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We demonstrate the ability of multidimensional Laplace NMR
(LNMR), comprising relaxation and diffusion experiments, to reveal
essential information about microscopic phase structures and
dynamics of ionic liquids that is not observable using conventional
NMR spectroscopy or other techniques.

Ionic liquids (ILs) are salts that consist of ions and have, by
definition, melting points below 100 °C. They have unique
physical and chemical properties such as high ionic conductivity,
negligible vapour pressure, nonflammability, broad liquid phase
temperature ranges, and high thermal stability, which all make
ILs attractive in many scientific and technological applications.
The applications include organic synthesis and catalysis, gas
separation, extraction of metals, lubrication, electrochemistry,
crystallization media for pharmaceutically active compounds
and functional materials, etc.’

NMR relaxation and diffusion experiments provide versatile
information about the dynamics and structure of substances
such as proteins, polymers, liquid crystals and porous media.” They
may also improve chemical resolution by distinguishing different
components in complex systems without spectral resolution.’ The
relaxation and diffusion data consist of exponentially decaying
components and the processing requires a Laplace inversion in
order to determine diffusion coefficient and relaxation time
distributions.” Therefore, these methods are referred to as Laplace
NMR (LNMR). Like in traditional NMR spectroscopy, a multi-
dimensional approach significantly enhances the resolution and
information content of LNMR.* The approach makes it possible
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to correlate diffusion coefficients and relaxation times, and
enables the investigation of chemical exchange even in the case
when the exchanging sites are not resolved in the spectrum. The
method requires a reliable and robust multidimensional Laplace
inversion algorithm for extracting the diffusion coefficient and
relaxation time distributions from the experimental data.’

NMR relaxation and diffusion experiments have been widely
used to investigate physicochemical properties, hydrogen bonding,
aggregation, solvation dynamics and atomic level interactions of
ILs.® However, to the best of our knowledge, the ability of Laplace
inversion algorithms to provide distributions of relaxation times
and diffusion coefficients has not yet exploited in studies of
ILs. Furthermore, the potential of multidimensional LNMR to
provide unique information about correlations and exchange is
yet unexplored in the IL context.

In this work, we demonstrate that a combination of several
one-dimensional (1D) and two-dimensional (2D) LNMR experi-
ments can provide important microscopic information about
the phase structures of ILs, which is not possible using con-
ventional NMR spectroscopy or other methods. We concentrate
on the investigation of a halogen-free orthoborate based ionic
liquid (hf-BIL).” The affinity to absorb water, high polarity and
toxicity make halogen containing ILs undesirable in many
applications, and hf-BILs provide environmentally more friendly
alternatives. Tetraalkylphosphonium and tetraalkylammonium
based hf-BILs are highly hydrophobic and they exhibit good
lubrication properties (considerably better wear and friction
reduction as compared to standard fully-formulated oil-based
lubricants), low melting points and high thermal and hydrolytic
stability.

Preliminary NMR studies have shown that one of the hf-BILs,
consisting of the trihexyl(tetradecyl)phosphonium, [Pgg ¢ 14],
cation, and bis(mandelato)borate, [BMB], anion (see insets in
Fig. 1a),”* has two significantly distinct diffusion coefficients (D)
at temperatures below 320 K, which indicates the presence of
two coexisting dynamic liquid phases.® Variable temperature
"H NMR diffusion coefficient distributions measured at 300 MHz
(under a 7.05 T magnetic field, see details in the ESIT) shown in
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Fig. 1 H NMR spectra of the [Pg ¢,6.14l[BMB] IL measured at (a) 296 and
(b) 379 K. The lines are much broader at the lower temperature due to
the slower mobility of ions in the IL. Diffusion coefficient distributions
of the cation (c) and the anion (d) as a function of temperature. The
experimental time of the diffusion experiment was 8 hours with 8 scans
(at each temperature).

Fig. 1c and d support this observation. The experiments were
carried out using a pulse-field-gradient stimulated echo (PGSTE)
method with bipolar gradients (BP),” and, in the analysis, either
cation resonances between 0 and 3 ppm or anion resonances
between 7 and 9 ppm (see Fig. 1a and b) were integrated. Both
cations and anions have two different diffusion coefficients.
Laplace inversions were performed with a MATLAB based pro-
gram provided by P. Callaghan.”'° The D values are almost equal
for cations and anions. The D value of the phase characterized
by slow diffusion (later called “slow phase”) is very small, about
1 x 107" m® s™" at room temperature. The D value of the other
phase (“fast phase”), about 5 x 10> m* s~ ', is almost two
orders of magnitude larger than that of the slow phase. Based on
the theoretical modelling shown below, we propose a possible
hypothesis that the slow and fast “phases” arise due to aggre-
gates formed by anions and cations and free (non-aggregated)
ion pairs, respectively.

In order to find T, relaxation times of the slow and fast
phases, we carried out a D-T, correlation experiment.'’ The
pulse sequence of the experiment, shown in Fig. 2a, includes
the PGSTE-BP part for the diffusion encoding, followed by the
Carr-Purcell-Meiboom-Gill (CPMG)'* T, loop. The 2D correla-
tion map resulting from the Laplace inversion of the experi-
mental data, shown in Fig. 2b, includes two peaks corresponding
to the slow and fast phases. The peaks reveal that 7, of the slow
phase, about 6 ms, is significantly shorter than that of the
fast phase, about 80 ms. The integrals of the peaks are roughly
equal, similarly to the 1D diffusion coefficient distribution.
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Fig. 2 (a) D-T, correlation pulse sequence. (b) D—-T, relaxation correlation
map for the cation at 296 K. The experimental time was 19 hours with 32 scans.
1D T relaxation time and diffusion coefficient distributions measured using the
CPMG and PGSTE-BP methods, along with the relative integrals of the slow
and fast components, are shown on the top and right of the map, respectively.
The integrals of the peaks in the D and D-T, distributions are heavily T,
weighted, while the integrals of the peaks in the T, distribution reflect the real
proportions of the phases (see text). The T, distributions represent the T, values
of all the cation protons in the two phases (see text). The errors for the D and T,
values shown in the figure represent the ranges of D and T, for each peak.

However, because the overall time the magnetisation remained
in the transverse plane in the PGSTE-BP diffusion experiment
and in the diffusion encoding part of the D-T, experiment was
22 ms, the final magnetisation of the slow diffusing phase was
less than 3% of its initial value due to T, relaxation, while about
76% of the magnetisation of the fast diffusing component
remained. Therefore, the amplitudes in the D-T, map and 1D
diffusion coefficient distribution do not reflect real proportions
of phases; the real proportion of the slow phase is actually
much higher than that of the fast phase.

Once the T, values of the slow and fast phases were identified
using D-T), correlation experiments, the real proportions of the
phases could be determined from the cation T, distributions
measured using the CPMG sequence (see Fig. 2b, top). The
relative integrals of the slow and fast components are 99% and
1%, respectively, i.e., the vast majority of the cations (and anions)
reside in the aggregated phase, and only a small fraction belong
to the free, non-aggregated phase. The slow component is split
into two peaks in the T, distribution. The component includes a
range of different relaxation times of protons in the P-CH,, CH,
and CH; groups of the cation, and the inverse Laplace transform
has a tendency to split up a broad peak into a set of narrower
peaks (so-called pearling artefacts).**
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Fig. 3 (a) T,—T, relaxation exchange pulse sequence. (b) Cation T,-T,
maps as a function of mixing time t,, at 296 K. The experimental time was
about 8 h with 8 scans. Regions of the diagonal peaks of the slow and fast
components (S and F) and the cross-peaks (SF) are indicated by dashed
lines. (c) Integrals of the peaks as a function of the mixing time. Fit of the
two-site exchange model to the data is shown by solid lines.

We investigated the chemical exchange of the cations between
the slow and fast phases at 296 K using the 7,-T, relaxation
exchange sequence™ shown in Fig. 3a. We note that it is not
possible to investigate the exchange using the traditional exchange
spectroscopy (EXSY) method,"* because the exchanging sites are
not resolved in the spectrum; "H chemical shifts of protons in
cations and anions in the slow and fast phases are equal. The
sequence includes two CPMG-type T, loops separated by a mixing
time 7,,,. The resulting 7,-7, maps, shown in Fig. 3b, include a set
of diagonal peaks arising from the slow phase, labelled “S”, and a
single diagonal peak from the fast phase, labelled “F”’. Further-
more, there are cross-peaks, labelled “SF”, indicating that there is
an exchange of the cations between the slow and fast phases. A fit
of the two site exchange model™ to the integrals of the cross- and
diagonal peaks, shown in Fig. 3c, results in a rather small
exchange rate, k = 1.11 + 0.06 s~ " (kg = 0.0190 £ 0.0009 s ',
kgs = 1.09 & 0.05 s~ ). The amplitude of the S peak fluctuates with
the mixing time, because the signal is close to the edge of the map.
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Therefore, this amplitude was fixed in the fit. The exchange
rates of the anions are equal to the exchange rates of the
cations within experimental errors (see Fig. S7, ESIt). The
“lifetimes” of ions in the slow and fast phases (ks * and kgg )
are about 52 and 0.92 s, respectively.

Relaxation modelling'® provides a means to quantitatively
test the proposed hypothesis and gain more detailed under-
standing of the microscopic structure of the IL. The experi-
mental relaxation data were interpreted in terms of a model of
spheres (see details in the ESI{). The model contains three
types of spheres: larger spheres of aggregates of anions and
cations, and smaller spheres of either free anions or free
cations. The model includes an effective H-H distance (intra-
sphere), and reorientational and translational diffusion corre-
lation times, where the latter involve the experimentally known
diffusion constants for anions or cations in the slow or fast
phases. The upper boundary of possible diffusion dynamics in
the model parameterization is effectively taken to be the non-
interacting hard spheres. This is due to the molecular interac-
tions expected to introduce significant deviation and slow down
the diffusion for this system. The model accounts for interionic
diffusion modulated dipole-dipole (inter-DD), intra-ionic
dipole-dipole (intra-DD) and proton chemical shift anisotropy
(CSA) relaxation mechanisms.

Altogether eight T, and four T, 'H relaxation times recorded
at 300 and 600 MHz were analysed. The data supports a model
where a larger aggregate rotates slowly and free ions (or smaller
aggregates) rotate more rapidly with rotational correlation
times of 7 ps and 10 ns, and diameters of 50-160 and 15-30 A,
respectively. The latter diameter roughly matches with the
diameters of the cation and anion. Markov-chain Monte Carlo
simulation was performed to estimate 95% confidence intervals.
The best-fit model was found for a spin fraction 99.5% in the
slowly diffusing aggregate, which is close to the experimentally
determined fraction (99%). The dominating mechanisms for fast
and slowly diffusing aggregates are inter-DD and intra-DD,
respectively, but CSA also has a non-negligible role. The volume
ratio suggests that the aggregates are formed by 10-70 ion pairs,
meaning that there are 1-10 aggregates per free anion-cation
pair. Considering the free energy of the system, these aggregates
are expected to be neutral or of lower net charge.

Self-aggregation (micellisation) of ILs has been earlier observed
in aqueous solutions."® The mechanism of the hypothesised
aggregation cannot be the same in the [Ps ¢ ¢ 14[BMB] IL, because
the residual water was removed from the IL with a vacuum
treatment at 383 K (see details in the ESIf). The aggregation
could be induced by van der Waals interactions between the alkyl
chains of cations and the aromatic groups of anions, tail group
aggregation'” or impurities. The identification of the mechanism
of proposed aggregate formation in [Pg ¢ 14][BMB] is outside the
scope of the current work.

In the 1D diffusion distributions shown in Fig. 1c and d, the
peak of the fast diffusing phase disappears at higher tempera-
tures. It is counterintuitive to assume that free ions (or smaller
aggregates) exist only at lower temperatures (i.e., below 320 K).
Therefore, we expect that the reason for the disappearance is

This journal is © The Royal Society of Chemistry 2017
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the increased exchange rate between the low and fast phases
with temperature. Significantly narrowed line-widths in "H NMR
spectra measured at higher temperatures also indicate the faster
mobility of the ions (compare spectra in Fig. 1a and b). Due to
the fast exchange, the two peaks in the diffusion distributions
merge into one. Because the population of the ions in the slow
phase is much higher than in the fast phase, the merged peak
resides close to the D of the slow phase. The activation energies
of diffusion are shown in Fig. S3 (ESIf).

The NMR chemical shift of '*Xe is extremely sensitive to
its local environment, and therefore Xe is a very useful inert
probe in materials research and medical and biochemical
applications."® Recently, '*?Xe NMR has also been exploited
in IL research.'® Typically, the phase change of liquid or liquid
crystals is manifested by an abrupt change in the chemical shift
of xenon dissolved in the liquid.?® The linear decrease of the
2%Xe chemical shift of xenon dissolved in the [Pg ¢ 6 14][BMB] IL
with temperature indicates that there are no abrupt changes in
the density and orientational order parameter of the IL in
the 294-373 K temperature range (see Fig. S6, ESIt).%° This
indicates that there are no phase transitions within that
temperature interval. Furthermore, the observation supports
the abovementioned interpretation that the disappearance of
the fast diffusion component at higher temperatures cannot be
associated with such a change.

In summary, we have demonstrated that multidimensional
LNMR provides detailed information about the structure and
dynamics of ILs that is not possible to obtain using other
methods. It clearly reveals intriguing two coexisting dynamic
phases in the [Ps ¢ 6,14][BMB] IL, and it allows the estimation of
the size of the hypothesised IL aggregates and the exchange rate
between the aggregates and free ions (or smaller aggregates).
These observations pave the way for better understanding of
useful properties of ILs and designing new task specific ILs. In
the future, the sensitivity and time-efficiency of the LNMR
method can be improved by several orders of magnitude using
hyperpolarised ultrafast LNMR approaches,” which enable
monitoring fast processes, such as chemical reactions and
phase changes, in ILs in real time.
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