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Abstract: Ionic liquid (IL) glasses have recently drawn much interest as unusual media with unique
physicochemical properties. In particular, anomalous suppression of molecular mobility in imi-
dazolium IL glasses vs. increasing temperature was evidenced by pulse Electron Paramagnetic
Resonance (EPR) spectroscopy. Although such behavior has been proven to originate from dynamics
of alkyl chains of IL cations, the role of electron spin relaxation induced by surrounding protons
still remains unclear. In this work we synthesized two deuterated imidazolium-based ILs to reduce
electron—nuclear couplings between radical probe and alkyl chains of IL, and investigated molecular
mobility in these glasses. The obtained trends were found closely similar for deuterated and proto-
nated analogs, thus excluding the relaxation-induced artifacts and reliably demonstrating structural
grounds of the observed anomalies in heterogeneous IL glasses.
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1. Introduction

Ionic liquids (ILs) exhibit a number of unusual and advanced properties [1-3], making
them prospective media for various chemical processes in many fields of modern science
and technology [4-8]. ILs are suitable for many applications, including electrolytes in bat-
teries [9-12], catalyses [5,13], solvents in liquid-liquid extractions [14-16], pharmaceutics
and medicine [17-20]; they have also attracted considerable attention as reaction media for
many organic reactions [20-27]. The most unusual characteristic of ILs is their nanoscale
self-organization, leading to the formation of heterogeneities [28,29]. There are plenty
of theoretical investigations regarding the effects of molecular self-organization in bulk
ILs [30-37]. It was experimentally proven that charged cationic head groups and anions
tend to aggregate in polar nanodomains, and hydrophobic alkyl chains form apolar nan-
odomains. Experimental approaches such as X-ray diffraction/scattering [38-41], neutron
diffraction/scattering [42,43] and nuclear magnetic resonance (NMR) spectroscopy [44—46]
have provided great development in the knowledge on heterogeneous micro- and nanos-
tructures of bulk ILs. Recently, extensive studies of heterogeneities in IL glasses were
performed using Electron Paramagnetic Resonance (EPR) spectroscopy [47-52]. We devel-
oped and implemented complex approach including continuous wave (CW) EPR, pulse
and time-resolved (TR) EPR [53-61]. Since studied ILs are naturally diamagnetic, spin
probes (stable radicals or photoinduced triplet states) were used for EPR detection. Variable-
temperature CW EPR data show that mobile and immobile local environments coexist
within a broad range of temperatures upon transition from glassy to a liquid state of
imidazolium ILs [53,56,61]. Pulse EPR allows monitoring small-angle wobbling (stochastic
molecular librations) of spin probe that is dictated by a surrounding glassy matrix, as a
function of temperature [62]. It has been found that anomalous suppression of molecular
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mobility is observed near glass transition temperature (Tg) in a series of ILs, typically in a
range from ~(Tg — 60) K to T [56]. Since most media become less dense upon temperature
growth, thus favoring more intensive molecular motion, the observed opposite trend was
termed structural anomaly. It was assigned to the structural rearrangements occurring in
solvation shell of a radical probe, and later research unequivocally demonstrated that alkyl
chains are the main cause of these phenomena [61].

Still, the detailed mechanism of these structural anomalies has not been revealed.
One particular remaining question relates to the role of electron spin relaxation in the
observed phenomena. Most anomalies were found to occur at T~140-200 K [56]. It is worth
noting that approximately the same temperature range is characterized by unfreezing of
efficient rotations of CHs-groups in various compounds [63,64]. For instance, Figure 1
compares literature data on temperature dependence of transverse relaxation rate (1/T5) in
logarithmic scale for two nitroxide radicals, one of which contains CH3-groups adjacent
to NO moiety (MTSSL, methane-thiosulfonate spin label, in water/glycerol mixture [63]),
and another one does not (N1 radical, see structure below, in IL [56]). Since MTSSL
contains methyl groups, these groups have a huge impact on the relaxation behavior in
the temperature range where their rotation activates, and the bell-like shape in 1/T,(T)
dependence is pronounced. Such temperature range slightly depends on the structure of
the radical, but it is present for every nitroxide containing CHj group(s) adjacent to NO
moiety [65].

T/K
75 100 250
7.2 :

{ —— MTSSL in water/glycerol
{ —— N1in [Bmim]BF4

log(1/T2 [s-1])

19 20 21 22 23 24
log(T [K])

Figure 1. Temperature dependence of spin echo dephasing rates, 1/T;, for N1 dissolved in ionic
liquid [Bmim]BF, (black squares, adapted from Ref. [56]) and for MTSSL in water/glycerol (1:1)
mixture (green circles, adapted from Ref. [63]) measured at the maximum of echo-detected spectrum,
position I in Figure 2a below.

To avoid effects of CHj groups, in our recent studies (including this one) we used N1
radical without methyl groups (see structure below) [63,66,67]. However, elimination of
methyl groups from radical might not completely exclude all effects of this kind. Indeed,
the cations of IL, which surround radicals, have terminal CH3 groups in the vicinity of
radical NO group; therefore, this mechanism might still hypothetically contribute to the
manifestation of anomaly. This issue is relevant, because in the pulse EPR approach,
the molecular mobility in glasses is measured indeed via electron spin relaxation of the
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embedded probe [62]. Therefore, it is vital to reliably disentangle (i) spin relaxation
induced by molecular mobility of the probe (that characterizes local density and structure of
heterogeneity) from (ii) spin relaxation induced by rotation of CH3z-groups in surrounding
alkyl chains of IL cations. The relaxation rate of the second process (ii) has a characteristic
dependence on temperature with a maximum at T~150 K [63], whose shape is generally
similar to the dependence of molecular mobility observed by EPR. Several theoretical
speculations can be drawn to disentangle two contributions (i) and (ii). The most convincing
idea is that relaxation due to mechanism (ii) should be isotropic (i.e., independent of
the spectral position) and thus irrelevant for the implemented methodology (vide infra).
However, the most transparent experimental verification of mechanisms (i) vs. (ii) might be
accomplished by comparing pulse EPR data for protonated and deuterated ILs. The driving
force of (ii) is dipolar couplings between the electron of a radical and nuclei of ILs. Since
deuteron has a ca. 6.5 times smaller gyromagnetic ratio than the proton, replacement of
CH3; groups by CD3 groups should significantly suppress the magnetic relaxation induced
by rotations of these groups [68,69].

The effects of deuteration of a radical’s CHz-groups on its phase relaxation have been
described in detail in many studies [70,71]. However, the superior way is to replace these
methyl groups with cyclohexane groups, which are not able to rotate (N1 radical, see
below). Excluding methyl groups of solvent, IL cations, is, of course, not possible, and their
deuteration is the only way to distinguish between processes (i) and (ii).

Therefore, in this work we synthesized two deuterated imidazolium-based ILs, [Bmim]BF,
and [Bmim]Br, and one pyridinium-based IL, [BuPy]BF,, investigated the molecular mobil-
ity in their glasses by EPR and compared the obtained results with those for protonated
analogs. This experimental study allowed first assessment of the role of methyl groups of
IL cations in the observed anomalies.

2. Results and Discussion

Scheme 1 shows the structures of ILs in deuterated and protonated forms studied
in this work, along with the structure of nitroxide radical used as a spin probe. We did
not succeed in replacing all protons with deuterium in ILs. However, in the case of
[Bmim]-like ILs we obtained different isotopomers to check the influence of -CHj groups
in imidazolium ring on radical relaxation, as well as to additionally detail the morphology
of matrix surrounding the spin probe. Following the same logic, the pyridinium-based IL
with non-labile protons in the ring was prepared. Two anions BF;~ and Br™ were selected
to exclude relaxation mechanism from rotating fluorine nuclei that have gyromagnetic
ratio close to proton [69] and thus might also have an impact on the studied processes.

To study the molecular mobility in IL glasses, we employed the same approach as that
used in our previous works [54,56,61], originally developed by Dzuba and colls [62,72,73]
(see Supporting Information for details). Briefly, we investigate small-angle stochastic
molecular librations (wobbling) of spin probe located in glass. Several previous studies,
which employed radical probes of various structures, have shown that glassy matrix
effectively translates its own librational motion onto the embedded probe, thus, the mobility
of probe describes the molecular mobility of the glass itself [74,75]. The wobbling of radical
modulates magnetic interactions and effectively induces transverse electron spin relaxation
with characteristic decay time T5. For nitroxides at X-band, the main relaxation pathway
is caused by electron-nuclear (hyperfine) interactions, whereas the anisotropy of g-tensor
can be neglected. Due to the anisotropy of the hyperfine interaction between the unpaired
electron and N nucleus, the T, depends on field position across the EPR spectrum. The
difference of the relaxation rates (1/T, values) measured at two characteristic spectral
positions (Figure 2a) can be expressed as L~ 1/ T, —1/T,0) = 10 (a?) 1., where (a2) is
the mean-squared amplitude of librations and 7. is their characteristic time [56,76]. The
temperature dependence L(T) essentially characterizes the molecular mobility and local
rigidity of the matrix surrounding the spin probe.
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Scheme 1. Chemical structures of studied protonated and deuterated ILs and spin probe N1.
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Figure 2. (a) Illustrative echo-detected spectrum with indicated field positions I and II where T, was measured, B is the

magnetic field. (b—g) Temperature dependence of T, ! recorded in corresponding spectrum position for protonated and

deutered ILs listed in Scheme 1. (h—j) Temperature dependence of the motional parameter L for nitroxide radical N1 in

ILs, see text for details. Vertical dashed lines show the corresponding Tg values for each IL: T = 188 K for [Bmim]BFy [56],
Ty =223 K for [Bmim]Br [77] and Tg = 197 K for [BuPy]BF4 [56].
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Figure 2 shows the pulse EPR data for three studied ILs [Bmim]BF,, [Bmim]Br and
[BuPy]BF, in deuterated and protonated forms (the latter were obtained in our previous
research [56]). Figure 2b—g shows the inverse T, relaxation time recorded in the spectral
positions I (b—d) and II (e-g), Figure 2h—j reports the L(T) functions, which are proportional
to the difference of inverse T, values (see above).

First, it is clear that the anomaly is present in the deuterated glass for all studied ILs.
The position of local minimum in L(T) remains roughly the same and closely coincides
with the Tg temperature of corresponding IL, as is depicted by dashed line. The amplitude
of L(T) in the anomalous region T~150-180 K, where molecular mobility decreases with
temperature, is slightly smaller in deuterated ILs. However, it is clear that both deuterated
and protonated ILs manifest closely the same L(T), whereas small deviations might arise
from the errors of processing the original relaxation data for deuterated IL (see SI for
details). It is important to note that the anomaly is also present in 1/T; vs. T dependences
for protonated and deuterated ILs, which means that the temperature-driven librations
more strongly contribute to the overall relaxation in this range than the temperature-
independent nuclear spin diffusion. Moreover, one can notice that the absolute values of
1/T; for deuterated ILs are significantly lower than those in protonated ones. The faster
relaxation in the protonated matrix is due to an additional contribution from protons, which
by their nature have a larger and more anisotropic magnetic moment than the deuterium
nuclei. However, this explanation can be feasible only for comparison between similar ILs
but not between different ones, because we cannot exclude the impact of nanostructuring
around the spin probe. For example, our previous research with squalene [54], which has a
lot of protons, showed slower relaxation compared to some ILs. Importantly, the results for
ILs with different deuteration degrees are almost identical. Therefore, protons located in
imidazolium ring have a negligible impact on the spin relaxation of radical probe. This
indirectly confirms the surrounding of alkyl tails around spin probe, which was earlier
proposed in the literature [35,38,44,78], as well as in our previous studies [53,54].

Our recent research has shown that structural anomaly in glassy matrix is governed
by alkyl chains of a proper length; in addition, the matrix should have a proper Tg to
allow alkyl chains reveal their dynamical behavior [61]. Recently the anomaly has been
observed as well in other compounds apart from ILs, for example in common ethanol.
Since fully deuterated ethanol is easily available, we investigated the structural anomaly
in this glass as well. Figure 3 shows data for ethanol similar to those reported for ILs in
Figure 2. Obviously, similar trends upon deuteration are observed for ethanol and for
ILs (see above): the relaxation becomes longer in deuterated glass, but the anomaly L(T)
remains. The dg-ethanol glass is completely free of protons, therefore, there is no doubt
that deuteration has only minor effects on the shape of the curve.

Thus, we conclude that the anomalous suppression of molecular mobility in ILs near
their glass-transition temperatures is a structural phenomenon, not an artifact induced by
rotation of methyl groups of solvent activated in approximately the same temperature range.
Note that, in principle, the same ‘relaxation-induced artifact’ might originate from rotation
of own methyl groups of the radical probe; however, we deliberately used a dedicated
spirocyclohexane-substituted nitroxide N1 in this work, which is free from methyl groups
adjacent to NO moiety, and because of that has favorable relaxation properties [63,66,67].

The conclusion on structural grounds of the observed anomalies in IL glasses agrees
well with that of our previous study, where a different type of spin probe—triarylmethyl
(TAM) radical—and different methodology for L(T) measurement were employed [58].
Despite TAM being much larger that the N1 radical and having drastically different
structure and shape, the L(T) curves were found very similar using both probes, implying
that the relaxation (and thus L(T)) is truly dictated by the librations of glassy environment.
Interestingly, in recent works of Dzuba and colleagues, similar L(T) shapes with a clear
maximum were obtained for tumbling radicals attached to the surface (i.e., not in glassy
media) [79]. The observation of such saturation near room temperature was explained by
violating the applicability of Redfield relaxation theory, when (#?)t. becomes large due
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to semi-free large-amplitude motion of the radical. It would be hypothetically possible
that in case of glassy ILs radical probes also exhibit similar large-scale tumbling, leading
to an anomalous L(T) shape. However, the coincidence of the L(T) shapes obtained using
nitroxide and TAM radicals requires similar values of their (2?)T., which seems a very
unlikely coincidence for such different molecules. Therefore, with the help of experimental
data obtained in the present work, we substantiate structural grounds for the observed
L(T) anomalies in IL glasses.
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Figure 3. Temperature dependence of T> ! recorded in spectral positions I (a) and II (b) of N1 for
protonated and deuterated ethanol. (c) Temperature dependence of the motional parameter L for

nitroxide radical N1 in protonated and deuterated ethanol. The vertical dashed line shows the glass
transition temperature for ethanol Ty = 97 K.

3. Materials and Methods

All deuterated ILs were synthesized following the procedure described in the Sup-
porting Information (SI). We succeeded in obtaining two isotopomers of Bmim cations (dy-
and dqp-versions).

The spiro-cyclohexane-substituted nitroxide N1 was kindly provided by Dr Igor
Kirilyuk, NIOCh SB RAS. It was dissolved in the corresponding IL in 1 mM concentrations,
and the solution was placed in an EPR quartz tube with a 3.8 mm outer diameter.

EPR measurements were performed using a commercial Bruker Elexsys E580 spec-
trometer at the 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 7w and 50 ns for 7t/2.

The electron spin echo envelope modulation (ESEEM) was strongly manifested in
spin-echo decay of deuterated samples at closely deuteron Larmor frequency (ESEEM for
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the protonated samples was much weaker for the same pulse lengths used). Therefore, the
extraction of corresponding T, values in deuterated samples required the fitting procedure
accounting for ESEEM, which is described in Figure S1 and text of SI.

4. Conclusions

In this work we have provided unequivocal experimental evidence that the observed
anomalous molecular mobility near Tg in imidazolium-based ILs is not a relaxation-induced
artifact arising from a rotation of CHjz-groups in IL cations. Using deuterated ILs and
comparing the results with protonated analogs, we safely ruled out the possibility that tem-
perature dependence of transverse relaxation might mimic the suppression of molecular
mobility. On the basis of new experimental data and previous pulse/CW EPR studies [61],
the observed anomalies should be assigned straight to the structural rearrangements of
alkyl chains and increase of local density in apolar domains constituted by these chains.
This is an interesting and unique phenomenon, which would be imposed onto any solute
molecule localized in such apolar nanodomains. Moreover, recently we have demonstrated
that similar structural anomalies are inherent also to certain non-IL solvents, such as phtha-
lates, which are able to form glasses stable in a broad temperature range [61]. Therefore,
deeper understanding of such structural anomalies revealed in the present work is of
fundamental importance and might also have a variety of implications in the future.

Supplementary Materials: The following are available online: Details on Chemicals. Synthesis of
deuterated ionic liquids. The NMR spectral data of ionic liquids. Spin-echo decay simulation.

Author Contributions: Conceptualization, M.Y.I. and M.V.E; methodology, O.D.B. and A.SK;
investigation, M.Y.I. and O.D.B.; resources, S.A.P.; writing—original draft preparation, M.Y.I;
writing—review and editing, M.V.F; supervision, M.VE. and N.Y.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation (grant No. 19-13-00071).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are thankful to Igor Kirilyuk for providing us with the nitroxide radi.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1. Xu, C,; Cheng, Z. Thermal stability of ionic liquids: Current status and prospects for future development. Processes 2021, 9, 337.
[CrossRef]

2. Wu, H.B,; Zhang, B,; Liu, S.H.; Chen, C.C. Flammability estimation of 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide.
J. Loss Prev. Process. Ind. 2020, 66, 104196. [CrossRef]

3. Barulli, L.; Mezzetta, A.; Brunetti, B.; Guazzelli, L.; Vecchio Ciprioti, S.; Ciccioli, A. Evaporation thermodynamics of the
tetraoctylphosphonium bis(trifluoromethansulfonyl)imide([P8888]NTf2) and tetraoctylphosphonium nonafluorobutane-1-
sulfonate ([P8888]INFBS) ionic liquids. J. Mol. Lig. 2021, 333. [CrossRef]

4. Welton, T. Room-Temperature Ionic Liquids. Solvents for Synthesis and Catalysis. Chem. Rev. 1999, 99, 2071-2084. [CrossRef]

5. Hallett, ].P; Welton, T. Room-Temperature Ionic Liquids: Solvents for Synthesis and Catalysis. 2. Chem. Rev. 2011, 111, 3508-3576.
[CrossRef] [PubMed]

6.  Weingirtner, H. Understanding Ionic Liquids at the Molecular Level: Facts, Problems, and Controversies. Angew. Chem. Int. Ed.
2008, 47, 654-670. [CrossRef] [PubMed]

7. Welton, T. Ionic liquids: A brief history. Biophys. Rev. 2018, 10, 691-706. [CrossRef]

8.  Singh, S.K.; Savoy, A.W. Ionic liquids synthesis and applications: An overview. J. Mol. Lig. 2020, 297, 112038. [CrossRef]

9. Zhang, Q.; Cai, S.; Zhang, W.; Lan, Y.; Zhang, X. Density, viscosity, conductivity, refractive index and interaction study of binary

mixtures of the ionic liquid 1-ethyl-3—-methylimidazolium acetate with methyldiethanolamine. J. Mol. Lig. 2017, 233, 471-478.
[CrossRef]


http://doi.org/10.3390/pr9020337
http://doi.org/10.1016/j.jlp.2020.104196
http://doi.org/10.1016/j.molliq.2021.115892
http://doi.org/10.1021/cr980032t
http://doi.org/10.1021/cr1003248
http://www.ncbi.nlm.nih.gov/pubmed/21469639
http://doi.org/10.1002/anie.200604951
http://www.ncbi.nlm.nih.gov/pubmed/17994652
http://doi.org/10.1007/s12551-018-0419-2
http://doi.org/10.1016/j.molliq.2019.112038
http://doi.org/10.1016/j.molliq.2017.03.036

Molecules 2021, 26, 5828 8 of 10

10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

Greaves, T.L.; Drummond, C.J. Protic ionic liquids: Properties and applications. Chem. Rev. 2008, 108, 206—237. [CrossRef]
[PubMed]

Nordness, O.; Brennecke, J.F. Ion Dissociation in Ionic Liquids and Ionic Liquid Solutions. Chem. Rev. 2020, 120, 12873-12902.
[CrossRef]

Martins, V.L.; Torresi, R.M. Ionic liquids in electrochemical energy storage. Curr. Opin. Electrochem. 2018, 9, 26-32. [CrossRef]
Conrad Zhang, Z. Catalysis in Ionic Liquids. Adv. Catal. 2006, 49, 153-237. [CrossRef]

Mezzetta, A.; Becherini, S.; Pretti, C.; Monni, G.; Casu, V.; Chiappe, C.; Guazzelli, L. Insights into the levulinate-based ionic liquid
class: Synthesis, cellulose dissolution evaluation and ecotoxicity assessment. New, J. Chem. 2019, 43, 13010-13019. [CrossRef]
Trujillo-Rodriguez, M.J.; Nan, H.; Varona, M.; Emaus, M.N.; Souza, I.D.; Anderson, ].L. Advances of Ionic Liquids in Analytical
Chemistry. Anal. Chem. 2019, 91, 505-531. [CrossRef] [PubMed]

Karmakar, A.; Mukundan, R.; Yang, P; Batista, E.R. Solubility model of metal complex in ionic liquids from first principle
calculations. RSC Adv. 2019, 9, 18506-18526. [CrossRef]

Santos, M.M.; Alves, C.; Silva, ].; Florindo, C.; Costa, A.; Petrovski, 7.; Marrucho, LM.; Pedrosa, R.; Branco, L.C. Antimicrobial
activities of highly bioavailable organic salts and ionic liquids from fluoroquinolones. Pharmaceutics 2020, 12, 694. [CrossRef]
[PubMed]

Marrucho, .M.; Branco, L.C.; Rebelo, L.P.N. Ionic liquids in pharmaceutical applications. Annu. Rev. Chem. Biomol. Eng. 2014,
5,527-546. [CrossRef]

Hough, W.L.; Rogers, R.D. Ionic liquids then and now: From solvents to materials to active pharmaceutical ingredients. Bull.
Chem. Soc. Jpn. 2007, 80, 2262-2269. [CrossRef]

Egorova, K.S.; Gordeev, E.G.; Ananikov, V.P. Biological Activity of Ionic Liquids and Their Application in Pharmaceutics and
Medicine. Chem. Rev. 2017, 117, 7132-7189. [CrossRef]

Wasserscheid, P.; Keim, W. Tonic Liquids—New “Solutions” for Transition Metal Catalysis. Angew. Chem. Int. Ed. 2000,
39, 3772-3789. [CrossRef]

Zhao, D.; Wu, M.; Kou, Y.; Min, E. Ionic liquids: Applications in catalysis. Catal. Today 2002, 74, 157-189. [CrossRef]

Dai, C.; Zhang, J.; Huang, C.; Lei, Z. Ionic Liquids in Selective Oxidation: Catalysts and Solvents. Chem. Rev. 2017, 117, 6929-6983.
[CrossRef] [PubMed]

Watanabe, M.; Thomas, M.L.; Zhang, S.; Ueno, K,; Yasuda, T.; Dokko, K. Application of Ionic Liquids to Energy Storage and
Conversion Materials and Devices. Chem. Rev. 2017, 117, 7190-7239. [CrossRef] [PubMed]

Shang, D.; Liu, X,; Bai, L.; Zeng, S.; Xu, Q.; Gao, H.; Zhang, X. Ionic liquids in gas separation processing. Curr. Opin. Green Sustain.
Chem. 2017, 5, 74-81. [CrossRef]

Zhang, M; Ettelaie, R.; Yan, T.; Zhang, S.; Cheng, F.; Binks, B.P.; Yang, H. Ionic Liquid Droplet Microreactor for Catalysis Reactions
Not at Equilibrium. J. Am. Chem. Soc. 2017, 139, 17387-17396. [CrossRef] [PubMed]

Chiappe, C.; Mezzetta, A.; Pomelli, C.S.; Puccini, M.; Seggiani, M. Product as Reaction Solvent: An Unconventional Approach for
Ionic Liquid Synthesis. Org. Process. Res. Dev. 2016, 20, 2080-2084. [CrossRef]

Wang, Y.-L.L.; Li, B.; Sarman, S.; Mocci, F; Lu, Z.Y.; Yuan, ].; Laaksonen, A.; Fayer, M.D. Microstructural and Dynamical
Heterogeneities in Ionic Liquids. Chem. Rev. 2020, 120, 5798-5877. [CrossRef]

Hayes, R.; Warr, G.G.; Atkin, R. Structure and Nanostructure in Ionic Liquids. Chem. Rev. 2015, 115, 6357-6426. [CrossRef]
[PubMed]

Zhao, Y.; Gao, S.; Wang, ].; Tang, J. Aggregation of Ionic Liquids [ Cn mim ] Br (n) 4, 6,8, 10,12 ) in D 2 O: A NMR Study. J. Phys.
Chem. B 2008, 2031-2039.

Li, S.; Banwuelos, ].L.; Zhang, P.; Feng, G.; Dai, S.; Rother, G.; Cummings, P.T. Toward understanding the structural heterogeneity
and ion pair stability in dicationic ionic liquids. Soft Matter 2014, 10, 9193-9200. [CrossRef]

Sha, M.; Liu, Y.; Dong, H.; Luo, F; Jiang, F; Tang, Z.; Zhu, G.; Wu, G. Origin of heterogeneous dynamics in local molecular
structures of ionic liquids. Soft Matter 2016, 12, 8942-8949. [CrossRef]

Zheng, Z.P.; Fan, W.H.; Roy, S.; Mazur, K.; Nazet, A.; Buchner, R.; Bonn, M.; Hunger, J. Ionic liquids: Not only structurally but
also dynamically heterogeneous. Angew. Chem. Int. Ed. 2015, 54, 687-690. [CrossRef]

Usui, K.; Hunger, J.; Bonn, M.; Sulpizi, M. Dynamical heterogeneities of rotational motion in room temperature ionic liquids
evidenced by molecular dynamics simulations. J. Chem. Phys. 2018, 148. [CrossRef] [PubMed]

Canongia Lopes, ].N.A.; Padua, A.A.H. Nanostructural organization in ionic liquids. J. Phys. Chem. B 2006, 110, 3330-3335.
[CrossRef] [PubMed]

Urahata, S.M.; Ribeiro, M.C.C. Unraveling Dynamical Heterogeneity in the Ionic Liquid 1-Butyl-3-methylimidazolium Chloride.
J. Phys. Chem. Lett. 2010, 1, 1738-1742. [CrossRef]

Wang, Y.; Voth, G.A. Unique spatial heterogeneity in ionic liquids. J. Am. Chem. Soc. 2005, 127, 12192-12193. [CrossRef]

Triolo, A.; Russina, O.; Bleif, H.-].; Di Cola, E. Nanoscale Segregation in Room Temperature Ionic Liquids. J. Phys. Chem. B 2007,
111, 4641-4644. [CrossRef]

Triolo, A.; Russina, O.; Fazio, B.; Appetecchi, G.B.; Carewska, M.; Passerini, S. Nanoscale organization in piperidinium-based
room temperature ionic liquids. J. Chem. Phys. 2009, 130, 164521. [CrossRef]

Russina, O.; Triolo, A. New experimental evidence supporting the mesoscopic segregation model in room temperature ionic
liquids. Faraday Discuss. 2012, 154, 97-109. [CrossRef]


http://doi.org/10.1021/cr068040u
http://www.ncbi.nlm.nih.gov/pubmed/18095716
http://doi.org/10.1021/acs.chemrev.0c00373
http://doi.org/10.1016/j.coelec.2018.03.005
http://doi.org/10.1016/S0360-0564(05)49003-3
http://doi.org/10.1039/C9NJ03239H
http://doi.org/10.1021/acs.analchem.8b04710
http://www.ncbi.nlm.nih.gov/pubmed/30335970
http://doi.org/10.1039/C9RA04042K
http://doi.org/10.3390/pharmaceutics12080694
http://www.ncbi.nlm.nih.gov/pubmed/32717808
http://doi.org/10.1146/annurev-chembioeng-060713-040024
http://doi.org/10.1246/bcsj.80.2262
http://doi.org/10.1021/acs.chemrev.6b00562
http://doi.org/10.1002/1521-3773(20001103)39:21&lt;3772::AID-ANIE3772&gt;3.0.CO;2-5
http://doi.org/10.1016/S0920-5861(01)00541-7
http://doi.org/10.1021/acs.chemrev.7b00030
http://www.ncbi.nlm.nih.gov/pubmed/28459547
http://doi.org/10.1021/acs.chemrev.6b00504
http://www.ncbi.nlm.nih.gov/pubmed/28084733
http://doi.org/10.1016/j.cogsc.2017.03.015
http://doi.org/10.1021/jacs.7b07731
http://www.ncbi.nlm.nih.gov/pubmed/29099180
http://doi.org/10.1021/acs.oprd.6b00302
http://doi.org/10.1021/acs.chemrev.9b00693
http://doi.org/10.1021/cr500411q
http://www.ncbi.nlm.nih.gov/pubmed/26028184
http://doi.org/10.1039/C4SM01742K
http://doi.org/10.1039/C6SM01797E
http://doi.org/10.1002/anie.201409136
http://doi.org/10.1063/1.5005143
http://www.ncbi.nlm.nih.gov/pubmed/30307246
http://doi.org/10.1021/jp056006y
http://www.ncbi.nlm.nih.gov/pubmed/16494347
http://doi.org/10.1021/jz100411w
http://doi.org/10.1021/ja053796g
http://doi.org/10.1021/jp067705t
http://doi.org/10.1063/1.3119977
http://doi.org/10.1039/C1FD00073J

Molecules 2021, 26, 5828 90of 10

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Russina, O.; Triolo, A.; Gontrani, L.; Caminiti, R. Mesoscopic Structural Heterogeneities in Room-Temperature Ionic Liquids. J.
Phys. Chem. Lett. 2012, 3, 27-33. [CrossRef]

Triolo, A.; Russina, O.; Arrighi, V.; Juranyi, F,; Janssen, S.; Gordon, C.M. Quasielastic neutron scattering characterization of the
relaxation processes in a room temperature ionic liquid. J. Chem. Phys. 2003, 119, 8549-8557. [CrossRef]

Russina, O.; Triolo, A.; Aihara, Y.; Telling, M.T.F,; Grimm, H. Quasi-elastic neutron scattering investigation of dynamics in
polymer electrolytes. Macromolecules 2004, 37, 8653-8660. [CrossRef]

Seitkalieva, M.M.; Grachev, A.A.; Egorova, K.S.; Ananikov, V.P. Nanoscale organization of ionic liquids and their interaction with
peptides probed by 13C NMR spectroscopy. Tetrahedron 2014, 70, 6075-6081. [CrossRef]

Griffin, PJ.; Holt, A.P; Tsunashima, K.; Sangoro, J.R.; Kremer, F.; Sokolov, A.P. Ion transport and structural dynamics in
homologous ammonium and phosphonium-based room temperature ionic liquids. J. Chem. Phys. 2015, 142. [CrossRef]
Marekha, B.A.; Kalugin, O.N.; Bria, M.; Idrissi, A. Probing structural patterns of ion association and solvation in mixtures of
imidazolium ionic liquids with acetonitrile by means of relative 1H and 13C NMR chemical shifts. Phys. Chem. Chem. Phys. 2015,
17,23183-23194. [CrossRef]

Mladenova, B.Y.; Kattnig, D.R.; Grampp, G. Room-temperature ionic liquids discerned via nitroxyl spin probe dynamics. J. Phys.
Chem. B 2011, 115, 8183-8198. [CrossRef] [PubMed]

Mladenova, B.Y.; Chumakova, N.A.; Pergushov, V.I.; Kokorin, A.I; Grampp, G.; Kattnig, D.R. Rotational and translational
diffusion of spin probes in room-temperature ionic liquids. J. Phys. Chem. B 2012, 116, 12295-12305. [CrossRef] [PubMed]
Kundu, K; Kattnig, D.R.; Mladenova, B.Y.; Grampp, G.; Das, R. Electron spin-lattice relaxation mechanisms of nitroxyl radicals in
ionic liquids and conventional organic liquids: Temperature dependence of a thermally activated process. J. Phys. Chem. B 2015,
119,4501-4511. [CrossRef] [PubMed]

Stoesser, R.; Herrmann, W.; Zehl, A.; Strehmel, V.; Laschewsky, A. ESR spin probes in ionic liquids. ChemPhysChem 2006,
7,1106-1111. [CrossRef]

Strehmel, V.; Laschewsky, A.; Stoesser, R.; Zehl, A.; Herrmann, W. Mobility of spin probes in ionic liquids. J. Phys. Org. Chem.
2006, 19, 318-325. [CrossRef]

Strehmel, V. Radicals in Ionic Liquids. ChemPhysChem 2012, 13, 1649-1663. [CrossRef]

Ivanov, M.Y.; Veber, S.L.; Prikhod’ko, S.A.; Adonin, N.Y.; Bagryanskaya, E.G.; Fedin, M.V,; Prikhod’ko, S.A.; Adonin, N.Y,;
Bagryanskaya, E.G.; Fedin, M.V. Probing Microenvironment in Ionic Liquids by Time-Resolved EPR of Photoexcited Triplets. J.
Phys. Chem. B 2015, 119, 13440-13449. [CrossRef]

Ivanov, M.Y,; Krumkacheva, O.A.; Dzuba, S.A.; Fedin, M.V. Microscopic rigidity and heterogeneity of ionic liquids probed by
stochastic molecular librations of the dissolved nitroxides. Phys. Chem. Chem. Phys. 2017, 19, 26158-26163. [CrossRef]

Ivanov, M.Y,; Prikhod’Ko, S.A.; Adonin, N.Y.; Bagryanskaya, E.G.; Fedin, M.V. Influence of C2-Methylation of Imidazolium Based
Ionic Liquids on Photoinduced Spin Dynamics of the Dissolved ZnTPP Studied by Time-Resolved EPR. Z. Phys. Chem. 2017,
231, 391-404. [CrossRef]

Ivanov, M.Y.; Prikhod’ko, S.A.; Adonin, N.Y,; Kirilyuk, I.A.; Adichtchev, S.V.; Surovtsev, N.V.,; Dzuba, S.A.; Fedin, M.V,;
Prikhod’Ko, S.A.; Adonin, N.Y,; et al. Structural Anomalies in Ionic Liquids near the Glass Transition Revealed by Pulse EPR. J.
Phys. Chem. Lett. 2018, 9, 4607-4612. [CrossRef]

Ivanov, M.Y.; Fedin, M.V. Nanoscale heterogeneities in ionic liquids: Insights from EPR of spin probes. Mendeleev Commun. 2018,
28, 565-573. [CrossRef]

Kuzhelev, A.A.; Krumkacheva, O.A.; Ivanov, M.Y.; Prikhod’Ko, S.A.; Adonin, N.Y.; Tormyshev, V.M.; Bowman, M.K,; Fedin,
M.V,; Bagryanskaya, E.G.; Prikhod’ko, S.A.; et al. Pulse EPR of Triarylmethyl Probes: A New Approach for the Investigation of
Molecular Motions in Soft Matter. . Phys. Chem. B 2018, 122, 8624-8630. [CrossRef] [PubMed]

Ivanov, M.Y.; Prikhod’ko, S.A.; Adonin, N.Y.; Fedin, M.V,; Prikhod’Ko, S.A.; Adonin, N.Y.; Fedin, M.V. Structural Anomalies in
Binary Mixtures of Ionic Liquid [Bmim]BF 4 with Water Studied by EPR. J. Phys. Chem. B 2019, 123, 9956-9962. [CrossRef]
Ivanov, M.Y,; Poryvaev, A.S.; Polyukhov, D.M.; Prikhod’ko, S.A.; Adonin, N.Y.; Fedin, M.V. Nanoconfinement effects on structural
anomalies in imidazolium ionic liquids. Nanoscale 2020, 12, 23480-23487. [CrossRef]

Bakulina, O.D.; Ivanov, M.Y.; Prikhod’ko, S.A.; Pylaeva, S.; Zaytseva, 1.V.; Surovtsev, N.V,; Adonin, N.Y.; Fedin, M.V. Nanocage
formation and structural anomalies in imidazolium ionic liquid glasses governed by alkyl chains of cations. Nanoscale 2020,
12,19982-19991. [CrossRef]

Dzuba, S.A. Libration motion of guest spin probe molecules in organic glasses: CW EPR and electron spin echo study. Spectrochim.
Acta. Part. A Mol. Biomol. Spectrosc. 2000, 56, 227-234. [CrossRef]

Rajca, A.; Kathirvelu, V.; Roy, S.K,; Pink, M.; Rajca, S.; Sarkar, S.; Eaton, S.S.; Eaton, G.R. A Spirocyclohexyl Nitroxide Amino Acid
Spin Label for Pulsed EPR Spectroscopy Distance Measurements. Chem. A Eur. ]. 2010, 16, 5778-5782. [CrossRef]

Zecevic, A.; Eaton, G.R,; Eaton, S.S.; Lindgren, M. Dephasing of electron spin echoes for nitroxyl radicals in glassy solvents by
non-methyl and methyl protons. Mol. Phys. 1998, 95, 1255-1263. [CrossRef]

Sato, H.; Kathirvelu, V.; Fielding, A.; Blinco, J.P.; Micallef, A.S.; Bottle, S.E.; Eaton, S.S.; Eaton, G.R. Impact of molecular size
on electron spin relaxation rates of nitroxyl radicals in glassy solvents between 100 and 300 K. Mol. Phys. 2007, 105, 2137-2151.
[CrossRef]


http://doi.org/10.1021/jz201349z
http://doi.org/10.1063/1.1613637
http://doi.org/10.1021/ma0493574
http://doi.org/10.1016/j.tet.2014.02.025
http://doi.org/10.1063/1.4913239
http://doi.org/10.1039/C5CP02748A
http://doi.org/10.1021/jp201703c
http://www.ncbi.nlm.nih.gov/pubmed/21634394
http://doi.org/10.1021/jp306583g
http://www.ncbi.nlm.nih.gov/pubmed/22928518
http://doi.org/10.1021/acs.jpcb.5b00431
http://www.ncbi.nlm.nih.gov/pubmed/25775000
http://doi.org/10.1002/cphc.200500651
http://doi.org/10.1002/poc.1072
http://doi.org/10.1002/cphc.201100982
http://doi.org/10.1021/acs.jpcb.5b06792
http://doi.org/10.1039/C7CP04890D
http://doi.org/10.1515/zpch-2016-0820
http://doi.org/10.1021/acs.jpclett.8b02097
http://doi.org/10.1016/j.mencom.2018.11.001
http://doi.org/10.1021/acs.jpcb.8b07714
http://www.ncbi.nlm.nih.gov/pubmed/30137993
http://doi.org/10.1021/acs.jpcb.9b08933
http://doi.org/10.1039/D0NR06961B
http://doi.org/10.1039/D0NR06065H
http://doi.org/10.1016/S1386-1425(99)00234-6
http://doi.org/10.1002/chem.200903102
http://doi.org/10.1080/00268979809483256
http://doi.org/10.1080/00268970701724966

Molecules 2021, 26, 5828 10 of 10

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

Kirilyuk, I.A.; Polienko, Y.F,; Krumkacheva, O.A.; Strizhakov, R.K.; Gatilov, Y.V.; Grigor’ev, . A.; Bagryanskaya, E.G. Synthesis
of 2,5-bis(spirocyclohexane)-substituted nitroxides of pyrroline and pyrrolidine series, including thiol-specific spin label: An
analogue of MTSSL with long relaxation time. J. Org. Chem. 2012, 77, 8016-8027. [CrossRef] [PubMed]

Kathirvelu, V.; Smith, C.; Parks, C.; Mannan, M.A.; Miura, Y.; Takeshita, K.; Eaton, S.S.; Eaton, G.R. Relaxation rates for
spirocyclohexyl nitroxyl radicals are suitable for interspin distance measurements at temperatures up to about 125 K. Chem.
Commun. 2009, 454—456. [CrossRef] [PubMed]

Huang, S.; Paletta, ].T.; Elajaili, H.; Huber, K.; Pink, M.; Rajca, S.; Eaton, G.R.; Eaton, S.S.; Rajca, A. Synthesis and Electron Spin
Relaxation of Tetracarboxylate Pyrroline Nitroxides. J. Org. Chem. 2017, 82, 1538-1544. [CrossRef] [PubMed]

Eaton, S.S.; Eaton, G.R. Relaxation Times of Organic Radicals and Transition Metal Ions BT—Distance Measurements in Biological
Systems by EPR; Berliner, L.J., Eaton, G.R., Eaton, S.S., Eds.; Springer US: Boston, MA, USA, 2000; Volume 19, pp. 29-154,
ISBN 978-0-306-47109-4.

Soetbeer, |.; Hiilsmann, M.; Godt, A.; Polyhach, Y.; Jeschke, G. Dynamical decoupling of nitroxides in: O-terphenyl: A study of
temperature, deuteration and concentration effects. Phys. Chem. Chem. Phys. 2018, 20, 1615-1628. [CrossRef]

Goslar, J.; Hoffmann, S.K.; Lijewski, S. Dynamics of 4-oxo-TEMPO-d16-15N nitroxide-propylene glycol system studied by ESR
and ESE in liquid and glassy state in temperature range 10-295 K. J. Magn. Reson. 2016, 269, 162-175. [CrossRef]

Paschenko, S.V.; Toropov, Y.V.; Dzuba, S.A.; Tsvetkov, Y.D.; Vorobiev, A.K. Temperature dependence of amplitudes of libration
motion of guest spin-probe molecules in organic glasses. J. Chem. Phys. 1999, 110, 8150-8154. [CrossRef]

Dzuba, S.A.; Kirilina, E.P; Salnikov, E.S. On the possible manifestation of harmonic-anharmonic dynamical transition in glassy
media in electron paramagnetic resonance of nitroxide spin probes. J. Chem. Phys. 2006, 125, 054502. [CrossRef]

Kirilina, E.P.,; Grigoriev, I.A.; Dzuba, S.A. Orientational motion of nitroxides in molecular glasses: Dependence on the chemical
structure, on the molecular size of the probe, and on the type of the matrix. |. Chem. Phys. 2004, 121, 12465-12471. [CrossRef]
Golysheva, E.A.; Shevelev, G.Y.; Dzuba, S.A. Dynamical transition in molecular glasses and proteins observed by spin relaxation
of nitroxide spin probes and labels. J. Chem. Phys. 2017, 147, 064501. [CrossRef]

Isaev, N.P.; Dzuba, S.A. Fast Stochastic Librations and Slow Rotations of Spin Labeled Stearic Acids in a Model Phospholipid
Bilayer at Cryogenic Temperatures. J. Phys. Chem. B 2008, 112, 13285-13291. [CrossRef] [PubMed]

Zhang, S.; Lu, X.; Zhou, Q.; Li, X.; Zhang, X.; Li, S. Ionic Liquids; Elsevier: Amsterdam, The Netherlands, 2009; ISBN 9780444534279.
Greaves, T.L.; Drummond, C.J. Solvent nanostructure, the solvophobic effect and amphiphile self-assembly in ionic liquids. Chem.
Soc. Rev. 2013, 42, 1096-1120. [CrossRef] [PubMed]

Golysheva, E.A.; Samoilova, R.I.; De Zotti, M.; Toniolo, C.; Formaggio, E; Dzuba, S.A. Electron spin echo detection of stochastic
molecular librations: Non-cooperative motions on solid surface. J. Magn. Reson. 2019, 309, 106621. [CrossRef] [PubMed]


http://doi.org/10.1021/jo301235j
http://www.ncbi.nlm.nih.gov/pubmed/22917445
http://doi.org/10.1039/B817758A
http://www.ncbi.nlm.nih.gov/pubmed/19137183
http://doi.org/10.1021/acs.joc.6b02737
http://www.ncbi.nlm.nih.gov/pubmed/28032758
http://doi.org/10.1039/C7CP07074H
http://doi.org/10.1016/j.jmr.2016.06.006
http://doi.org/10.1063/1.478717
http://doi.org/10.1063/1.2220571
http://doi.org/10.1063/1.1822913
http://doi.org/10.1063/1.4997035
http://doi.org/10.1021/jp805794c
http://www.ncbi.nlm.nih.gov/pubmed/18826269
http://doi.org/10.1039/C2CS35339C
http://www.ncbi.nlm.nih.gov/pubmed/23165291
http://doi.org/10.1016/j.jmr.2019.106621
http://www.ncbi.nlm.nih.gov/pubmed/31669794

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Conclusions 
	References

