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1D and 2D NMR spectroscopy of bonding interactions within stable
and phase-separating organic electrolyte—cellulose solutions

Matthew T. Clough,® Christophe Fares*® and Roberto Rinaldi*!

Abstract: Organic electrolyte solutions (mixtures containing an ionic
liquid and a polar, molecular co-solvent) are highly versatile solvents
for cellulose. However, the underlying solvent—solvent and solvent—
solute interactions are not yet fully understood. Herein, mixtures of
the ionic liquid 1-ethyl-3-methylimidazolium acetate, the co-solvent
1,3-dimethyl-2-imidazolidinone, and cellulose are investigated using
1D and 2D NMR spectroscopy. The use of a triply-**C-labelled ionic
liquid enhances the signal-to-noise ratio for **C NMR spectroscopy,

enabling changes in bonding interactions to be accurately pinpointed.

Current observations reveal an additional degree of complexity re-
garding the distinct roles of cation, anion and co-solvent toward main-
taining cellulose solubility and phase stability. Unexpectedly, the in-
teractions between the dialkylimidazolium ring C2-H substituent and
cellulose become more pronounced at high temperatures, counter-
acted by a net weakening of acetate—cellulose interactions. Moreo-
ver, for mixtures that exhibit critical solution behaviour, phase sepa-
ration is accompanied by the apparent recombination of cation—anion
pairs.

Introduction

Cellulose is an attractive feedstock for the production of textile
fibres®™ or nanocomposite products.? However, the toxicity®® or
thermal instability of solvents associated with existing industrial
procedures indicates the pressing need for fundamental and ap-
plied research towards environmentally-benign technologies for
the production of high-performance cellulosic materials. In recent
years, organic electrolyte solutions (OESs, incorporating both an
ionic liquid, IL, and polar molecular co-solvent) have emerged as
promising and versatile solvents for cellulose, offering the simul-
taneous benefits of rapid dissolution,® low viscosity,® improved
thermal stability? and tailorable properties (e.g. reversible phase
separation®)). Favourable thermodynamics and acceptable ki-
netics are prerequisites for cellulose to dissolve in an OES. If, on
the one hand, the free energy of mixing (AmxG) remains nega-
tive despite dilution of the ions by the co-solvent,® cellulose dis-
solution may nevertheless be faster in an OES due to accelerat-
ed mass transport of the ions and their more rapid diffusion into
the microfibrils.

From a mechanistic perspective, as for pure ILs,'% it is widely
believed that the formation of strong (and directional) hydrogen
bonds between the anions and cellulose drives the process of
dissolution in an OES.[*Y Nevertheless, it is also known that the
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cation is not merely a spectator and does contribute towards en-
abling cellulose solubility (via participation in non-directional in-
teractions).l*? Although ion pairs appear to behave as if ‘loos-
ened’ in [C4C1im]CI-DMSO OESs,*!#¢23l jt has been suggested
that DMSO instead improves mass transport of the ions without
significant perturbation of the ion—ion interactions.*1414 |n spite
of these interesting preliminary data, there is still uncertainty re-
garding the precise contributions of cations and anions in pro-
moting and maintaining cellulose solubility. Moreover, previous
investigations (e.g. Molecular Dynamics) have commonly focused
on one (or only a few) compositions and temperatures. Therefore,
changes in the bonding interaction properties of the ions and co-
solvent as a function of these variables are not yet established.
A clearer understanding of the interplay between the ions and co-
solvent could aid in the choice of appropriate IL—co-solvent com-
binations for future OES—cellulose technologies, both for OES—
cellulose mixtures that exist as a stable homogenous phase, and
for those that exhibit critical solution behaviour.®!

Until now, the scientific community has broadly understood
that H-bonding interactions between IL anions and the hydroxy
substituents of cellulose act as the determining factor for
stabilisation of the polymer in an IL or OES solvent. Whilst such
bonding interactions are undoubtedly present, in this article, we
revisit to what extent ion—ion and ion—solute interactions are per-
turbed by changes in the solvent composition (dilution of ions),
cellulose loading and temperature, with the aim of better under-
standing the dynamic roles of solvent species. Considering other
biomacromolecular systems that are stabilised in solution by hy-
drogen bonds, DNA (for example) denatures concomitantly with
the loosening of hydrogen-bonding interactions between com-
plementary base pairs as the temperature is raised.® Con-
versely, cellulose solubility in IL-based systems is often retained
across a broad temperature range, and sufficiently favourable
interactions between solvent and solute are maintained.

Therefore, to gain insight into the influence of temperature
and solution composition on the specific interactions that under-
pin cellulose dissolution, as well as another phenomenon recent-
ly reported by our research group — reversible phase separation
of OES-cellulose solutions®! — we undertook 1D (*3C, *H) and 2D
(*H-*H Nuclear Overhauser Effect) NMR experiments on a series
of (binary and) ternary mixtures incorporating 1-ethyl-3-
methylimidazolium acetate ([C.C:im][OAc]), 1,3-dimethyl-2-
imidazolidinone (DMI) and cellulose. This specific combination of
IL and co-solvent was chosen in order to be able to study both
non-separating and phase-separating mixtures within a series.
This paper is divided into two sections. In the first, 1D 3C NMR
experiments were carried out for stable mixtures (no phase sep-
aration in the range 30-90 °C), employing a triply-**C-labelled IL,
to examine the influence of solvent composition, cellulose load-
ing and temperature on the interplay of (hydrogen-bonding) in-
teractions. In the second section, variable-temperature 1D and
2D (Nuclear Overhauser Effect) NMR spectroscopy were used
to probe the bonding interaction changes associated with the
phase separation boundary, for two phase-separating mixtures.



Overall, this investigation reveals an added degree of complexity
regarding the temperature and composition dependency of
cation—cellulose and anion—cellulose interactions within IL and
OES solvents.

Results and Discussion

NMR spectroscopy of bonding interactions within stable
organic electrolyte—cellulose solutions

Initially, in order to pinpoint and differentiate the specific modes
of cation and anion interaction with cellulose, three *3C markers
were positioned within the IL structure. Therefore, changes in the
chemical shift (Ad) of each marker as a result of cellulose dissolu-
tion would indicate the net change in the number or strength of
interactions (solvent—solvent interactions broken, solvent—solute
interactions formed), i.e., a net change in electron density in the
chemical environment of each **C marker. A triply-*3C-labelled
sample of [C,C,im][OAc] (denoted IL*) was synthesised (Scheme
S1 in the Supporting Information, SI). The *C NMR chemical
shifts of 3C-enriched carboxyl, imidazolium C?, and imidazolium
N-methyl substituents are hereafter denoted ‘doac’, ‘0c2’ and ‘Owe’,
respectively. These substituents were chosen purposefully so as
to compare the directional and specific interactions of the ace-
tate anion (Jdoac) versus non-directional and non-specificlt0c.10d]
interactions of the cation (Jc2, dve). Moreover, 3C atoms exhibit
sharp and well-resolved signals (compared to *H and quadrupo-
lar nuclei such as %/7Cl), thus enabling accurate monitoring of
changes in electronic environments and minimising the length of
time samples had to be exposed to temperatures approaching
the thermal stability limit.["]

Three ‘blank’ solvents (IL*~DMI) were first prepared (mixtures
i-iii, Table 1, entries i—iii, Experimental section). To determine the
influence of temperature on the chemical shifts of the blanks
(Soac, Oc2 and dve), **C NMR spectra were obtained at 10 °C in-
crements in the range 30—90 °C. Next, microcrystalline cellulose
(MCC) was added to the blank solvents (to yucc = 0.02), sam-
ples were agitated with gentle heating (<50 °C) until all cellulose
had dissolved by visual inspection, and the variable-temperature
NMR experiments were repeated (mixtures iv-vi). To mixtures iv
and v, a further aliquot of MCC was added (to yucc = 0.06) to af-
ford mixtures vii and viii, and the variable-temperature NMR ex-
periments were once again repeated. The changes in chemical
shifts solely as a result of the inclusion of MCC, Ad, were calcu-
lated by subtracting the ¢ value of the corresponding blank sol-
vent (at the same temperature) (Figs. 1 and 2; Adwe graphs are
shown in the SI, Fig. S5).

Figure 1 reveals several features. Most importantly, for all of
the investigated mixture compositions, the magnitudes of Adoac
diminished as a function of increasing temperature, suggesting a
clear weakening of acetate—cellulose (hydrogen-bonding) inter-
actions. Counteracting Adoac, magnitudes of Adc, were observed
to increase (or plateau) with increasing temperature, indicating a
likely net strengthening (or increase in number) of interactions
proximal to the imidazolium C? atom. Therefore, the data reveals
an interesting temperature-dependent synergy between cation—
cellulose and anion—cellulose interactions (Fig. 2). Magnitudes of
Adwe were typically far smaller than Adoac and Adc: at the equiva-
lent temperature and composition (Fig. S5).

For each solvent composition, addition of further MCC (from
ymce = 0.02 to 0.06) brought about an approximately proportional
increase in Ao (all **C-enriched substituents), owing to a
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Figure 1. Changes in **C NMR chemical shifts, Adoac and Adcz, as a result of
addition of microcrystalline cellulose, MCC: (upper) neat IL*; (middle) ypm/yL =
1.5; (lower) xpmilyL = 4.3. Precise mixture compositions are listed in Table 1 in
the Experimental section. These mixtures exist as a single stable phase in the
range 30-90 °C (no phase separation).
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Figure 2. Schematic representation of the proposed cooperative effect be-
tween (specific) anion—cellulose and (non-specific*°?l) cation—cellulose interac-
tions as a function of temperature for IL*(~DMI)-MCC mixtures.



proportionally greater fraction of ions interacting closely with cel-
lulose. Similarly, on the transition from IL to OES solvents (ion
dilution), the AJ values typically increased in magnitude, as a
greater proportion of ions in the bulk solvent must participate in
cellulose interactions, compared to the pure IL. Indeed, magni-
tudes of AS represent weighted average values for *C atoms
that are participating in interaction with cellulose chains against
those in the bulk liquid (non-interacting).

In summary, the current results provide evidence regarding
the temperature-dependent behaviour of the strengths of the
cation—cellulose and anion—cellulose interactions. As depicted in
Figure 2, whereby the [C,Ciim]" ions play an increasingly im-
portant role in cellulose solubility approaching temperatures rel-
evant to traditional large-scale (e.g. electrospinning) applications
(= 80 °C). Interestingly, at low concentration of IL, the seemingly
independent responses of the anion (Adoac) and cation (Adcy) to
changes in temperature (e.g., mixture vi, Xom/XL = 4.3, Fig. 1)
suggests that the ion pairs behave as though loosened in these
non-phase-separating OES—cellulose mixtures.

NMR spectroscopy of bonding interactions within phase-
separating organic electrolyte—cellulose solutions

The above-described experiments (Fig. 1) were performed on
mixtures existing as a single liquid phase in the range 30-90 °C.
However, we recently demonstrated reversible phase separation
for mixtures incorporating [C,Ciim][OAc], DMI and microcrystal-
line cellulose.®! Such mixtures fall within a narrow band of com-
position, characterised by particularly low values of y,. (shown in
Fig. S4 in the SI, and in Table 1 of the Experimental section, be-
low). Above a well-defined ‘temperature of phase separation’,
Tes, the mixtures exist as a single low-viscosity phase, yet upon
cooling, they pass through a cloud point and then segregate into
distinct IL- and cellulose-enriched lower and DMI-enriched upper
layers. Considering these mixtures from a thermodynamic per-
spective, the interplay of enthalpy and entropy must ultimately
control the phase stability. If in any instance y,. falls below a cer-
tain threshold, AH can no longer satisfy the criterion AG <0 for
spontaneous dissolution of cellulose (AG = AH — TAS). However
for a mixture with a molar composition close to this boundary, if
the temperature is reduced (and TAS falls), then also AG may
become positive, and cellulose dissolution can no longer be
maintained within a single-phase system. In this circumstance,
the dissolved cellulose prefers an IL-enriched medium, with the
partial exclusion of the DMI co-solvent.

Despite demonstrating this proof-of-concept, the physical and
bonding properties underpinning phase separation have not yet
been elucidated. Therefore, we decided to explore these sys-
tems, undertaking 1D and 2D NMR experiments designed to re-
veal the changes in ion—ion, ion—co-solvent and ion—cellulose
interactions. Phase-separating mixtures were prepared via a
previous method (using unlabelled L), and experimental de-
tails are described in the SI.

Initially, a series of 1D *H NMR spectra were obtained upon
controlled cooling of a phase-separating cellulose solution from
100 to 25 °C (Fig. 3). Upon cooling below the ‘phase separation
temperature’ (Tes) of 61.8 °C, the mixture partitioned into two
phases, whereupon the phase boundary then fell within the NMR
detection window.
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A variety of resonance lines were distinguishable in the imid-
azolium C2-H region (10.2-9.6 ppm) including peak and satellite
‘1. At high temperatures, a substantial broadening of peak 1
was observed, attributable to the dynamic exchange of the labile
C2?-H with labile protons of residual water (confirmed by a nega-
tive cross-peak in the NOESY spectrum for related mixture X,
Table 1). Furthermore, as the mixture cooled approaching TPS,
a new shoulder (2) emerged (visible in the spectrum collected at
ca. 66 °C), and gradually resolved into a sharp, separate peak ‘2’
at ca. 9.7 ppm (25 °C). This observation indicates a further dy-
namic exchange effect, whereby at higher temperatures the cat-
ions transition between two states (e.g., interacting with or dis-
tant from cellulose) at a rate on the order of their chemical shift
difference (ca. 200 Hz). A reduction in temperature therefore
brings about gradual resolution into distinct peaks. The ex-
change between the two states represented by peaks 1 and 2 is
also observed as negative “exchange” cross-peaks in the NOE-
SY at 50 °C in Fig 4 (described below). The segregation of the
cation into one of two distinct chemical environments could be
the basis for the macroscopic phase separation (cf. 1D axes of
spectra in Fig. 4). Minor peaks ‘3’ and ‘4’ were observed at all
temperatures and in a control experiment of blank commercial
[C.C1im][OACc]; 3 and 4 therefore likely correspond to low con-
centrations of an impurity, possibly C* and C® ring protons of 1-
ethyl-3-methylimidazolium-2-carboxylate. [l
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Figure 3. Temperature-dependence of the downfield *H NMR spectrum (500
MHz) for phase-separating [C2C1im][OAc]-DMI-MCC mixture ix (Table 1, initial
composition . = 0.094, ypom = 0.893, ymcc = 0.013; Tes = 61.8 °C). The spec-
tra were obtained in the direction of cooling from 100 to 25 °C.

In order to more closely pinpoint changes to ion—ion and ion—
co-solvent interactions occurring upon phase separation, 2D
‘Nuclear Overhauser Effect’ (NOE) spectroscopy experiments
(interaction of *H nuclei through space!*”) were performed on a
different phase-separating [C.C1im][OAc]-DMI-MCC mixture (x
in Table 1, Tps = 50.2 °C), chosen on the basis that the quanti-
ties of upper and lower phases after phase separation were ap-
proximately equal,’® allowing the layers to be decanted easily
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Figure 4. Expanded regions of two-dimensional *H-'H NOE NMR spectra (400 MHz, DMSO-d6 inserts) for phase-separating [C2C1im][OAc]-DMI-MCC mixture x
(Table 1, initial composition y. = 0.167, xom = 0.782, ymcc = 0.051; Tes = 50.2 °C), from left to right: single phase at 70 °C; onset of phase separation at 50 °C;
isolated lower phase at 45 °C, and; isolated upper phase at 45 °C. Proposed interaction motifs ‘a’—'g’ are displayed beneath the spectra, and the inset pictures
indicate the visual appearance of the sample at the specified temperature.® The integrals of cross-peaks were calibrated against the integral of the C*H---HC®

imidazolium intra-ring signal, with fixed inter-nuclear distance (/ = 1.00).

from one another without cross-contamination. Spectra were ob-
tained at 70 °C (>>Tps), at 50 °C (=Tps), and for the decanted
layers at 45 °C (<Tps) (Fig. 4, full spectra in Fig. S6 of Sl). Dis-
tinct cross-peaks were readily identified in the imidazolium C?>-H
region of the NOE spectra (motifs a—g, Fig. 4). Semi-
quantification was achieved by calibrating against the imidazoli-
um C*H---HC? intra-ring signal of the same NOE spectrum, with
a fixed inter-nuclear distance (set as | = 1.00).

A comparison of the 70 °C and 50 °C NOE spectra indi-
cates a significant difference in the ion—ion interaction patterns.
At the cloud point (50 °C), distinct cation—cation (a, c—e) and cat-
ion—anion (b) cross-peaks were visible, involving the hydrogen-
bond-acidic imidazolium C? proton. Peaks a, ¢ and d may in-
clude an intramolecular element between the imidazolium C?-H
and N-alkyl protons. However, peaks b and e clearly indicate in-
termolecular cation—anion and cation—cation interactions, re-
spectively, suggesting that the IL ions are in close or prolonged
contact with one another at ~Tps. Signal b (| = 3.50) was signifi-
cantly more intense than signal e (/ = 1.11), indicating a clear
preference for front—front cation—anion pairs at 50 °C. By con-
trast, signal b for the 70 °C measurement is indistinct ([ = 0.28).

NOE peaks depend on close (typically <5 A) and prolonged con-
tact of protons through space. Therefore, it is possible that lower
viscosity contributes to the lack of a distinct cation—anion cross-
signal at 70 °C. Nevertheless considering the collective observa-
tions from Fig. 1 (cations and anions behave as if separated),
Fig. 3 (cation rapidly exchanges between two chemical environ-
ments >Tps) and Fig. 4 (strong or prolonged cation—anion pairing
visible at ~Tps), it is apparent that, for the [C,C,im][OAc]-DMI-
MCC mixtures, division into two phases is accompanied by re-
combination of ion pairs.®!

Examining the spectra of the separated phases at 45 °C, in
the IL-rich lower phase, ordered cross-peaks were clearly visible
between all cation ring protons and all other IL peaks (Fig. 4, Fig.
S6c¢). The integrals of signals a—d are similar, indicating that the
concentration of IL in the lower phase is sufficiently high such
that cations are in close contact with neighbouring cations. By
contrast, in the DMI-rich upper phase (Xom/XiL = 12.5F), ion—ion
bonding interactions were absent or very weak, replaced by faint
signals for contact between ions and DMI (f, g, see also Fig.
S6d). Cations and anions, therefore, appear almost wholly sepa-
rated in the IL-poor upper phase (lack of peak b).



From the 2D NMR data, we propose that cations and anions
in non-phase-separating [C.Ciim][OAc]-DMI—cellulose mixtures
behave in an effectively independent or ‘loosened’” manner, as
described in prior literature.[*114l Cooling of the phase-separating
mixture x (Fig. 4) brought about the appearance or enlargement
of cation—cation and cation—anion cross-peaks a—e. Whilst sim-
ple reduction in temperature could explain this observation (in-
crease in viscosity, reduced ion mobility), the clear preference
for front—front cation—anion pairs (peak b) at 50 °C suggests that
a genuine recombinational effect is taking place.

Conclusions

In conclusion, by using 1D and 2D NMR spectroscopy, we have
demonstrated that the cation—ion and anion—cellulose interaction
strengths for ternary mixtures of [C,C,im][OAc], DMI, and micro-
crystalline cellulose are strongly influenced by the temperature,
solvent composition and cellulose loading. The contributions of
[C.C1im]* and [OAC] to biopolymer solvation depend significantly
on the temperature, as has also been observed for dissolution of
other biomacromolecules (e.g. DNA, enzymes). Strikingly, at the
molecular and bonding level, the explanation for the lack of cel-
lulose precipitation at high temperatures (100-120 °C) appears
to be the counterbalance of cation and anion bonding interac-
tions. In fact, for both IL and OES solvents in our study, the net
bonding interactions between cations and cellulose (measured
according to the electron density change at the ring C? position)
were broadly observed to increase in strength (or number) in line
with temperature, counteracted by a net weakening of the ani-
on—cellulose interactions (not necessarily replicated by all OES—
cellulose systems). These results serve to reinforce the key role
of the IL cations in maintaining cellulose dissolution, also
highlighting the influence of composition and temperature on the
interaction capabilities of the different solvent species.

Experimental

Table 1 Compositions of the investigated mixtures i-x, distinguishing between
mixtures that do and do not exhibit thermally-triggered phase separation in the
range 30-90 °C. MCC mole fractions were calculated according to the moles of
glucopyranose residues, RFM (CsH1005) = 162.14 g mol?.

. Mixture composition Tes
Mixture
XiL Xowmi Xmcc (°C)
i 1 0
ii 0.39 0.61 0
iii 0.19 0.81
- No phase
i 0.98 0 separation in
v 039 0.59 0.02 region of 30-90 °C
vi 0.19 0.79 9 '
Vii 0.94 0
Viii 0.37 0.57 0.06
ix 0.094 0.893 0.013 61.8
X 0.167 0.782 0.051 50.2

NMR spectroscopy

All NMR spectra were recorded either on a Bruker Avance llI
500 spectrometer equipped with a 5mm BBFO+ probehead and
running Topspin 3.2, or on a Bruker Avance 400 spectrometer
equipped with a 5mm BBFO+ probehead and running Topspin
2.1. Sample temperatures were calibrated beforehand with 80%
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ethylene glycol in DMSO-ds according to the established proto-
col.l 1D *H spectra were measured with a simple pulse-acquire
experiment (“zg30”). Non-quantitative 1D 3C{*H} NMR (125.70
MHz) spectra were recorded with a standard 'H-decoupled
pulse-acquire (zgdc30) experiment using 3.3 ys 30°-pulses on
the 13C channel and a WALTZ16-decoupling pulse trains on the
IH. A 0.84 s acquisition time (65536 points), 512 transients and
a short recycling delay were used. Carbon chemical shift chang-
es are reported in ppm (Ad) after correcting the middle line of the
B3C multiplet of DMSO-ds (present in a 1-mm insert) at 39.51
ppm in all spectra. 2D-NOESY spectra were recorded with the
standard Bruker pulse sequence ‘noesygpph’ with coherence-
selecting gradients, using a 10 us 90°-pulse on the 'H channel
and mixing times varying between 0.7-1.3 s as optimised from
Ti-measurements. Matrix sizes of 2048x512 covering 11x11
ppm were acquired with 4 transients per increment and 3.5 s be-
tween transients for a total experiment time of 3 h. Processing
and integral measurements were conducted in MNova 11.0.

1D 3C NMR spectroscopy to determine A values

A sample of 2-'3C-1-ethyl-3-methylimidazolium 1-'3C-acetate
(IL*, 278 mg, 1.6 mmol) was diluted with commercial 1-ethyl-3-
methylimidazolium acetate (lolitec, >95%) (895 mg, 5.3 mmol).
The water content of the resultant (dilute) IL* was determined to
be 0.96+0.01 wt% by Karl Fischer titration. Separately, a sample
of 1,3-dimethyl-2-imidazolidinone (DMI, 5 mL) was distilled using
Kigelrohr apparatus, and the water content was determined to
be 0.51+£0.01 wt% by Karl Fischer titration. ‘Blank’ solvent mix-
tures i—iii (Table 1) were prepared by carefully weighing pre-
determined quantities of IL* and DMI into 1 mL glass vials (ad-
justing for residual water). Mixtures were subsequently trans-
ferred into NMR tubes equipped with DMSO-d6 inserts. Initially,
‘blank’ NMR spectra (*H, 500 MHz; *3C {*H}, 125 MHz) were ob-
tained for mixtures i—iii at temperatures in the range 30-90 °C
(with 10-minute intervals between measurements to allow tem-
perature equilibration). Chemical shifts dcz, Ooac and Owe in the
13C NMR spectra were determined. Subsequently, to each blank
mixture, microcrystalline cellulose (MCC, Avicel, DP = ~175)
was added up to ymcc = 0.02, affording mixtures iv—vi (Table 1).
IH and 3C NMR spectra were obtained for mixtures iv—vi (as for
i—iii), and changes in chemical shifts arising from the addition of
MCC (Adc2, Adoac and Adwe) were evaluated. Ternary mixtures
iv.and v were then treated with additional cellulose up to ymcc =
0.06, affording mixtures vii and viii, respectively (Table 1). NMR
spectra were obtained, and the Adc./Adoac/Adme values were
calculated for vii and viii, in analogy to mixtures iv—vi (described
above).

2D NOESY to investigate phase separation

A phase-separating ternary [C,C1im][OAc]-DMI-MCC mixture, X
(initial composition: y. = 0.167, yom = 0.782, ymcc = 0.051, Tps =
50.2 °C) was prepared on a 5.000 g scale, according to a prior
method.®) The mixture was warmed to 70 °C, with vigorous stir-
ring, and was maintained at this temperature until fully homoge-
nous according to visual inspection. A small aliquot (~0.5 g) of
the single-phase mixture was extracted with a pre-heated sy-
ringe/needle and was transferred to a pre-heated NMR tube with
a DMSO-ds insert, and the tube was kept in a water bath heated
to 70 °C. The sample was transferred to an NMR spectrometer
(400 MHz) set at 70 °C, and the NOESY experiment was started.



Measurements were performed at 70 °C (>>Tps) and 50 °C
(~Tes) (Fig. 4 and Fig. S6a, b). The remaining fraction of the
mixture (~4.5 g) was allowed to settle into two phases at room
temperature overnight, and the phases were carefully separated
by decanting of the top layer from the bottom (viscous) layer.
Small aliquots of the separate phases (~0.5 g) were transferred
to NMR tubes fitted with DMSO-ds inserts, and NOE spectra
were obtained at 45 °C (<Tps) (Fig. 4 and Fig. S6c, d). Semi-
quantification of *H-'H NOESY cross-peaks was performed by
calibrating against the imidazolium C*H--HC® intra-ring signal
(from IL) with fixed inter-nuclear distance (set at | = 1.00).
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