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ABSTRACT: NMR crystallography of organic molecules
at natural isotopic abundance (NA) strongly relies on the
comparison of assigned experimental and computed NMR
chemical shifts. However, a broad applicability of this
approach is often hampered by the still limited 1H
resolution and/or difficulties in assigning 13C and 15N
resonances without the use of structure-based chemical
shift calculations. As shown here, such difficulties can be
overcome by 13C−13C and for the first time 15N−13C
correlation experiments, recorded with the help of
dynamic nuclear polarization. We present the complete
de novo 13C and 15N resonance assignment at NA of a self-
assembled 2′-deoxyguanosine derivative presenting two
different molecules in the asymmetric crystallographic unit
cell. This de novo assignment method is exclusively based
on aforementioned correlation spectra and is an important
addition to the NMR crystallography approach, rendering
firstly 1H assignment straightforward, and being secondly a
prerequisite for distance measurements with solid-state
NMR.

Structure determination of powdered organic solids is of
utter importance to understand their properties and

function. Their structural investigation poses a particular
challenge when single crystal X-ray diffraction (XRD) cannot
be applied. The key approach in such cases is so-called NMR
crystallography. It combines information from analytical and
computational techniques like powder XRD, crystal structure
prediction, density functional theory (DFT), and solid-state
NMR (ssNMR) to solve or most commonly refine crystal
structures of small molecules.1

Within this context, most NMR experiments aim at assigning
spectral resonances and comparing them to chemical shifts
obtained from DFT computations with the gauge invariant
projector augmented wave (GIPAW) method.2 This practice is
used to validate a proposed structure or to choose from a set of
trial crystal structures the most likely one.3 In particular, 1H
chemical shifts have been shown to be very sensitive to crystal
packing and thus a good measure for this method.4,5

For this reason, but as well because of the much better
sensitivity of proton spins compared to 13C and 15N (sensitivity

relative to 1H: 1.76 × 10−4 and 3.85 × 10−6, respectively, taking
into account their natural istotopic abundance, NA),6 typical
two-dimensional (2D) NMR experiments correlating spins in
NMR crystallography display at least one 1H spectral
dimension.7 13C−13C or 13C−15N correlations are usually out
of reach due to the low NA of these spin pairs compared to an
isotopically enriched sample (∼0.01% and ∼0.004%, respec-
tively). Hence, the broad applicability of NMR crystallography
is limited by poor proton spectral resolution, even though
significant progress has been made on this front over the last
few decades.8,9

Consequently, a de novo resonance assignment is not
straightforward especially when spectral ambiguities occur,
caused, for example, by peak splitting due to polymorphism or
crystallographic asymmetry.10 In particular, the inability to
assign 13C and 15N resonances also affects the proton
assignment, which is mostly done from H-X correlation spectra.
In such instances, tentative assignments, mostly relying on
comparisons with DFT results, become necessary. This
constitutes a potential source of uncertainties and errors.10

In the present work, we show that this limitation can be
overcome and report the first complete de novo 13C and 15N
chemical shift assignment of a NA sample with two molecules
in the asymmetric crystallographic unit cell. This approach is
exclusively based on NMR experimental data, notably involving
the first NA 15N−13C correlation spectrum. Owing to the high
spectral resolution, an unambiguous assignment is straightfor-
ward and does not require any previous knowledge of the
crystal structure. The incredibly low sensitivity of these
experiments is compensated by the use of magic-angle spinning
dynamic nuclear polarization (MAS-DNP), which makes them
feasible within hours. MAS-DNP relies on the use of in situ
high-frequency microwave irradiation in order to transfer large
intrinsic electron polarization to surrounding nuclei, thereby
significantly enhancing their NMR sensitivity.11,12 It has
recently been shown that MAS-DNP can be used to record
13C−13C correlation spectra at NA in short experimental times
(20 min to a few hours).13−18
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This resonance assignment for NMR crystallography using
MAS-DNP is demonstrated on 2′-deoxy-3′,5′-dipropanoylgua-
nosine (dG(C3)2, Figure 1a), a derivative of the DNA base

deoxyguanosine.19 Mediated by hydrogen bonding, it self-
assembles into a ribbon-like structure in the solid state.20 It is a
representative of the large family of self-assembled guanosine-
based architectures, with possible applications in fields ranging
from medicinal chemistry to nanotechnology.21−23 Solid
guanine-based architectures for instance could be used to
fabricate molecular electronic devices like photodetectors and
light-harvesting systems.22−24 Previous ssNMR studies of
dG(C3)2 and related compounds were able to reveal different
hydrogen bonding arrangements, which allows to distinguish
quartet- and ribbon-like self-assembly.25,26 However, a full
resonance assignment of dG(C3)2 so far had to rely on GIPAW
chemical shift calculations based on the known crystal structure,
since separate assignment of the two molecules in the
asymmetric unit cell was not possible from NMR alone.26

For DNP experiments, dG(C3)2 (30 mg) was impregnated
with a 10 mM solution (30 μL) of the biradical AMUPol27 in
D8-glycerol/D2O (60:40 v/v). The sample had a pasty
consistency, did not contain excess liquid, and was fully packed
into a 3.2 mm thin-wall zirconia rotor. All DNP experiments
were performed on a 9.4 T Bruker AVANCE III wide-bore
NMR system equipped with a 263 GHz gyrotron, a
transmission line, and a low-temperature (∼100 K) triple-
resonance 3.2 mm MAS probe. All spectra were recorded after
an initial cross-polarization (CP) step from DNP-enhanced
proton spins at an MAS frequency of 12.5 kHz and with a
recycle delay of 2.6 s, unless otherwise stated. The sample

temperature was ∼105 K. Further experimental details are
specified in figure captions and Supporting Information (SI).
DNP-enhanced 13C and 15N CPMAS spectra of dG(C3)2 are

shown in Figure 1b,c. The DNP signal enhancement (1Hεon/off)
is 11, and an absolute sensitivity ratio (ASR)13 of >10 was
measured, which translates into a time saving factor of at least
100 compared to conventional ssNMR experiments (using a
4 mm rotor at room temperature, RT). The CPMAS spectra at
105 K are consistent with, and of similar resolution, to spectra
recorded at RT (see SI), with only minor resonance shifts
(<2 ppm) and broader CH3 contributions occurring. The
spectra shown here are very similar to published spectra,25,26

with our sample presenting the expected ribbon-like structure.
Worth noticing are also the remarkably narrow 13C and 15N line
widths at 105 K (60−70 Hz for 13C and ∼40 Hz for 15N
resonances). This is an indicator of a rigid self-assembled
structure, but also a result of measuring at NA, where the
carbon lines in 1D spectra are not broadened by JC−C couplings
(more than 50 Hz for aromatic carbons).
A striking feature of the CPMAS spectra is the doubling of

peaks for the majority of the resonances (differences up to
3.5 ppm for C3′ and 4.4 ppm for N7) due to the presence of
two distinct molecules (A and B) in the asymmetric unit cell of
dG(C3)2.

20 This signal splitting makes the acquisition of 2D
spectra necessary for complete resonance assignment.
As a first step for 13C resonance assignment, a through-bond

13C−13C J-refocused INADEQUATE spectrum28 was recorded
(Figure 2a). As multiple-bond J-couplings are very small, the
spectrum only shows one-bond contacts, and the unambiguous
connection of directly bonded carbon nuclei is possible. This
allows the identification of the different dG(C3)2 subunits for
the two conformers, i.e., deoxyribose, the two propanoyl side
chains and a part of the guanine base (C4−C6). For
deoxyribose, signals belonging to molecules A and B can be
clearly distinguished (see also Figure S4). However, a
connection to other parts of the molecule cannot be made, as
the chains of carbon atoms are interrupted by nitrogen or
oxygen atoms. Based on this spectrum alone, it is thus not
possible to assign the propanoyl and guanine resonances to
molecules A and B. In addition, the two propanoyl side chains
of one molecule cannot be distinguished.
For this purpose, a through-space 13C−13C correlation

spectrum was recorded, employing the dipolar recoupling
sequence SR26.29,30 Importantly, the observation of long
distance correlations at appropriate mixing times is facilitated
by the lack of dipolar truncation in samples with nuclei at low
isotopic abundance.13,16 Acquired with the DQ-excitation and
-reconversion mixing times set each to 2 ms, the spectrum
shown in Figure 2b displays both one- and two-bond
correlations and allows to complete the 13C assignment. As
highlighted in the spectrum, the two propanoyl side chains can
be distinguished, and the corresponding resonances assigned
through the C7′-C5′ and C11′-C3′ correlations. In addition,
the C1′-C4 and C1′-C8 correlations allow for the unambiguous
assignment of the split guanine resonances C4 and C8 to
molecules A and B. The latter will be confirmed by a 15N−13C
double CP-based heteronuclear correlation experiment (DCP-
HETCOR) discussed below. The two 13C−13C correlation
spectra of Figure 2 thus permit the complete assignment of all
13C resonances of both conformers.
For the assignment of nitrogen resonances, a 15N−13C DCP-

HETCOR spectrum of dG(C3)2 was recorded (Figure 3). To
the best of our knowledge, this is the first time such an

Figure 1. Chemical structure of dG(C3)2 (a) and
13C (b) and 15N (c)

CPMAS spectra. Asterisks (*) indicate glycerol and silicon grease
(from sample synthesis and preparation).
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experiment has been achieved at NA in ssNMR. The 15N−13C
CP contact time (7 ms) was chosen such that only one-bond
transfers can occur. Despite the very low NA of both nuclei, we
demonstrate here the feasibility of a 15N−13C correlation
spectrum with good signal-to-noise ratio in reasonable
experimental time (cf. ∼ 25 h instead of >100 days without
MAS-DNP). The spectrum clearly shows all expected one-bond
correlations. This allows the straightforward assignment of all
nitrogen resonances for both conformers, when combined with
only the partial 13C chemical-shift assignment obtained from
the J-refocused INADEQUATE spectrum. Indeed, since N9 is
linked to C1′, which shows a clear splitting for molecules A and
B, the assignment of nitrogen resonances for A and B is

possible. This additionally allows to assign the split C4 and C8
resonances.
Our complete de novo assignment of both dG(C3)2

conformers is globally in agreement with previously published
GIPAW based results.26 However, one important discrepancy is
found concerning the C7′ and C11′ resonances of the C3 side
chains. Correlation peaks between these carbonyl and the
deoxyribose resonances (C7′-C5′ and C11′-C3′) in the SR26
spectrum clearly show that the carbonyl signals at lower field
belong to C7′ and those at higher field to C11′, which
contradicts the computational results used for assignment in ref
26. This carbonyl assignment can also be rationalized on the
base of the dG(C3)2 crystal structure: the C7′ carbonyl group
is involved in a hydrogen bond with the NH2 group of an
adjacent molecule (see Figure S4), which could explain the
downfield shift of the C7′ resonances with respect to the C11′
signal. Moreover, this hydrogen bond seems to present a
slightly different length for the two conformations A and B,
namely 3.0 and 3.1 Å (O−N distance). This allows the tentative
assignment of molecules A and B to the two different
conformations in the X-ray structure, with B being the one
with the C7′ signal at lower field. This again is fully compatible
with the GIPAW based assignment (with the aforementioned
exception).
To summarize, we have presented the first complete de novo

13C and 15N resonance assignment of ribbon-like self-assembled
dG(C3)2 at NA obtained using DNP-enhanced ssNMR
spectroscopy. The assignment was accomplished on the basis
of three 2D experiments: a through-bond J-refocused
INADEQUATE displaying one-bond 13C−13C connections, a
through-space homonuclear correlation spectrum based on
SR26 dipolar recoupling showing additional longer distance
13C−13C correlations, and finally a 15N−13C DCP-HETCOR

Figure 2. (a) 13C−13C J-refocused INADEQUATE spectrum28 of
dG(C3)2. The spectrum was recorded in ∼18 h. The 13C CPMAS
spectrum is shown above for illustrative purposes. (b) 13C−13C DQ-
SQ correlation spectrum obtained with the dipolar recoupling
sequence SR2629,30 at 8 kHz MAS frequency. Two spectra were co-
added, each taken in ∼7 h.

Figure 3. 15N−13C DCP-HETCOR spectrum of dG(C3)2.
15N−13C

polarization transfer was achieved by adiabatic transfer (APHH-CP)31

with a contact time of 7 ms. The spectrum was recorded in ∼25 h. The
spectral width in the indirect dimension was optimized such that N7
and NH2 resonances are folded on the respective opposite side of the
spectrum. 13C and 15N CPMAS spectra are shown above and left for
illustrative purposes, respectively. Cross sections are shown below the
spectrum, taken at the positions indicated by arrows.
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for assigning the 15N resonances. Notably, we were able to
separately assign the two different molecules in the asymmetric
unit cell of dG(C3)2. This had previously required GIPAW
calculations based on the known crystal structure,26 which
however did not yield the fully correct assignment, as shown
here. With the assignment of carbon and nitrogen resonances,
the assignment of 1H chemical shifts using H-X HETCOR
experiments becomes straightforward.
The ability to obtain de novo (“DFT-free”) NMR assign-

ments at NA is an essential improvement for NMR
crystallography, since it does not require prior knowledge of
the structure and circumvents potential DFT-based assignment
errors. Even more so, the feasibility of performing 13C−13C and
15N−13C 2D correlation experiments at NA is also the crucial
first step toward structure determination based on distance
measurements, following a similar strategy to the one
developed for isotopically enriched biomolecules. In this
context, the ability to work at NA also offers a distinctive
advantage, since it significantly reduces dipolar truncation
effects, paving the way to long distance measurements.13,16,18

Notably, the inclusion of 15N will prove particularly useful for
investigating structurally essential interactions like hydrogen
bonding. With this work, we provide the basis on which these
challenging investigations will be conducted.
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