i+l

NRC Publications Archive
Archives des publications du CNRC

Ultra-wideline 14N NMR spectroscopy as a probe of molecular
dynamics
O’Dell, Luke A.; Ratcliffe, Christopher I.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1039/c0cc01902j
Chemical Communications, 46, 36, pp. 6774-6776, 2010-09-28

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=5930d098-f6ed-436b-95e7-e7326260d4fe

https://publications-cnrc.canada.ca/fra/voir/objet/?id=5930d098-f6ed-436b-95e7-e7326260d4fe

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



Downloaded by CISTI Archive Access on 31 March 2011
Published on 23 August 2010 on http://pubs.rsc.org | doi:10.1039/COCC01902]

COMMUNICATION

View Online

www.rsc.org/chemcomm | ChemComm

Ultra-wideline "*N NMR spectroscopy as a probe of molecular

dynamics¥

Luke A. O’Dell* and Christopher 1. Ratcliffe

Received 15th June 2010, Accepted 29th July 2010
DOI: 10.1039/c0cc01902j

We show that ultra-wideline solid-state "*N NMR can be used as
a quantitative probe of molecular dynamics. Jump rates for the
molecular flipping mechanism in crystalline urea are determined
at various temperatures and are shown to be in good agreement
with other NMR techniques.

Solid-state nuclear magnetic resonance is a powerful technique
for studying molecular dynamics over a wide range of
timescales.! In particular, ?H NMR is commonly used for
quantifying motional correlation times as well as identifying
dynamic mechanisms. Deuterium is well suited to this task due
to its integer spin number (/ = 1) and the dominance of the
first-order quadrupolar interaction (QI), which causes
anisotropically-broadened powder lineshapes. The QI is a
coupling of the nuclear electric quadrupole moment with the
surrounding electric field gradient (EFG), and its magnitude is
denoted by the quadrupolar coupling constant Cq, measured
in Hz. The shape of the static ’H NMR powder pattern is
sensitive to any dynamics which modulate the EFG on a
timescale similar to 1/Cq. The common strategy for measuring
such dynamics is to use a spin echo experiment to record the
powder pattern and then to fit the lineshape to simulations
generated using particular correlation times and dynamic
models.? Such experiments can access timescales of ca. 107*
to 1072 s, a range that can be extended by several orders of
magnitude in both directions using magic angle spinning,’
the QCPMG* acquisition protocol,” or both. Much faster
correlation times can also be studied via an analysis of
partially relaxed lineshapes obtained using inversion recovery
experiments.® 2H NMR continues to be used to examine a
diverse range of materials, and more recently efforts have
shifted to extending the same principles to study dynamics
using half-integer quadrupolar nuclei.” While the importance
of such nuclei is not in doubt, there remains one very
significant spin-1 nucleus that, for various reasons, has gone
relatively overlooked.

Like ?H, '*N is a spin-1 nucleus in which the first-order QI
dominates the NMR spectra in the solid state. It has a very
high natural abundance (99.6%), but unfortunately also has a
much larger quadrupole moment than 2H, which means that
YN powder patterns are broadened over much wider
frequency ranges (commonly many MHz) and have traditionally
been considered as being beyond the detection limits of
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1 Electronic supplementary information (ESI) available: Symmetry of
the urea '*N powder pattern, plotted experimental uncertainties. See
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solid-state NMR. To exacerbate matters, the small gyromagnetic
ratio of "N also results in a relatively low inherent signal
strength. For these reasons, this nucleus is considered as one of
the most challenging in solid-state NMR. In this communication,
we show that these disadvantages can be overcome using a
combination of a high magnetic field strength (21.1 T) and
state-of-the-art ultra-wideline NMR methods. Such methods
have recently been demonstrated to allow the acquisition of
1N spectra from samples with Cgs of ca. 1 MHz at 9.4 T in
relatively short experimental times compared with other
techniques.® Herein, we demonstrate that much larger Cos
can be studied at a higher field and that, much like *H spectra,
ultra-wideline N lineshapes are sensitive to molecular
dynamics and can provide both qualitative and quantitative
information on motional processes occurring over a range of
timescales.

The WURST-QCPMG pulse sequence’ combines the
broadband excitation capabilities of frequency-swept WURST
pulses'® with the dramatic signal enhancement available from
the QCPMG protocol,* and is currently the most efficient
method available for recording ultra-wideline NMR spectra
from quadrupolar nuclei.®® The QCPMG protocol involves
an excitation pulse followed by a repeating loop containing a
refocusing pulse and an acquisition period, and is used to
acquire a train of spin echoes, thus sampling the NMR signal
over the full timescale of the transverse relaxation (a process
characterized by the spin—spin relaxation time 75). This pulse
sequence was used to record the "N spectrum from a deuterated,
crystalline sample of urea (Aldrich). A deuterated sample was
not essential for this work, but was chosen to eliminate
"“N-"H dipolar couplings and thus maximize 5.

The dominance of the first-order quadrupolar interaction
on this spectrum results in a lineshape that is essentially
symmetric, thus only one half of the spectrum was acquired
and the remaining half was reconstructed by reflection
(this strategy is justified in more detail in the ESIY). This
half-spectrum was acquired in 11 separate pieces (400 scans
per piece), spaced 300 kHz apart. 50 us WURST pulses were
used with a 1 MHz sweep range and a recycle delay of 5 s (total
experiment time of ca. 6 hours). Other experimental details can
be found elsewhere.®!' The resultant spectrum is shown in
Fig. 1a. The majority of the spectrum corresponds to a single
nitrogen site (the two sites in the molecule are equivalent in the
crystal structure)'? with Cqo = 3.47 MHz and asymmetry
parameter g = 0.31. These parameters are in reasonably
good agreement with values predicted using the CASTEP
software'? (Cq = —3.86 MHz and 5o, = 0.28, details of these
simulations can also be found elsewhere).!! This is by far the
widest '*N NMR spectrum reported to date. The CASTEP
calculations also allowed a determination of the EFG tensor
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Fig. 1 (a) *N WURST-QCPMG NMR spectrum obtained from
urea-d4 at 21.1 T (for clarity, individual spin echoes were summed
prior to Fourier transformation so that the spectrum has a standard,
rather than spikelet, appearance), (b) simulations of a two-pulse echo
experiment with inter-pulse delays given in ps and molecular flipping
atajump rate of k = 7 x 10%s™!, and (c) simulations with a fixed echo
delay of 127 ps and jump rates as shown (log k). Simulations are
shown with normalized heights.

orientation; the largest principal component V33 is perpendicular
to the plane of the molecule, and V5, is aligned close to the
N-C bond. The sharp features at the outermost edges of
the "*N spectrum can only be accounted for by considering
the dynamics present in this system.

Urea molecules in the crystal structure exhibit both a
flipping of the NH, groups around the N-C bonds, and
flipping of the whole molecule about the carbonyl bond.'*
The former motion has a relatively high onset temperature
(ca. 110 °C), and would not be expected to have any direct
influence on the "*N spectrum since it leaves the EFG tensor
unchanged. Thus, this mode is not further considered. The
flipping of the full molecule, however, is known to occur at
ambient temperature and has been previously characterized by
several techniques including NMR.'® Such a flipping process
will alter the nitrogen EFG tensor orientation (relative to the
magnetic field By) in a way that will differ for each molecular
orientation in the powder. The '*N spins for each orientation
will thus experience a unique modulation of the QI, and since
this interaction is the dominant relaxation mechanism in this
system, 75 will vary across the powder pattern.

The net result of this process on the NMR spectrum can be
seen in the simulations in Fig. 1b and c, which were made
using the EXPRESS software.'® Rather than simulate the full
WURST-QCPMG experiment, which would be highly
computationally demanding due to the phase-modulated
pulses, the length of the acquisition period and the large
number of crystal orientations over which the simulations
must be averaged, a much simpler two-pulse quadrupolar
echo sequence was used. Fig. 1b shows spectra resulting from
an increasing inter-pulse delay, and it is clear that the outer-
most edges of the spectrum exhibit the longest 75, thus causing
the sharp features observed in the experimental spectrum.

This is easily understood; these regions correspond to orientations
where By is perpendicular to the plane of the molecule, thus
the flipping process causes no change in the orientation of the
EFG tensor relative to By and the effects of the dynamics are
essentially absent for these particular nuclei. Fig. 1c shows that
the '*N NMR spectrum of urea is potentially sensitive to this
motion for a range of jump rates over six orders of magnitude,
and the use of the QCPMG protocol will further extend this
range. In the slow motion limit (¢ < 10* s7"), the spectrum
resembles a regular powder pattern corresponding to the EFG
parameters given above. In the fast limit (¢ > 100 s7'),
the spectrum corresponds to an average of the two EFG
orientations. The Cq (or the total width of the pattern) is
unchanged because V33 is perpendicular to the flip axis, but g
is reduced to ca. 0.14 by an averaging of the two orientations
of V22 and V]].

In order to extract an accurate measurement of the jump
rate k for the flipping motion, the WURST-QCPMG spectrum
in Fig. la cannot simply be fitted to a simulation of a single
echo experiment because the QCPMG protocol records many
spin echoes over a wide range of time, and thus effectively
represents a weighted average of many different inter-pulse
delays. We therefore extracted certain individual echoes from
the experimental echo trains and Fourier transformed them
individually. These “pseudo echo spectra” were then compared
with EXPRESS simulations made using the two-pulse echo
sequence with corresponding inter-pulse delays (Fig. 2). This
approach should provide a more accurate way of extracting
jump rates since the simulated dynamic model can be verified
to match the experimental spectrum over a wide range of
timescales, rather than just fitting the “average” QCPMG
spectrum. Such spectra and simulations, recorded at 19, 10
and 0 °C, are shown in Fig. 2, and the jump rates determined
are given in the figure caption. Since this approach requires a
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Fig. 2 "N WURST-QCPMG spectra recorded at the low-frequency
edge of the urea-d4 pattern at (a) 19, (b) 10 and (c) 0 °C. The top
spectra show the Fourier transform of the full QCPMG echo train
(in spikelet form), while transforms of individual echoes are shown
underneath with EXPRESS simulations (in red) corresponding to two-
pulse echo experiments with inter-pulse delays shown. Jump rates used
in the simulations are (a) 7.0 (£ 0.5) x 10%, (b) 1.8 (& 0.2) x 10 and
(c) 8.0 (£ 0.1) x 10> s". Uncertainties were estimated visually via the
quality of fit.
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Fig. 3 A plot of the jump rates k (s') determined for the flipping of the
urea molecule by various NMR methods,'” including that reported herein.
Error bars are shown in Fig. S2 (ESIt) for the "N and CODEX points.

reasonable signal to noise ratio for each echo, these experiments
were run for ca. 12 hours each. Importantly, since the height
and ‘‘tailing off”” of the sharp feature at the extremity of the
powder pattern is the most sensitive region of the spectrum to
these dynamics (at least for slower jump rates), only the
experimental piece acquired at this point was considered, thus
it was not necessary to acquire the full spectrum in each case.

The measured jump rates are plotted in Fig. 3, alongside
values determined using other NMR techniques.'> Our values
agree reasonably well with the other methods. An Arrhenius fit
of the three "N data points alone yields an activation energy
for the flipping motion of Ex = 75 4+ 15 kJ mol~', which,
given the fact that only three data points were used, is in good
agreement with the more recent values found in the literature
(ca. 65 kI mol~")."*> More accurate and precise jump rates could
potentially be determined via a fit of the full powder patterns,
though this would obviously require a significantly increased
experimental time. Measurement of jump rates at temperatures
higher than 19 °C should be possible in principle, but were not
attempted in this instance because of anticipated signal loss due
to rapidly decreasing 7, values as the motional rate enters the
intermediate regime (such signal loss is well-known to occur in
this regime for spin echo based experiments).

The above work demonstrates the potential of ultra-
wideline "*N NMR lineshapes for extracting motional correlation
times as a direct analogy of more commonly used *H echo or
QCPMG experiments. "N NMR has only been used in this
way once before, on choline salts which have extremely small
"N Cq values (<70 kHz), thus allowing the full "N NMR
spectrum to be recorded using a conventional spin echo
experiment.'” This was an extremely rare and limiting case,
with the vast majority of nitrogen sites exhibiting Cq values in
excess of 1 MHz. We have shown that dynamics in samples
with very large '*N Cgs can still be studied using the same
principles but employing ultra-wideline techniques, and Fig. 2
shows that it is not always necessary to acquire the entire
pattern if a certain region is known to exhibit a particularly
strong 7T, anisotropy. As an easy-to-implement approach with
a long-established theoretical basis and lineshapes that are
straightforward to simulate, this technique will provide an
attractive alternative to previously reported '*N methods for
studying molecular dynamics, such as hole-burning,'® which is
limited in the qualitative information that it can provide, or

indirectly detected HMQC-type experiments,'® which are not
straightforward and are limited to systems with strong dipolar
couplings to “spy” nuclei. It is not difficult to imagine situations
where '*N NMR could provide access to dynamic processes
that cannot be probed by H. We are currently using ultra-
wideline '*N NMR to identify dynamics in systems that are
less well-characterized than urea, and further publications will
be forthcoming.

We thank Prof. Robert Vold for providing a copy of the
EXPRESS software.!® Experiments were conducted at the
National Ultrahigh Field NMR Facility for Solids (Ottawa,
Canada). Victor Terskikh and Eric Ye are thanked for
assistance with the low temperature experiments.
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