40].

In a practical sense, the most pertinent sensitivity comparison is between the iDNP-CP
experiment and direct excitation of the #N°T transition at room temperature [40]. Such a
comparison is shown in Fig 4, with the two spectra obtained from glycine in the same
experimental time-frame (5.4 minutes) and using the same sample and hardware. The iDNP-CP
spectrum shows a S/N over four times higher than that of the room temperature direct excitation
experiment, translating to a factor of 16 reduction in experiment time. Clearly this comparison is
specific to glycine and will be dependent on several factors that will vary between samples, most
importantly the value of c cp and the *H and *N°T T; relaxation times, but it does provide a clear
illustration of the potential sensitivity gains enabled by the iDNP-CP approach. We also note a
small apparent shift in peak position between the two spectra in Fig 4, which we attribute to the
difference in sample temperature.

As has recently been shown, the indirect detection of *N°T signals via more amenable
spin-half nuclei such as 'H or 13C can be advantageous in terms of both sensitivity and information
content [13,14], and preliminary studies have indicated that the efficiency of the coherence
transfer between *H and the “N°T transition using the HMQC pulse sequence is comparable to
that of the fundamental single-quantum *N HMQC approach [13]. DNP enhancements have also
previously been obtained in 13C-1*N (fundamental) HMQC experiments carried out on 3C labelled
samples [27]. Herein we explore the possibility of observing C-N correlations at natural

abundance.



Fig 5a shows a 13C-*N°T HMQC spectrum obtained from a natural abundance sample of
glycine with DNP enhancement achieved via the initial cross polarisation from H to the 3C nuclei.
In this case, a DNP enhancement factor of ec cp = 89 (obtained from a second sample of glycine)
allowed this spectrum to be obtained in just 2.8 h. The high quality 1*N°T powder pattern shape in
this spectrum is noteworthy, since indirectly detected *N powder patterns obtained by irradiating
the fundamental transitions are often highly distorted [7]. For comparison, HMQC spectra were
also obtained without DNP enhancement using a more standard experimental set-up (4 mm MAS
probe, room temperature), albeit at a slightly higher magnetic field strength (11.7 T). In this case,
a high quality spectrum was obtained from a sample 99% enriched in $3C at the C2 position in 50
min (Fig 5b). For a natural abundance sample however, an acquisition time of 64 h was required,
and the resulting spectrum shows a poor S/N (Fig 5¢). Furthermore, no distinguishable features in
the N°T powder pattern can be observed because the poor sensitivity limited the number of t;
increments that were acquired. In this light, iDNP methods clearly show considerable potential for
obtaining C-N correlation spectra from natural abundance powdered organic solids.

The iDNP-CP experiment was also tested on the dipeptide glycylglycine, which features two
distinct nitrogen environments. For this sample a DNP enhancement of &c cp = 123 was obtained
(Fig S4). The spectrum obtained from the NHs nitrogen site is shown in Fig 6a, and shows a
characteristic second order powder pattern shape with two sharp horns. This shape actually
differs somewhat from the “ideal” overtone powder pattern, i.e., that arising from uniform
excitation (see Fig S5 in the supporting information). However, by simulating an excitation pulse
125 us in length to model the effects of the finite spin lock period in the CP pulse sequence, the
observed line shape is reproduced with high accuracy. The NH nitrogen site in this sample has a
much larger quadrupolar interaction and a correspondingly broader *N°T powder pattern,
measuring around 20 kHz in width at its base. Despite this, the *N°T DNP-CP spectrum obtained
from this site at just 10 kHz MAS shows a good quality powder pattern that matches reasonably
well with the simulated line shape (Fig 6¢). We attribute this to the much lower relative intensities
of the other sidebands and also their different nutation rates which are expected to translate to
very different CP match conditions. This result bodes well for 1*N overtone MAS NMR in general
since it demonstrates that the MAS rates do not necessarily have to be faster than the powder
pattern widths, thereby allowing larger rotor sizes to be used and boosting the overall sensitivity.

As Fig 3d shows, the CP conditions used in this work can excite a bandwidth on the order of
50 kHz (albeit non-uniformly). In order to verify that multiple sites within this range can indeed be

excited in a single experiment, we applied the same pulse sequence to a sample of
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histidineeHCl*H,0, which features three distinct nitrogen environments whose *N°T signals span
a range of approximately 20 kHz at 9.4 T. For this sample, a large DNP enhancement of eccp = 225
was obtained (Fig S6). The three *N°T signals from this amino acid were recently observed
indirectly using a H-1*N°T HMQC pulse sequence at 11.7 T and 62.5 kHz MAS. While this latter
experiment resulted in a spectrum of high S/N and also provided the H-!*N correlation
information, it took approximately 64 h to acquire [14]. In contrast, Fig 7a shows the iDNP-CP
spectrum acquired in just one hour. #N°T powder patterns from all three nitrogen sites are
observed and can be simulated to a reasonable level of accuracy (Fig 7b) despite partial overlap
for sites N2 and N3.

Two-dimensional correlation experiments can allow overlapping *N°T signals to be
resolved. A high quality *H-1*N°T CP HETCOR spectrum of histidineeHCl®H,0 is shown in Fig 8b,
and was obtained in 8 h. Despite the relatively low MAS rate (10 kHz), a high resolution in the H
dimension was obtained using e-DUMBO homonuclear *H decoupling [34] during the evolution
period. All three *N°T signals are fully resolved and correlated with the directly bonded *H nuclei.
In contrast to the previously published *H-**N°T HMQC spectrum mentioned above, this HETCOR
spectrum retains distortion-free 1*N°T powder patterns in the direct dimension. Horizontal slices
through these *NO°T line shapes are shown to the right of the spectrum in Fig 8b, and match well
with the simulated powder patterns in Fig 7.

Two BC-“NOT HMQC spectra were also obtained from this natural abundance
histidineeHCl*H,0 sample, with the N°T pulses applied at the frequencies of the ring nitrogen
signals (N2 and N3) and the NHs nitrogen signal (Figs 8c and 8d respectively). Each spectrum
required only 3.8 h of acquisition time, and all single-bond C-N correlations are observed. We
note that the use of frequency-swept pulses should allow all of these correlations to be observed
in a single experiment by increasing the bandwidth in the *N°T dimension, as has recently been
shown [14], but this also comes at the expense of a decreased sensitivity. Given the speed at
which the *N°T signals can be observed using these methods, an optimum strategy may be to first
obtain the iDNP-CP #N°T spectra directly and subsequently acquire the heteronuclear correlation
spectra with the *N°T pulse frequencies optimised for the various nitrogen signals observed.

It is important to note that impregnation DNP methods similar to those described here can
also allow natural abundance °N spectra to be acquired in relatively short experiment times, as
has already been shown [24,41-44]. We therefore obtained DNP-enhanced >N CPMAS spectra
from the three samples studied, and these are shown in Fig 9. The spectra were obtained at

natural abundance with acquisition times of eight minutes, and show high S/N ratios (above 50 in
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all cases). Table S2 in the supporting information provides comparisons of the *N°T and °N
sensitivities for the spectra acquired in this work. While the >N DNP experiment certainly offers
higher sensitivity and spectral resolution, the *N°T MAS spectra inherently contain more
structural information via the quadrupolar interaction parameters. For a thorough
characterisation of nitrogen sites, the acquisition of both spectra is ideal, with the isotropic
chemical shifts measured by °N providing restraints for the fitting of the *N°T powder patterns,
as we have demonstrated herein.

Crucially, while modern DNP methods will certainly make natural abundance 3C-°N
correlation experiments more feasible, the very low natural abundances of both 3C and *N
isotopes and the high abundance of the 1N isotope mean that 3C-*N correlation experiments will
provide superior sensitivity. For example, we determined the 3C1*N°T HMQC filter efficiency to
be about 2.8% for glycylglycine (Figue S7), and this could potentially be further improved using
dipolar recoupling for 33C-1*N°T coherence transfer or more fully optimised *N°T excitation pulses.
Due to the low abundance of °N, the maximum efficiency obtainable for 3C-°N coherence
transfer is 0.37% and in practice the efficiencies will be lower than this due to imperfections in the
coherence transfer. Therefore, natural abundance '3C-**N°T (or 3C-*N fundamental) correlation
experiments provide a sensitivity that is at least one order of magnitude higher than 13C-*N
correlation experiments, and so should remain the preferred method for obtaining C-N
correlations.

Finally, while we have focused primarily on DNP polarisation of *H nuclei and subsequent
CP transfer to the *N overtone transition, recent studies have demonstrated the direct
polarisation of the quadrupolar nucleus 0 [25,45]. The possibility of directly polarizing the *N°T
transition would certainly be of interest, and would overcome any potential issues relating to the
CP transfer step. Indirect observation of the N double quantum transition using methods first

developed by Ernst et al. [46,47] may also be worth revisiting.

4. Conclusions

We have used the impregnation DNP approach [19-21] to obtain *N°T NMR signal
enhancement levels of around two orders of magnitude and have shown for the first time that
cross polarisation from H nuclei directly to the *N overtone transition is possible under MAS
conditions. A basic CPMAS pulse sequence with contact times on the order of 100 us enabled
multiple resolved *N overtone powder patterns to be observed in a matter of minutesona 9.4 T

DNP spectrometer. Importantly, the powder patterns acquired match well with simulated *N°T
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MAS line shapes, allowing for the accurate measurement of *N quadrupolar parameters and
isotropic chemical shifts. A more detailed investigation into the H-1*N°T cross polarisation
mechanism could potentially allow these experiments to be further optimised, providing
additional gains in sensitivity.

We have also shown that 2D H-1*N°T and 3C-*N°T correlation spectra can be acquired
from natural abundance powder samples in a matter of hours. This was demonstrated using an
unlabelled sample of histidine hydrochloride monohydrate, for which all the single-bond H-N and
C-N correlations were observed. The HETCOR experiment also enabled two overlapping *N°T
signals to be resolved, while maintaining accurate *N°T line shapes.

The ability to acquire natural abundance C-N correlation spectra in relatively short
timescales will greatly aid resonance assignment for NMR crystallography of polymorphic phases,
and we anticipate that these methods will be applicable to a wide range of interesting organic
materials such as pure active pharmaceutical ingredients, formulated pharmaceuticals, metal-
organic frameworks and polymers, and micro- and meso-porous materials. We are currently

pursuing further experiments along these lines.
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Figure 1 — The various pulse sequences used in this work, each with continuous-wave microwave

irradiation to achieve the DNP enhancement. (a) Cross polarisation with a ramped contact pulse

on the 'H channel, see section 3 for a discussion of the parameters used. (b) *C-1*N°T HMQC with

cross polarisation from *H. (c) *H-1*N°T HETCOR with homonuclear e-DUMBO-1,, decoupling [34]

applied during the t1 evolution period.
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Figure 2 — (a) NOT spectrum obtained from glycine at 107 K, 9.4 T and 10 kHz MAS using DNP-
enhanced cross polarisation from the *H nuclei. 16 scans were acquired with a recycle delay of 40
s and a CP contact time of 125 ps. The DNP enhancement was determined indirectly using a 13C
CP MAS experiments to measure €c cp. (b) A spectrum obtained under the same conditions but

without microwaves. (c) Simulated **N°T spectrum.
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Figure 3 — Relative DNP-enhanced *N°T signal intensities obtained using the pulse sequence in Fig
1, versus (a) the H contact pulse amplitude (maximum value for a pulse shape ramped from 50%
to 100%), (b) the *N°T contact pulse amplitude as measured indirectly using 2H [12] while the H
RF amplitude was held at 39 kHz, (c) the contact time (with optimal CP conditions), and (d) the

14NOT pulse frequency offset with a 125 us contact pulse and optimized CP conditions.
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Figure 4 — *N°T NMR spectra obtained from glycine at 9.4 T and 10 kHz MAS using (a) DNP-
enhanced cross polarisation at 107 K with a recycle delay of 40 s and 8 scans acquired, and (b)
direct excitation at room temperature on the same sample and spectrometer, using a 100 us

excitation pulse, a recycle delay of 0.5 s and 648 scans acquired.
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Figure 5 — Comparison of 13C-1*N°T HMQC spectra obtained from powder samples of glycine under

different conditions.

Spectrum (a) was obtained in 2.8 h from a natural isotopic abundance

sample at 9.4 T, 10 kHz MAS and 107 K with DNP enhancement (16 scans per slice, 64 slices, 10 s

recycle delay, eccp = 89). Spectrum (b) was obtained in 50 min from a sample fully enriched in 3C

at site C2 at 11.7 T, 10 kHz MAS and at room temperature (64 scans per slice, 48 slices, 1 s recycle

delay). Spectrum (c) was obtained in 64 h from a natural abundance sample at 11.7 T, 10 kHz MAS

and at room temperature (16384 scans per slice, 14 slices, 1 s recycle delay). Simulated #N°T

powder patterns are shown to the left of each spectrum, in red.

20



14NOT CP
(a) (eccp = 123)

(b) Simulation

14NOT CP

(Egp = 123)

(€)

(d) Simulation

40 30 20 10
“NOT / kHz

100 80 60
“NOT / kHz

Figure 6 — 1*N°T spectra obtained from glycylglycine at 107 K, 10 kHz MAS and 9.4 T using DNP-

enhanced cross polarisation from the H nuclei, with a CP contact time of 125 ps and the 4N°T

contact pulse applied on resonance with (a) the NH3 peak and (c) the NH peak. In both cases, 32

scans were acquired with a recycle delay of 60 s. For (c), a slightly lower maximum H nutation

frequency of 33 kHz during the H contact pulse was employed. Simulated *N°" powder patterns

are also shown in (b) and (d).
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Figure 7 - (a) ¥*NO°T spectrum obtained from histidineeHCleH,0 at 107 K, 9.4 T and 10 kHz MAS

using DNP-enhanced cross polarisation from the H nuclei. 64 scans were acquired with a recycle

delay of 60 s. The ¥NOT contact pulse RF frequency was set to approximately 35 kHz.

Simulation of all three sites, with the individual sites shown in (c), (d) and (e).

(b)
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Figure 8 — (a) The L-histidine molecule with sites labelled in accordance to the crystal structure of
histidine hydrochloride monohydrate [46]. (b) A DNP-enhanced H-!*N°T HETCOR spectrum
obtained from histidineeHCl®H,0 at 9.4 T, 107 K and 10 kHz MAS (12 scans per slice, 80 slices, 30 s
recycle delay). Horizontal slices through the three *N°T signals are shown to the right, scaled
vertically as indicated. *H chemical shifts were corrected by applying a scaling factor of 0.57 to the
indirect dimension spectral width. DNP-enhanced 13C-*N°T HMQC spectra acquired from the
same sample and also at 9.4 T, 107 K and 10 kHz MAS are shown in (c) and (d) with the **N°T
pulses applied at approximately 41 kHz and 27 kHz respectively (16 scans per slice, 72 slices, 12 s

recycle delay).
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Figure 9 — DNP-enhanced natural abundance >N CPMAS spectra obtained from samples of (a)
glycine, (b) glycylglycine and (c) histidineeHCl®H,0 at 9.4 T, 107 K and 8 kHz MAS. All spectra were
acquired in 8 scans with a 60 s recycle delay and a contact time of 8 ms. The chemical shift scale is
referenced to solid NH4Cl for consistency with the N°T spectra. All spectra were apodized with

10 Hz of exponential line broadening.
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S1. 1N NMR parameters used in the simulations

Sample Site  Cq/ MHz Na 8iso (*°N) / ppm
Glycine N1 1.18 0.53 -6
Glycylglycine N1 1.40 0.10 -12
N2 3.29 0.45 79
Histidine.HCI.H,0 N1 1.25 0.35 8
N2 1.52 0.25 138
N3 1.21 0.94 152

Table S1—NMR parameters used to simulate the *N°T MAS spectra of the various sites for the three
samples studied. The isotropic chemical shifts 8iss, Which determine the position of the #N°T
powder patterns, were measured from the N CPMAS spectra and were fixed in the NC°T
simulations. The quadrupolar parameters Cq and nq, which determine the shape and width of the
powder patterns, were adjusted to match the simulated spectra to the experimental *N°T data,

using values calculated from density functional theory as initial guesses.



S2. Glycine 'H and 3C CP DNP enhancement

CCP
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uw off

Figure S2 —13C CPMAS NMR spectra obtained from a solid powder sample of glycine impregnated
with a solution of TEKPol in tetrachloroethane, with and without 70 mA microwave irradiation
applied. The spectra were obtained at 9.4 T, 107 K and 10 kHz MAS (4 scans with 10 s recycle delay
and 2 ms cross-polarisation contact time). Asterisks denote spinning sidebands. The *3C signal from

the TCE is visible at 74 ppm.



$3. Glycine *N°T CP on resonance with +2w, and + w, overtone sidebands
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Figure S3 — DNP-enhanced *N°T CPMAS spectra obtained from a solid powder sample of glycine
impregnated with a solution of TEKPol in tetrachloroethane, at 9.4 T and 107 K. Both spectra were
obtained at 10 kHz MAS with a CP contact time of 125 ps, 16 scans and a recycle delay of 40 s. In
spectrum (a) the ¥N°T transmitter frequency was placed on resonance with the +2w, overtone
sideband as shown. In (b) this frequency was adjusted by -10 kHz, but no +w: overtone sideband

was observed.



S4. Glycylglycine 3C CP DNP enhancement

Eocp =123

!
o ) u

uw off

300 200 100 0

Figure S4 — 13C CPMAS NMR spectra obtained from a solid powder sample of glycylglycine
impregnated with a solution of TEKPol in tetrachloroethane, with and without 70 mA microwave
irradiation applied. The spectra were obtained at 9.4 T, 107 K and 10 kHz MAS (4 scans with 10 s
recycle delay and 2 ms cross-polarisation contact time for 13C). Asterisks denote spinning sidebands,

and the 13C signal from the TCE is visible in at 74 ppm.



S$5. Simulations modelling the effect of the contact time on the *N°T powder pattern
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Figure S5 — (a) N°T spectrum obtained from glycylglycine at 107 K, 9.4 T and 10 kHz MAS using

DNP-enhanced cross-polarisation from the H nuclei, with a CP contact time of 125 ps and the 1*N°T

contact pulse applied on resonance with the N1 peak at 30 kHz. 20 scans were acquired with a

recycle delay of 40 s. Simulations made using pulse lengths of (b) 0.1 us and (c) 125 ps are also

shown to model the effects of the contact time on the powder pattern shape.



S6. Histidine.HCI.H,0 3C CP DNP enhancement
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Figure S6 — 13C CPMAS NMR spectra obtained from a solid powder sample of histidine.HCI.H,0
impregnated with a solution of TEKPol in tetrachloroethane, with and without 70 mA microwave
irradiation applied. The spectra were obtained at 9.4 T, 107 K and 10 kHz MAS (4 scans with 10 s
recycle delay and 2 ms cross-polarisation contact time for 13C). Asterisks denote spinning sidebands,

and the 13C signal from the TCE is visible in at 74 ppm.



S7. Efficiency of 3C-*N°T HMQC filters
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Figure S7 — Comparison of DNP enhanced H-13C CP spin echo spectrum (16 scans) and H-13C CP
HMQC “N°T filtered spectrum (32 scans) acquired with a 200 ps #N°T 90° pulse applied on
resonance with the amide (-NH) nitrogen for coherence transfer. In both cases the total 3C
transverse magnetization evolution time was 15 ms. The efficiency of the 1*NOT HMQC filter is 2.8%.

In both cases a 10 s recycle delay was employed.



$8. Comparison of 1*N°T and '°N sensitivities

Number of scans  Experiment time / min  Line width / Hz S/N Eccp
Sample Site 14NOT 15N 14NOT 15N 14NOT 15N 14NOT 15N 14NOT 15N
Glycine N1 16 8 11 8 1500 34 34 291 82 80
. N1 32 32 3000 36 33 140
Glycylglycine 8 8 123 84
N2 32 32 8500 34 13 153
N1 2000 35 19 78
Histidine.HCI.H,0 N2 64 8 64 8 4000 28 15 98 225 72
N3 1500 50 25 60

Table S2 — Comparison of factors contributing to *N°T and °N sensitivities in the directly-observed, DNP-enhanced spectra acquired in this work.

Other experimental details can be found in the main article. All spectra were acquired at 9.4 T and a temperature of around 107 K.



