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Microscopic molecular organization and heterogeneities in ionic liquids (ILs) are of significant fundamental
and applied interest. Although many theoretical studies have been dedicated to this topic, the
development of experimental methods for studying such heterogeneities is still in demand. In this work
we propose a new approach for the characterization of microscopic rigidity and heterogeneities in ILs
using stochastic librations (small angle motions) of the nitroxide radicals as a probe. Stable nitroxides are
dissolved in ILs, which are then shock-frozen and investigated using pulse Electron Paramagnetic
Resonance (EPR) at variable temperatures. Stochastic molecular librations of nitroxides depend on local
rigidity of a medium and manifest themselves in different electron dephasing times across the EPR
spectrum. The use of advanced spiro-cyclohexane-substituted nitroxides allows implementation of this
approach at temperatures up to ~150 K and above. Remarkably, we have found that librational motions in
ILs arise at much lower temperatures (~75 K for [Bmim]BF4, [Bmim]PFe, [Ciomim]BF,4) compared to
common organic solvents. This can be rationalized by smaller local rigidity of the medium in ILs, most
likely due to localization of nitroxides in low-density heterogeneities formed by non-polar alkyl chains.
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Introduction

Ionic liquids (ILs) have drawn enormous attention over the past
few years in the field of green chemistry."™* They are broadly
considered as alternatives to the common organic solvents,
being applicable in industrial processes, and at the same time
considerably less toxic and therefore bio- and environmentally-
friendly. Being in essence the melting salts, they are comprised
of cations and anions which do not recombine into a neutral salt
due to steric factors. Apart from the use of ILs as advanced solvents,
their unusual physico-chemical properties®® are intensively inves-
tigated with potential to find new areas of their implementation,
e.g. photolysis, redox and polymerization reactions, catalysis, and
biomedicine.” ™ In this regard, most appealing specifics of ILs is
their nano-to-microscale self-organization, leading to the formation
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ILs, thus providing vital insights into their molecular-scale self-organization.

of heterogeneities.”’* > Such heterogeneities can potentially be
used to alter the reaction pathways and yields, similar to the effect
of micelles or other molecular cages. However, at the moment this
is still a mostly unexplored field.

Over the past decade, a lot of theoretical investigations have
been conducted to study the effects of molecular self-organization
in ILs."*'® Many studies demonstrated that charged cationic head
groups and anions can aggregate in polar nanodomains, whereas
hydrophobic alkyl chains of cations comprise nonpolar nano-
domains in some way resembling micelles. The size of such
nonpolar domains depends on the length of the corresponding
alkyl chain of the cation and is larger for longer chains. Later on,
experimental evidence for nanostructuring in ILs began to appear.
Methods such as Xray diffraction/scattering,'®®?*> neutron
diffraction,”® quasi-elastic neutron scattering® were intensively
used. Recently, magnetic resonance methods*****° and electron
microscopy””! were also involved in the study of heterogeneities and
nanostructuring in ILs. However, still the number of experimental
approaches to detect and characterize the heterogeneities formed
in ILs is relatively small.

Electron paramagnetic resonance (EPR) of spin probes is
one of the potent tools used to access this information. It is well
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established that the continuous wave (CW) EPR spectrum of
nitroxide radicals in solution is very sensitive to the radical’s
motion.*® Theoretical analysis of the experimental CW EPR
spectra allows obtaining rotational correlation times and local
viscosity, as well as information on anisotropy of rotation,*’ if it
is present e.g. due to some steric hindrances. CW and pulse
EPR of nitroxide spin probes is extensively used in biochemical
applications,*~* and has also been applied in a series of works
to reveal peculiarities of 1Ls.**** In particular, it was demon-
strated that microscopic viscosity experienced by radicals might
be considerably different from the corresponding macroscopic
value.”®*** The crystallization, glass formation and softening
of ILs vs. temperature were also addressed.*” In some cases,
high-field pulse EPR was applied to characterize the ways of
nitroxide dissolvation in ILs and IL-water mixtures.** However,
the information provided by all these methods on nanoscale
heterogeneities is still not sufficient. Recently we demonstrated
another approach based on time-resolved (TR) EPR of photo-
excited triplet molecules.”®*® We have shown that thorough
analysis of TR EPR data indicates a specific behavior in ILs
compared to common organic solvents, which implies two types
of microenvironments around a spin probe. Although this
approach appears to be more sensitive to detect the presence
of heterogeneities compared to CW EPR, there is still a need to
enhance information obtainable on the dimensions and physical
properties of such heterogeneities.

In the present work we propose another approach which can
be fruitfully used to characterize nanostructuring in ILs, and
which, to the best of our knowledge, has never been applied for
this task so far. It is based on the sensitivity of electron spin
echo (ESE) to the stochastic molecular librations (small angle
tumbling) that occur on the nanosecond time scale. In all cases
the librations manifest themselves depending on electron spin
dephasing times (T}, phase memory times) vs. field position
within the spectrum of nitroxide. The comparison of Ty,
measured at different field positions allows extracting the
motional parameter (¢*)t., where (o*) is the mean squared
angular amplitude of motion and 7. is the corresponding correla-
tion time. The lowest (¢*) value that can be measured with this
approach was estimated previously as 10> rad™* It was supposed
that stochastic molecular librations observed by EPR in organic
solvents (glycerol and o-terphenyl) and in membranes have the
same nature as the large-amplitude anharmonic (or stochastic)
atomic vibrations detected in glasses using neutron scattering and
Mossbauer absorption techniques.*®*”

Stochastic molecular librations of nitroxides in glasses were
intensively studied using EPR and allowed revealing interesting
properties of the media such as e.g. harmonic-anharmonic
dynamical transitions.*®**~>° In addition, the same approaches
allowed important conclusions on structural organization of
some biological membrane systems.””*"*> Below we describe
the first application of the libration-based approach to characterize
the local surroundings of nitroxides in neat ILs using well-known
[Bmim|BF,, [Bmim|PFs and [C;omim|BF, as examples and several
common organic solvents for comparison. We discuss the infor-
mation ability and scope of applications of the proposed approach.
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Experimental

The ionic liquids 1-butyl-3-methylimidazolium tetrafluoroborate
([Bmim|BF,), 1-butyl-3-methylimidazolium hexafluorophosphate
([(Bmim]PF), and 1-decyl-3-methylimidazolium tetrafluoroborate
([C1omim]|BF,) were purchased from Sigma-Aldrich and used
without additional purification (Scheme 1a).

The spiro-cyclohexane-substituted nitroxides N1 and N2
(Scheme 1b) were kindly provided by Dr Igor Kirilyuk, NIOCh
SB RAS. They were dissolved in the corresponding IL in con-
centrations of ~1 mM and exposed to 3-5 freeze-pump-thaw
cycles. Next, the solution in the quartz tube was evacuated
(102 Torr pressure) with simultaneous heating at 75 °C for 3 hours
to reduce the amount of remaining water in the IL and to eliminate
the remaining oxygen. Finally, the tube was sealed off under
vacuum.

EPR measurements were performed using a commercial
Bruker Elexsys E580 spectrometer at the X-band. The spectro-
meter was equipped with an Oxford Instruments temperature
control system (4-300 K). The echo-detected EPR spectra and
phase memory times were recorded using the standard two-
pulse echo sequence with pulse lengths being typically 100 ns
for m and 50 ns for n/2.

Results and discussion

In this work we use a set of three representative ILs
(Scheme 1a). [Bmim|BF, and [Bmim]|PF, are among the most
used and widespread ILs. Since they have the same cation
[Bmim] but different anions BF, and PF,, the comparison of
trends obtained in these two ILs addresses the role of anions in
the observed phenomena. The third IL [C;omim]BF, has the
same anion as [Bmim|BF,, but a different cation, and thus can

[C1omim]
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Scheme 1 (a) Chemical structure of cations and anions of the studied ILs
[Bmim]BF4, [Bmim]PFg, [Ciomim]BF,. (b) The structure of nitroxide probes
used.

Phys. Chem. Chem. Phys., 2017, 19, 26158-26163 | 26159


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7cp04890d

Open Access Article. Published on 05 September 2017. Downloaded on 1/7/2026 12:01:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

be used to elucidate the role of the cation. The same set of three
ILs was used in our previous work to benchmark information
capabilities of time-resolved EPR, which indicated the occurrence
of heterogeneities in these ILs.?® Therefore, the same three ILs were
used here as the test grounds for a new approach.

Most common limitation of pulse EPR techniques is rooted
in short phase memory times (Ty,) of studied paramagnetic
centers precluding the observation of electron spin echo (ESE).
Nitroxides are the most widespread spin probes in EPR, how-
ever T, of most of the nitroxides drastically shortens above
~ 80 K due to the onset of methyl group rotation adjacent to the
NO moiety. Recently this drawback was remedied by developing
the nitroxides with spiro-cyclohexane fragments replacing the
CH; groups (Scheme 1b).°>>” For such improved probes rapid
acceleration of T, begins at considerably higher temperatures
~135 K, therefore they can be used for pulse EPR studies in a
much broader temperature range. In this work we used spin
probe N1 in all experiments, whereas more bulky nitroxide N2
was used only once to verify the influence of the probe’s size.

Solutions of nitroxides in ILs were shock-frozen (77 K) and
then investigated at variable temperatures. Although the local
structure in the liquid and frozen state of ILs might be slightly
different, we assume that key characteristics such as hetero-
geneity, segregation of polar/non-polar regions, localization of
nitroxides etc. are captured by shock-freezing, similar to the
same paradigm broadly used in biological pulse EPR.

Fig. 1 shows typical two-pulse echo-detected (ED) EPR spectra
measured in [Bmim]PF, at 50 K and 120 K for different pulse
separation times t (Hahn’s sequence n/2-t-n-t-echo). In order to
investigate the evolution of the spectrum shape vs. 1, all spectra
were normalized to the maximum. One observes that at 50 K the
shape of the spectrum does not significantly change with <,
whereas at 120 K the relative intensity of the high-field and low-
field shoulders strongly drops at long 7 delays. The librations
induce stronger stochastic fields and thus most pronounced
shortening of T, in most “anisotropic” spectral positions (far
from canonical orientations), therefore mainly canonical orien-
tations contribute to the ED EPR spectrum at long times .

Insets of Fig. 1 demonstrate typical ESE decays measured for
nitroxide N1 in [Bmim]|PFs at central and high-field spectral
positions in the absence (50 K) or presence (120 K) of stochastic
molecular librations. As was shown previously, the librations
can be essentially described by two parameters: angular amplitude
of motion o and its characteristic correlation time t.; however,
experimentally one obtains their combination (o®)t., where (o) is
the mean squared angular amplitude.”” This motional parameter
(¢%)7, can be straightforwardly obtained by taking the difference
(AW) of T, ' values measured at two spectral positions shown by
arrows in Fig. 1. Previous work has shown that AW can be
expressed as AW ~ 9 x 10" s %(o®)1. rad® 5.*

Fig. 2 shows the obtained temperature dependencies of the
(¢?)1, parameter for three studied ILs. Below ~ 80 K the librations
in ILs vanish, and at 50 K they are clearly absent. The dependencies
can be approximated by linear fits at 7 = 80-150 K for [Bmim|BF,
and [Bmim|PF,, and at T = 80-140 K for [C;,mim]|BF, (vide infra).
Such a linear behavior is typical for previous studies of stochastic
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Fig.1 Normalized two-pulse ED EPR spectra of N1 measured in
[Bmim]PFg at 50 K (a) and 120 K (b) for different pulse separation times
(400 and 2000 ns, as indicated) in Hahn's sequence. Insets: ESE decays

measured at central (blue arrow, 1) and high-field (green arrow, Il) spectral
positions.

molecular librations in organic glasses and biological mem-
branes.**”>* At the temperature range 80-150 K the librations
systematically appear to be more intensive in ILs compared to
common organic solvents. Here we used glycerol, o-terphenyl
and squalane as representatives of common solvents because
they preserve the glass state at a very large range of temperatures,

3.0 —a— [Bmim]BF4
[Bmim]PFe A
2.5 —a— [Cqomim]BF4 »

—v— glycerol
—e— o-terphenyl
squalane

N
<

10M<a2>Tc /rad? s
o &

ot
@

50 60 70 80 90 100 110 120 130 140 150
Temperature / K

Fig. 2 Temperature dependence of the motional parameter (%), for N1
in ILs and organic solvents (indicated in the plot). The solid lines show
linear fits (see in the text).
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whereas many other organic solvents (e.g. toluene) exhibit glass
to crystal transitions at T < 150 K. The librations of nitroxide in
glycerol and o-terphenyl are not detectable at T' = 80-150 K.
However, in less rigid glass of squalane, whose structure in some
way resembles long alkyl chains of C;,mim, decent librations are
observed at T > 100 K, but the motional parameter («*)z. is still
much smaller than that in ILs at the same temperature. Since
the same spin probe N1 was used in all cases, such a behavior
clearly implies higher librational mobility of the nitroxide in ILs
compared to frozen organic solvents.

This observation implies that the nitroxides in frozen ILs are
localized in the regions of low rigidity, i.e. low density. Most
likely, this corresponds to the location of nitroxides in non-
polar regions formed by segregated alkyl chains. In such
“micelle-like” environments®* the tumbling of nitroxide must
be much less restricted. Fig. 2 shows that in general tempera-
ture dependencies of (¢)1. are very close for all three studied
ILs. The values of (*)7. vs. T for [Bmim|BF; and [Bmim]PFg
are indistinguishable from each other within experimental
accuracy. However, the values of («*)7. for [C,omim]|BF, are
systematically smaller compared to two other ILs in the tem-
perature range between 80 and 130 K. Our previous work has
demonstrated that at higher temperatures all three studied ILs
exhibit a biphasic behavior with gradual transition to a melted
state, which begins at T ~ 140 K for [C;,mim]BF, and at higher
T ~ 170 K for [Bmim|BF, and [Bmim]PFs.”® We believe that
this is the reason why (¢*)t. dependencies of [Comim]BF, and
two other ILs intersect at ~ 135 K; this also is the reason why in
the present work we do not consider stochastic molecular
librations at T > 150 K. Thus, similarity of («*)7. dependencies
for [Bmim]BF, and [Bmim|PF, shows that the impact of anions
on librations of nitroxide is minor, whereas the comparison
with [C;omim|BF, at T = 80-130 K indicates some decent
influence of the cation. Once again, this agrees with the
hypothesis of the nitroxide preferable location in non-polar
regions of alkyl chains.

It is particularly interesting to compare the results obtained
in ILs and in squalane. Among three studied ILs, the ()7,
dependence in [C;omim]|BF, is closer to that in squalane, but
still the librations in [C;omim|BF, are much more intensive
compared to squalane. This clearly indicates that more inten-
sive librations in ILs are caused not by merely a localization of
nitroxide within alkyl chains, but by the occurrence of non-polar
heterogeneities less dense than the “pure-chain” squalane. One
reasonably assumes that the strongest manifestation of hetero-
geneities should occur when the dimensions of polar and non-
polar regions are comparable. This is about to be fulfilled for
[Bmim|BF, and [Bmim]PFg, and should gradually vanish upon
increasing of the alkyl chain length to approach the homo-
geneous properties of a common solvent.

Fig. 3 shows ESE decays for N1 in ILs and in o-terphenyl
measured at the global maximum of the EPR spectrum (position I
in Fig. 1). The ESE decay for N1 in the organic solvent o-terphenyl is
mainly determined by the electron-nuclear spin-spin inter-
actions between N1 and surrounding matrix protons (nuclear
spin diffusion mechanism), and is described by expression
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Fig. 3 ESE decays for N1 in ILs and in o-terphenyl (solvent and tempera-
tures are indicated) measured at the global maximum of the EPR spectrum
(position | of Fig. 1). The T,, values correspond to the time of signal
decrease by a factor of e.

I = Iyexp(—(¢/Twm))", where n > 1.°® At the same time, ESE
decays in all three ILs are described by the monoexponential
function (n = 1) with T,, values being significantly smaller
compared to o-terphenyl. This indicates that the additional
relaxation mechanisms contribute to T,, values in ILs. Most
likely, the shorter T,,, values in ILs are determined by additional
interactions between unpaired electrons of the nitroxide with
the charged moieties of ILs modulated by matrix vibrations.
Notably, the Ty, values in [Bmim]BF, and [Bmim]PF, are very
similar, whereas T, in [C;omim]BF, is significantly different,
being closer to that of o-terphenyl. This again agrees well with
the hypothesis that the nitroxides are preferably localized
within the bundle of long (C,,) alkyl chains. In such a case
the additional relaxation mechanism induced by the charged
moieties should be less efficient in [C;,mim]BF, compared to
[Bmim]-based ILs, because the nitroxide is better shielded or
more distant from the charges due to the longer alkyl chains. As
a result, we observe that the Ty, character in [C;omim]BF, is
closer to that in common organic solvents.

The characteristic temperature range where stochastic mole-
cular librations in ILs are active agrees well with the previous
observations for [Bmim|PF, using quasielastic neutron scatter-
ing experiments (QENS).”” The authors characterized motional
dynamics in ILs considering three temperature regimes.
Below 100 K only methyl group rotation occurs, whereas at
T ~ 100-200 K the butyl side chains overcome the activation
energy and relax into various conformations, and above
T ~ 200 K (glass transition temperature) the onset of diffusive
motion is observed. Thus, the growth of the motional para-
meter (o°)t. found by us at T > 80 K is consistent with an
increased flexibility of alkyl chains. Once again, this agrees well
with the hypothesis of preferred localization of nitroxide in
non-polar regions of ILs within the alkyl chains.
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We have also tested the influence of the probe size by
performing a few measurements in [Bmim|PF, using more
bulky nitroxide N2 (ESIT). If the librational motion of the NO
group was influenced to some extent by the overall mobility of
the nitroxide, one would anticipate the influence of the radical
size on (¢”)1. vs. T. However, as is shown in Fig. S1 ESI,T the
differences between (x*)t. dependencies obtained for N1 and
N2 in the same IL are negligible. This means that the character
of librations is local with respect to the NO group, and is rather
determined by the interaction with the surrounding matrix and
its properties. Note that the approach presented in this work
can also be implemented using more common tetramethyl-
substituted nitroxides, but in the narrower temperature range
(see above). In addition, the nitroxides can be functionalized in
order to favor their preferred locations in polar/non-polar
regions of ILs, as was shown e.g. in ref. 43, and in this way to
enhance the obtained information on nanostructures formed.

Finally, it is outstanding how similar are the (a*)7. vs. T
dependencies obtained for three studied ILs here (Fig. 2) to
those obtained previously for biological membranes.*>** For
instance, there are both qualitative and quantitative similarities
in (¢*)7. vs. T obtained for the nitroxides in ILs and nitroxides
located in the shell of bilayers consisting of unsaturated lipid
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (see
Fig. 5 of ref. 45). The onset of stochastic molecular librations
in studied ILs occurs at lower temperatures compared to POPC
(~75 K vs. ~90 K, respectively), however the slopes of the
dependencies and the values at T~ 150 K are reasonably close
(~2.5 rad” s). Since the occurrence of low-density domains in
membranes and their loose packing are well established, we
emphasize that the observed similarities with ILs strongly
assume the formation of analogous domains. This also high-
lights the resemblance of local surroundings experienced by
small molecules in these two types of media, which can be used
in future e.g. for biomedical applications of ILs.

Conclusions

In this work we have proposed and verified a new experimental
approach for the -characterization of local microscopic-level
rigidity and heterogeneities in ILs. Using three representative ILs
[Bmim]BF,, [Bmim|PFs and [C;,mim]|BF, we have shown that the
stochastic molecular librations of dissolved nitroxides acting as a
probe provide evidence for much smaller rigidity in non-polar areas
of ILs compared to common organic solvents. The motional para-
meter of librations (o), in studied ILs at 7= 80-150 K is one to two
orders of magnitude larger compared to common organic solvents
such as glycerol and o-terphenyl, which is most plausibly explained
by localization of nitroxides in the low-density regions of segregated
non-polar alkyl chains. Although we have demonstrated a new
approach only for three selected ILs, we note that the structure,
size, solubility and other properties of nitroxides are adjustable for
particular tasks, therefore the proposed approach can potentially be
implemented to probe the rigidity and heterogeneities of any ILs in
order to elucidate their molecular-scale self-organization.
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Interestingly, the observed onset of low temperature stochastic
molecular librations in ILs resembles previous observations made
in biological membranes.”>”* Membranes are certainly hetero-
geneous systems, where the librational mobility of nitroxides can
be more or less restricted depending on localization. Similar
microscopic rigidity assumes that perhaps in some cases frozen
ILs can be used to model biologically-relevant media. Whether this
idea will prove feasible or not, the first demonstration of the
libration-based approach to study rigidity and heterogeneity of
ILs certainly expands this informative methodology for the new
class of systems and boosts its applications in general.
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