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Abstract: The nuclear Overhauser effect (NOE) is a powerful tool in molecular
structure elucidation, combining the subtle chemical shift of NMR and three-dimensional
information independent of chemical connectivity. Its usage for intermolecular studies,
however, is fundamentally limited by an unspecific long-ranged interaction behavior. This
joint experimental and computational work shows that proper selection of interacting iso-
topes can overcome these limitations: Isotopes with strongly differing gyromagnetic ratios
give rise to short-ranged intermolecular NOEs. In this light, existing NOE experiments
need to be re-evaluated and future ones can be designed accordingly. Thus, a new chapter

on intermolecular structure elucidation is opened.



Ionic liquids (ILs) continuously attract interest in their applications and the still
open issues on their fundamental knowledge.! One of their most fascinating aspects
is the so-called ”nanostructural organization” of polar and apolar domains,?? whose
formation, nevertheless, does not lead to phase inhomogeneities or phase separation. Such
a paradigmatic feature points out that for ILs and, more generally for ”soft matter”, the
nanoscopic size of the intermolecular structures cannot be observed optically. Instead,
they need to be probed by electromagnetic radiation providing indirect information on
molecular structure and processes. Since the interpretation of such spectral features
is often non-trivial and may lead to contradicting viewpoints, it can be augmented by
molecular dynamics (MD) simulations which serve as a mathematical microscope into
the atomistic world.46

The tremendous synergy of spectroscopic methods and MD simulations is the charm-
ing toolkit for understanding interactions in liquid media leading to a particular structure
and corresponding physico-chemical properties. In 1995, the pioneering NMR paper by
Osteryoung” first showed the potential of the nuclear Overhauser effect (NOE) as a detec-
tion tool of intermolecular contacts in liquids that opens the route to NOE-based inves-
tigations on the local structure of ILs.® The unique role of NOE in the large repertoire of
NMR techniques is related to the fact that NOE depends on spatial dipolar interactions
of nuclei rather than chemical connectivity via chemical bonds. Consequently, NOE is a
powerful tool to characterize the structure, interaction, and dynamics in liquids.?'% On
the level of molecular processes, the temporal evolution (randomization rate) of the NOE

is described by the time correlation function (TCF)

o) = <r((1))3ré>3(§cos2<e<t>> - ;)> W

with 7(¢) as the vector connecting the two interacting nuclei I and S at time ¢, and 6(¢)
is the angle swept by this vector during timespan t.

The intramolecular NOE has become a standard technique in molecular structure
elucidation. The distance of the interacting nuclei 7 is constant except for molecular
vibrations and segmental motion and depends only on molecular rotation. This yields a
strict 1/r% distance dependence that ensures a meaningful NOE can only occur up to 4-5
A 1Y This well-known distance dependence mediated by dipole-coupling can be under-
stood from eq. 1. The situation changes for intermolecular NOEs, where the interacting

spins are not located on the same molecule: 12

e A reference spin interacts with many surrounding spins. Instead of one internu-
clear distance, there is a distribution of distances, known as the radial distribution
function (RDF). We are primarily interested in the contact shell surrounding a ref-
erence molecule. The molecules beyond form the bulk (Fig. S1). The number of

partner spins increases by an order of r? with increasing distance.



e The greater the distance between two interacting spins, the more time the spin-
joining vector needs to randomize its length and orientation. The randomization

time also increases by order of 72 (Fig. S2).
e Summing up over all spherical distance shells r adds an order of r.

Thus in the extreme case, using model theory Halle predicted a long-ranged intermolec-
ular NOE decaying by an order of 1/r.'2 MD simulations expanding on those mod-
els showed a somewhat more beneficial but still long-ranged behavior between 1/r and
1/73.13 Structural short-ranged information is present in intermolecular NOEs too, but
buried by unspecific magnetization transfers between the reference molecule and a mul-
titude of distant bulk molecules. 4

The lower the frequency of the spectral density function (SDF) J(v), the more long-
ranged the NOE becomes. As pointed out by Weingértner and co-workers in their seminal
paper, the interaction range depends on the spectrometer frequency.'®

The approach proposed by Castiglione et al. in ref. 16 and treated in this work seeks
to select general cases in which the short-distance based interpretation on NOE still holds
but, at the same time, does not contradict the general theory of intermolecular cross-
relaxation. The cross-relaxation rate o, is a linear combination of the high-frequency part
J(vr + vg) and the low-frequency part J(|v;y — vg|) of the SDF. Indeed, the long-ranged
contributions of J(v — 0) can be made negligible by selecting isotopes maximizing the
frequency difference |v; —vg| = (v —7vs) - V.

In this instance, we propose that the heteronuclear NOE of 'H (yg = 42.577 MHz
T1) and "Li (y7; = 16.546 MHz T~!) is of a shorter range than the one between *H and
YF (yp = 40.078 MHz T~!). This theory was tested by O’Dell and co-workers using a
combination of MD simulations and quantitative HOESY analysis.!”® The elegant - yet
not straightforward - fit of suitably normalized HOESY build-up curves with a modified
expression including both the longitudinal relaxation times and diffusion coefficients al-
lows for the precise calculation of absolute intermolecular cross-relaxation rates and their
comparative use between different ionic liquids, concentrations or temperatures. 19-20

The following calculations are based on a 500 MHz 'H-NMR spectrometer (c.f.
Eq. (S3) of the ESI):

e In the homonuclear extreme case, J(2v) and J(0) contribute, e.g. 2v =1000 MHz
for 'H. The high-frequency part is short-ranged but the low-frequency part is long-
ranged, as can be seen in the top panel of Fig. 1, rendering the 'H-'H NOEs

long-ranged.

e The same is true for 'H-'F NOEs. The gyromagnetic ratios are similar (v; +
vsg =970 MHz and |v; —vg| =30 MHz) resulting in similar problems as the homonu-

clear case.

e For 'H-"Li NMR, the gyromagnetic ratios differ significantly, hence both terms at
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Figure 1: SDF J(v) of the H8-HS8 (top), H8-F (middle) and H8-Li (bottom) spin pairs,
resolved into cumulative contributions. The lower the frequency, the more long-ranged
the J(v) becomes. Explicitly marked frequencies: Spectrometer (black), high-frequency

contribution J(vr +vg) (blue), low-frequency contribution J(v; —vg) (red, beyond range
for 1H-1H)

vi+vs =694 MHz and |v; —vg| =306 MHz draw from a similar part of the SDF and

avoid the low-frequency part, prospecting a more beneficial short-ranged behavior.

The less similar the gyromagnetic ratios, the higher the low-frequency |v; — vg|, avoiding
the long-ranged low-frequency SDF limit J(v — 0).

In this proof-of-concept study, we perform semi-quantitative experimental NOE mea-
surements of the ionic liquid/salt solution 0.9 1-ethyl-3-methylimidazolium [CoMIm] - 0.1
Li - 1.0 triflate [OTf] (Scheme 1). The simple fit of the HOESY build-up curves with the

fundamental expression derived by Solomon equations 12!

gives relative cross-relaxation
rates, with no need for elaborate normalization or fitting procedures. Still, we demon-
strate that these relative values do reflect the heteronuclear proximity when interpreted
bearing in mind the isotope dependency of short- and long-range contributions. This joint
theoretical and experimental validation represents then a first step for some ”nutsé&bolts”
guidelines for the interpretation of intemolecular NOEs for non NMR-specialists, thus it

is of broad interest for the wider chemist community.
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Scheme 1: Chemical structure of the IL/salt mixture.

Our interpretations of the experimental NOEs are supported by an MD simulation.
In contrast to preceding works, we modelled the molecules as both fully atomistic and
polarizable. Non-polarizable ILs exhibit exaggerated directed electrostatic interactions.
In actuality, electronic charge distributions are flexible upon molecular contact and thus

ILs are less viscous, 22

necessitating polarizable force fields to allow for realistic pair diffu-
sion dynamics important to the NOE. Furthermore, we calculate the NOE directly from
the trajectory instead of using models such as hard-sphere free diffusion,?® spin eccen-
tricity 2 or the mono-exponential Bloembergen-Purcell-Pound equation,?® thus avoiding
their intrinsic model assumptions.

We found cross-peaks of all CoMIm™ protons interacting with the CF3 group of OTf~
(Fig. S3a) and Lit (Fig. S3b). The individual signal intensities are proportional to the
magnitude of the given cross-relaxation and hint about the intensity of the mutual inter-
action. Fig. 2 (top row) presents the NOEs of the neat IL [CoMIm|[OTf] and solution
0.9[C2MIm]-0.1Li-1.0[OTf]. Some considerations can be drawn about the trends in ex-

perimental NOE values:

e The short-ranged 'H-"Li HOESY reflects specific Li-cation interactions. Li prefer-
entially interacts with N-CHjs (H8) and roughly equivalently with all other proton
sites. The alkyl chain of imidazolium-based ILs is known to form hydrophobic do-
mains, excluding charged functional groups.'?26 This can be seen in the 'H-"Li
RDFs of the MD simulation as well (Fig. S1): The H8-Li atom pair forms a higher
peak at a short distance (= 3-4A) than either H6-Li and H7-Li.

o 'H-'9F HOESY contains considerable contributions from the bulk. The most in-
tense correlations of the anion are with the alkyl protons.Yet this behavior is neither
chemically intuitive nor justified by the RDFs (Fig. S1). The H-F NOEs are con-
taminated with unspecific long-ranged contributions and thus arbitrarily unreliable.
In this respect, we observe that there is no considerable variation between the neat

and Li-loaded samples.

For a semi-quantitative analysis of HOESY cross-peaks, integrated volumes were cor-

rected by a factor Ny Ns/(N; + Ng), with N; the number of 'H and Ng the number

of ¥F or "Li nuclei contributing to the observed NOE signal. 16:27-32

The corresponding
corrected and normalized NOE build-up curves obtained from 29 'H-'F and 23 'H-"Li

spectra, at increasing mixing time, are displayed in Fig. 3a and S4. As expected, from
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Figure 2: Top: Experimental (upper row) and computational (bottom row) CoMIm™-F
and CoMIm*-Li NOEs for the neat IL [CoMIm][OTf] and its mixture with [Li][OTf],
normalized to the most intense NOE signal per molecule. Experimental parameters:
T =298K, mixing times were 900 ms (CoMIm™*-F) and 1200 ms (CoMIm™-Li).

Bottom: Comparison of experimental and simulated NOEs.

20 ms to 700-900 ms, a linear increase is observed in 'H-'9F build-up curves, then a
maximum is reached, and an exponential decay is observed afterward. Similar behavior
is seen in 'H-"Li HOESY, with the maximum shifted to 1.2 s.

All curves were fitted using an exponential function derived from the fundamental

11,21

Solomon equations, using R (total longitudinal relaxation rate constant) and org as

fit-able parameters:
1
NOE = §Exp [(R — U[S)T} (1 — Exp[—2075 T]> (2)

Fig. 3b displays the cross relaxations ors obtained by fitting. Findings are in agree-
ment with NOEs for both 'H-9F and 'H-"Li interactions. As a result of the correction,
the difference in intensity between the interactions at the different sites is reduced. For
instance, looking at the 'H-19F cross relaxations, those with the alkyl protons are still
dominating, but the differences with the imidazolium protons are less significant. Sim-
ilarly, the 'H-"Li cross-relaxation at N-CHjs site has the highest value but less marked

difference to the other protons.
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Figure 3: (a) 'H-'F HOESY build-up curves for the mixture 0.9[CoMIm]-0.1 Li-1.0[OTf]
and corresponding fit using Eq. 2. (b) Cross relaxations obtained from the fit with Eq. 2
of the corrected and normalized 'H-F and 'H-"Li NOEs observed for the neat IL and
its mixture with [Li][OT{].

The computational 'H-'""F and 'H-7Li NOEs are shown Fig. 2 (second row). We find
a reasonably good match between experimental and simulated NOEs (Fig. 2, bottom).
The most significant observed difference is in the 'H-"Li NOE of the imidazolium H4
and H5 protons in the mixture and the 'H-'F NOE of the CH, protons in the neat
IL. Since the overall trend of NOEs is faithfully reproduced, these four diverging values
out of 33 spin pairs are not systematic and are likely local artifacts. The polarizabilities
used in this work are more or less a function of the hybridization and the number of
attached protons but take less into account the immediate chemical environment. Nev-
ertheless, the emerging induced dipoles of these carbons based on these polarizabilities
react individually to their local environment. Of course, an exact quantum-mechanical

determination of the polarizabilities is also possible33:34

and leads to slight variations
in the respective carbon polarizabilities and hence slightly different induced dipoles but
using new polarizabilities would require a complete reparametrization of the polarizable
force field. The one applied in this work, however, has already proven to reproduce
experimental NMR results. 3°

The reasonable agreement with the experimental values validates the accuracy of the
MD simulation, thus the computational NOE calculations can be used to decompose
observable sum spectra into different components. We dissect o7, (v) into contributions

from spin pairs at different distances

or(v) = or(r,v) (3)
=0

<

Figs. 4(top) and S5 display the convergence to the experimentally observable o (v).
The 'H-""F contributions converge at larger distances than 'H-"Li contributions,

meaning the latter are barely affected by spin interactions with the bulk. In addition,
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Figure 4: Cumulative contributions of shell-resolved cross-relaxation rates o (r, v) of the
H8-F spin pairs (left) and the H8-Li spin pairs (right). o converges faster for 'H-"Li
spin pairs than 'H-'F spin pairs.

Bottom: Interaction range of the H-F spin pairs (red) and the H-Li spin pairs (blue),
represented by the exponent of the decay law 1/r"

the frequency-dependence of the 'H-'"F spin pairs is more pronounced: The spacing
between the curve bundles varies from wide (low v, long-ranged) to small (high v, short-
ranged). In order to quantify the changed range dependence, we fitted the spatially
resolved or(r,v) to a 1/r™ law, shown in Fig. 4(bottom). The H-Li spin pairs show a
relatively consistent short-ranged 1/r% distance dependence. The range of H-F spin-pairs
is long and additionally depends on the spectrometer frequency.

In summary, this contribution follows up the 2013 milestone paper by Gabl, Stein-
hauser and Weingértner, who introduced the fundamental concept that the structural
information from intermolecular NOE is severely affected by the Larmor frequency of
the interacting nuclei: ”Frequency does matter”, !5 strongly discouraging the usage of in-
termolecular NOEs for structure determination in the chemist’s community. Their work
studied a 'H-'F NOE.

Here we demonstrate how gyromagnetic ratios of interacting nuclei determine the
intermolecular NOE range. The larger their difference, the larger the Larmor frequency
difference |v; — vg| becomes, avoiding the long-ranged low-frequency limit. We studied
the IL electrolyte 0.9[CoMIm]- 0.1 Li-1.0[OTf] as a prototypical example with at least

two remarkable outcomes:



e The good agreement between HOESY measurements and calculations validates the

correctness of the computational results.

e Computational signal decomposition confirms that the 'H-'F signal contains sig-
nificant interactions with the bulk. In contrast, the 'H-"Li signal converges at small

distances and is thus specific.

Our work provides experimentalists with a clear cut interpretation tool for the structural
use of intermolecular NOE: Proper selection of isotopes with differing gyromagnetic ratios
overcomes the fundamental long-ranged limitation of intermolecular NOEs and provides

intermolecular structural information.
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Intermolecular NOEs contain a considerable amount of unspecific long-ranged contri-
butions, rendering them arbitrarily unreliable to study structure. This joint experimental
and computational study shows that heteronuclear NOEs with strongly differing gyro-
magnetic ratios are not contaminated with bulk interactions and hence are usable for

structure elucidation.
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