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Abstract: Many ionic liquids (ILs) can be mixed with water, forming either true solutions or emulsions.
This favors their applications in many respects, but at the same time might strongly alter their
physicochemical properties. A number of methods exist for studying the macroscopic properties of
such mixtures, whereas understanding their characteristics at micro/nanoscale is rather challenging.
In this work we investigate microscopic properties, such as viscosity and local structuring, in binary
water mixtures of IL [Bmim]BF, in liquid and glassy states. For this sake, we use continuous wave
and pulse electron paramagnetic resonance (EPR) spectroscopy with dedicated spin probes, located
preferably in IL-rich domains or distributed in IL- and water-rich domains. We demonstrate that the
glassy-state nanostructuring of IL-rich domains is very similar to that in neat ILs. At the same time, in
liquid state the residual water makes local viscosity in IL-rich domains noticeably different compared
to neat ILs, even though the overwhelming amount of water is contained in water-rich domains.
These results have to be taken into account in various applications of IL-water mixtures, especially in
those cases demanding the combinations of optimum micro- and macroscopic characteristics.

Keywords: ionic liquids; EPR spectroscopy; nanostructure; emulsions; green chemistry

1. Introduction

Ionic Liquids (ILs) exhibit a number of unusual and advanced properties making them
perspective media for many chemical processes in various fields of modern science and
technology [1-3]. ILs are suitable for such applications as electrolytes in batteries, catalysis,
solvents in liquid-liquid extractions; they have also attracted considerable attention as
green chemistry reaction media for many organic reactions [4-10]. The most unusual
characteristic of ILs is their nanoscale self-organization, leading to a formation of various
heterogeneities [11,12].

The presence of water strongly affects the physical and chemical properties of ILs,
such as reactivity, electric conductivity, polarity, self-organization, and formation of het-
erogeneities [13-17]. For instance, obtaining reproducible results on neat ILs requires
eliminating of traces of water down to ~200 ppm [18,19]. At the same time, IL/water mix-
tures find their own decent applications, especially in biologically-relevant systems [20-23].
In many cases ILs in water form structures on nano- to micrometer scale somewhat resem-
bling micelles [24,25]. In some other cases, IL-rich and water-rich domains are formed,
leading to certain dynamic heterogeneities in liquid state [26,27].

Particularly interesting results on heterogeneous structures in IL/water mixtures
were recently obtained using electron microscopy at room temperature [28]. Different
micrometer and submicrometer scale structures were observed in mixtures of [Bmim]BF,
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with water depending on the ratio of components. Bubbles of water in IL bulk, channels
and various meshworks could be clearly identified. These recent observations brought
us to an interesting and potentially important question—what are the physical properties
inside such well-defined heterogeneities? The domains with the size larger than 100 nm
contain many molecules of one kind (water or IL), and might resemble to certain extent the
corresponding bulk solvent. Thus, are the physical parameters sensed by small molecules
inside such IL or water nanodomains drastically different from parameters of individual
neat components?

Most of physical methods such as viscosimetry, dielectric spectroscopy, X-ray and
neutron scattering, and Raman spectroscopy measure bulk properties of such mixtures
as IL/water. However, if reactants are preferably localized in IL (or water) domains, the
reaction pathways and products can be significantly altered. Moreover, in some cases it
would be much easier to use IL mixtures with water instead of neat ILs, if this would not
sacrifice any target products or results. For instance, this is the case for flow reactors, where
high-viscosity ILs would exhibit strong hydrodynamic resistance, whereas for IL/water
mixtures it will be drastically reduced. In addition, the necessity to carry out chemical
syntheses in totally anhydrous ILs is energy-demanding on its own.

Taking into account all above, in this work we have designed and performed a case
study of microscopic physicochemical properties in water mixtures of prototypical IL
[Bmim]BF,. For this sake, we used the advanced electron paramagnetic resonance (EPR)
spectroscopy and two dedicated spin probes, one of which had preferred localization in IL
domains, whereas another one localized in both IL and water. Applications of EPR to study
ILs grew up during past two decades [19,29-36], and even the mixtures [Bmim]BF,/water
were addressed in a few works [30,31,37]. However, recent experimental results of Ref. [28]
strongly encouraged the idea that domain-specific probes can provide enhanced and
unique information on the inner properties of each domain. Moreover, in a recent series
of works we developed a complex and highly informative EPR approach to characterize
heterogeneities in ILs [37—44]. In this work we for the first time exploit this methodology
along with dedicated nitroxide probes, and apply it to [Bmim]BF,/water mixtures, since
exactly these mixtures were recently studied in Ref. [28]. Such approach allowed us to peek
inside the IL-rich micro/nanodomains within IL /water mixtures, as is described in detail
in the following sections.

2. Experimental

Ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4) was synthe-
sized according to the procedure described in Ref. [45] in Boreskov Institute of Catalysis SB
RAS (see Supplementary Materials).

Spin probes—nitroxide radicals K1 [46] and K2 [47]—were prepared according to
the literature protocols in the Novosibirsk Institute of Organic Chemistry SB RAS (see
Supplementary Materials for details). Both radicals are well soluble in [Bmim]BF,; however,
the solubility of K2 in water is a few orders of magnitude lower compared to K1. Therefore,
K1 was targeted as spin probe not specific for the components of the studied IL/water
mixture, whereas K2 was selected as spin probe with preferred localization in IL. domains.
ESEEM experiments done in this work have fully confirmed these expectations (see below).

Pulse EPR measurements were performed using a commercial Bruker Elexsys E580
spectrometer at X-band. The spectrometer 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 7t and 50 ns for 71/2 pulses. Three-pulse Electron Spin Echo Envelope
Modulation (ESEEM) experiments used pulse sequence [t/2 -t —-7/2 - T — /2 - echo],
with 10 ns pulses, T = 180 ns, T = 600 ns, and temperature 20 K. Continuous wave (CW)
EPR measurements were done using an X-band Bruker EMX spectrometer (9 GHz). All
spectral simulations were done using EasySpin [48].
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3. Results and Discussion

We used a combination of CW and pulse EPR in this study. CW EPR allowed us to
investigate IL-water mixtures at room temperature, i.e., in practical conditions for potential
applications, and study local viscosity in IL-rich domains of mixtures compared to that of
neat IL. Pulse EPR was used for two purposes: (i) to probe local environment of the radical,
whether it contains water or not, and (ii) to assess nanostructural properties around spin
probe and compare them with those of neat bulk IL.

As was already mentioned above, recent studies of [Bmim]BF,/water mixtures by
electron microscopy have revealed a clearly defined micrometer-scale domains of water
in IL for the water content up to ~20 vol.% [28]. We selected two dedicated spin probes,
denoted as K1 and K2, with the purpose that K2 should strongly prefer hydrophobic (IL-
rich) domains, whereas K1 should locate in hydrophilic water domains as well (Scheme 1).
Simultaneously, both probes have suitable spectroscopic (relaxation) properties due to the
absence of methyl groups adjacent to NO moiety [46,47,49].

K1 K2 [Bmim]BF,

Scheme 1. Structures of spin probes K1 and K2, and ionic liquid [Bmim]BFy.

First of all, we verified whether or not this preferred localization in one type of domains
does occur for K2. For this sake, we used pulse EPR spectroscopy ESEEM (Electron Spin
Echo Envelope Modulation) on shock-frozen samples. ESEEM allows detection of nuclear
spins in the radius of ~1 nm around spin probe [50]. Most abundant nuclei around probe
are, of course, protons; in order to distinguish protons of water from protons of IL, we used
deuterated water (D,0) in these experiments [50,51].

Figure 1a shows an appearance of deuterium peak (2.29 MHz for distant deuterons,
for the X-band EPR) for K1 probe dissolved in IL/water mixtures with 5 and 40% (w/w) of
D,O, while this peak is absent in neat IL containing no deuterium atoms. At the same time,
when K2 is dissolved in similar D,O/[Bmim]BF4 mixtures no deuterium peak is found
neither for 5%, nor for 40% of water (Figure 1b). This clearly means that K2 is preferably
located in water-free compartments of IL, i.e., in IL domains. This also confirms that such
water-free nanodomains of apparently pure IL do exist in the IL /water mixtures. At the
same time, K1 is well accessible for the D,O molecules, meaning that it locates either solely
in water compartments, or, more realistically, is distributed between both water and IL
domains. Finally, Figure S1 (Supplementary Materials) justifies the assignments of all other
peaks in ESEEM spectrum.

Previously, we developed a potent complex EPR approach to characterize local nanos-
tructuring of solvent molecules around spin probe [40-44]. In particular, pulse EPR was
used to monitor (transverse) spin relaxation induced by so-called stochastic molecular
librations of the surrounding matrix (see Supplementary Materials for details) [52]. Such
librations (small-angle wobbling) of matrix are translated onto the radical probe and cause
its own librational motion [53,54]. As a result, transverse relaxation time T significantly
depends on the spectral position where it is recorded (denoted as I and II) and is strongly
interconnected with libration amplitude (x) and correlation time (7.) of spin probe. The
experimentally obtained function L(T)ex(1/T0—1/T,(D) in a simplified way, can be inter-
preted as a characteristic of local density or rigidity of the medium, allowing spin probe to
wobble with larger or smaller amplitude (see Supplementary Materials for details).
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Figure 1. Three-pulse ESEEM spectra detected for K1 (a) and K2 (b) probes dissolved in various
D,0/[Bmim]BF4 mixtures (indicated in legend). All spectra are normalized to B signal intensity.

Figure 2 compares L(T) curves obtained for neat IL and IL /water mixtures using K1
and K2 probes. It is important to note that librations (i.e., nonzero L(T)) can be observed
only in glassy state, not in crystalline state; therefore, for both radicals K1 and K2 we
observe only those radicals located in IL-rich domains. According to ESEEM data above,
in case of K2 this is nearly all radicals, whereas for K1 this corresponds only to a fraction
of radicals.
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Figure 2. Temperature dependence of the motional parameter L for used nitroxide spin probe in ILs
and IL/water mixtures. Color lines are guides for the eye.

It is clear that all L(T) dependences in Figure 2 are similar, meaning that spin probe
located in the IL-rich domains of IL./water mixtures senses closely the same nanostructuring
as in the neat IL. As we have demonstrated previously [39], the local surrounding of spin
probes in ILs is very loose compared to normal glasses such as water/glycerol or sucrose
octaacetyl acetate. Thus, this loose micelle-like nanoenvironment in IL-rich nanodomains is
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not essentially disturbed by the presence of water in binary mixture. The results shown in
Figure 2 agree well with previously obtained results using another spin probe in Ref. [37].

Finally, we performed room-temperature CW EPR studies of IL/water mixtures in
liquid state, in order to compare local viscosity sensed by domain-specific spin probes in
neat IL vs. IL/water mixtures (Figure 3). Since ESEEM indicates strong preference for K2
to localize in IL-rich domains, it would be reasonable to expect that the EPR spectrum
remains essentially the same at water contents 0-40%. In case of K1, which efficiently
occupies water-rich domains as well, spectral changes might be significant. This is because
the shape of the X-band EPR spectrum of nitroxide is extremely sensitive to the speed of
rotation (rotational correlation time, T.), which, in turn, depends on the viscosity of the
medium. Since the viscosity of IL is much higher than that of water, drastically different
spectra are anticipated in IL and in water.

(a) (b
20 Wt% T

: H :
39 V\/\/\ﬂo.z % 0.95 ns
1.3 EW 5% 0.34 ns
06 nWW10 % 0.21ns
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Figure 3. CW EPR spectra of K1 (a) and K2 (b) radicals dissolved in HyO/[Bmim]BF,; mixtures with
water concentration depicted (in wt%) at room temperature. Black curves show experimental data,
red curves—simulation results. The values of . are shown for each spectrum. Other simulation
parameters are given in Supplementary Materials.

Indeed, in case of K1 the observations correspond to the expectation (Figure 3a). The
spectra in pure IL and water are drastically different, and 1. obtained from simulations
differs by more than an order of magnitude (see T, values in Figure 3 and the full list
of simulation parameters in Supplementary Materials). In case of IL-water mixtures,
intermediate spectral shapes are observed. In all cases, however, the spectrum is well
simulated by a single component; accounting of two components of different viscosity,
e.g., that of IL and water, is not justified and provides poorer agreement with experiment.
Therefore, either there is a distribution of local environments and simulation yields some
mean T, and viscosity, or fast diffusion of radicals between water-rich and IL-rich domains
takes place, so that the average values are observed. As the weight of low-viscosity water
is increasing, the mean 7. decreases (see Figure 4).

However, surprisingly, the dependence observed for K2 is essentially similar to that
found for K1 (Figures 3b and 4a). Note that the size of the K2 radical is much smaller than
that of K1. The rotational correlation time t. can be estimated using the Stokes-Einstein-
Debye expression 1. = (47tr°n)/(3kT), where r is the radius of the particle, 1 is the viscosity,
k-Boltzman constant, and T-temperature. Therefore, ~6 times larger . value for K1 in
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neat IL compared to K2 is reasonable and corresponds to ~6'/3 ~ 1.8 times difference in
the hydrodynamic radii. However, the normalized dependence of T. on water content is
very similar for K1 and K2 (see Figure 4b). Since 7. is directly proportional to viscosity
1, normalization eliminates the dependence on radical radius (r3); therefore, the data of
Figure 4b indicate that both radicals K1 and K2 exhibit closely similar local viscosity in
the whole range of water contents. Taking into account the results of ESEEM experiments
(Figure 1) showing the absence of water in the vicinity of K2 and its presence around K1,
closely similar behaviors in Figure 4b need explanation.

(a) (b)

4.0 10 r./a.u.
3.54 —o—K1 (Y —o—K1
' —o—K2 038 el
3.0 0.8
0.6
2 3 g 0.6 0.4
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Figure 4. (a) Rotational correlation time 7. of K1 and K2 radicals dissolved in [Bmim]BF, /water
mixtures vs. water content. Values are obtained from simulations of CW EPR spectra shown in
Figure 3. (b) Values of t. normalized to 1 at zero water content. Color lines are guides for the eye.

In fact, the dependence of T, on water content decays slightly faster for K1 compared to
K2 (Figure 4b), showing that the presence of added water is sensed by K2 to a lesser extent
compared to K1, as is expected. However, still the observed dependence for K2 is dramatic;
if K2 would mainly reside in water-free domains with a small contribution of its presence in
water-rich domains, one would expect zero to very weak dependence of 1. on water content.
As was already mentioned above, the separation of water and [Bmim]BF, at microscopic
scale was recently evidenced by clear FE-SEM images at 0-20 wt.% of water [28]. At ~5%
the clear droplets of water with dimensions of ~1 pm were observed in the bulk of IL, and
at 20% the complicated meshworks of comparable size were formed. These conditions
must be fulfilled in our experiments as well, and microscopic-scale separation of water and
IL are to be expected; yet CW EPR data of Figures 3 and 4 do not indicate any separation.

The apparent contradiction between CW EPR (Figures 3 and 4) and ESEEM (Figure 1)
in our paper, as well as apparent contradiction of our CW EPR data with SEM images
of Ref. [28], can be explained as follows. It is well known that tiny amounts of water
in ILs can drastically modify their physicochemical properties, and ‘neat IL properties’
assume residual water contents less than ~200 pm [18,19]. If IL-rich domains in binary
mixtures still contain some residual water in certain amounts, the viscosity can be very
different compared to the neat IL case, and this should be sensed by CW EPR. However,
it is unlikely that small amounts of residual water are visible in SEM images of IL-rich
regions presented in Ref. [28]. Similarly, ESEEM would not sense amounts of D,O less than
a few percent around radical, as is evident from Figure 1a at given signal-to-noise ratio. In
fact, small D,O peak is even visible for K2 at 40% of water (Figure 1b), but this should not
be overinterpreted and might be alternatively assigned to a small fraction of K2 localized
in water domains.

Finally, it was interesting to verify whether this interpretation agrees with the SEM
images of Ref. [28] or not. For this sake we have estimated the ratio of areas corresponding
to water droplets and IL bulk at ~5% of water content (Figure 1c of ref. [28]), because this
image has most clearly defined boundaries between water and IL. The analysis of areas
(see Supplementary Materials) shows that well-defined water droplets contain only ~3%
of overall area, and the remaining ~2% can potentially be semi-homogeneously mixed
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with remaining 95% of IL. In this case, the content of water in IL-rich domains should be
around 2%. Although such estimation is very crude, there is general agreement between
our rationale and data of Ref. [28].

Thus, we suggest that the whole dataset should be understood as follows. The
binary mixtures of [Bmim]BF,; with water exhibit strongly heterogeneous structure on
microscopic scale (~1-10 pm), where water-rich and IL-rich domains are clearly present
with well-defined boundaries [28]. However, the separation of mixture components is not
complete, and residuals of water are also present in IL-rich domains, strongly modifying the
microscopic properties sensed by molecules dissolved in such domains. Such information
on physicochemical properties of micrometer-sized domains has become available here
due to the application of dedicated domain-specific spin probes and complex of advanced
CW /pulse EPR techniques.

4. Conclusions

Small contents of water can significantly influence physicochemical properties of ionic
liquids, and elimination of water residuals is an energy-consuming process. At the same
time, neat ILs can face other kinds of difficulties in applications as green solvents, e.g.,
owing to their very high viscosity. Therefore, detailed understanding of local nanoscale
environments around solutes in binary IL/water mixtures is of great importance, as it
allows prediction whether water residuals are crucial or not for particular applications.

In this work we applied pulse and continuous wave EPR to various binary mixtures
of prototypical IL [Bmim]BF; with water, which have been previously demonstrated to
form water droplets and meshworks in the bulk of IL [28]. Using two spin probes that are
preferably localized in IL or in water domains we have shown that IL-rich micrometer-
sized domains in these mixtures are indeed composed predominantly by IL molecules and
display similar nanostructure. However, residual water is still ‘"homogeneously’ present
in such IL-rich domains in amounts sufficient to drastically reduce their viscosity. This
information is obtained at the nanometer scale and is directly relevant to the viscosity
sensed by small solute molecules during reactions in IL/water mixtures.

We have selected [Bmim|BF, for this study, because this IL is miscible with water at
any ratios; however, the impact of water residuals in other ILs on the properties of IL-rich
domains can also be investigated using the same approach in the future. Therefore, we be-
lieve that the insights of this work will aid in adjusting optimum conditions for the practical
use of IL/water mixtures as green solvents and for their other prospective applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms222111900/s1, Synthesis of ionic liquid [Bmim]BFy. Synthesis of the spin probes K1 and
K2. Auxiliary ESEEM data. Continuous wave EPR spectra simulation. EPR of stochastic molecular
librations in a nutshell. FE-SEM images analyses [28,45-48,54-56].
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