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Abstract

Mixtures of ionic liquids (ILs) with polar aprotic solvents in different combinations and under
different conditions (concentration, temperature efc.) are used widely in electrochemistry. However,
little is known about the key intermolecular interactions in such mixtures depending on the nature
of the constituents and mixture composition. In order to systematically address the intermolecular
interactions, the chemical shift variation of "H and "*C nuclei has been followed in mixtures of
imidazolium ILs 1-n-butyl-3-methylimidazolium tetrafluoroborate (BmimBF,4), 1-n-butyl-3-
methylimidazolium hexafluorophosphate (BmimPFy), 1-n-butyl-3-methylimidazolium
trifluoromethanesulfonate (BmimTfO) and 1-n-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (BmimTFSI) with molecular solvent acetonitrile (AN) over the
entire composition range at 300 K. The concept of relative chemical shift variation is proposed to
assess the observed effects on a unified and unbiased scale. We have found that hydrogen bonds
between the imidazolium ring hydrogen atoms and electronegative atoms of anions are stronger in
BmimBF4 and BmimTfO ILs than those in BmimTFSI and BmimPF¢. Hydrogen atom at position 2
of the imidazolium ring is substantially more sensitive to interionic hydrogen bonding than those at
positions 4-5 in the case of BmimTfO and BmimTFSI ILs. These hydrogen bonds are disrupted
upon dilution in AN due to ion dissociation which is more pronounced at high dilutions. Specific

solvation interactions between AN molecules and IL cations are poorly manifested.
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Introduction

Ionic liquids (ILs) are a subject of a rapidly expanding research field due to their numerous
applications' and countless possible structures, combinations and functionalizations.” In many
applications ILs are used in mixtures with molecular solvents of different nature.":* In particular, in
the field of energy related electrochemical applications 1-alkyl-3-methylimidazolium ILs with
perfluorinated anions (RmimX, X = BF4, PF¢ efc.) are typically combined with polar aprotic
solvents such as acetonitrile (AN), propylene carbonate (PC), and y-butyrolactone (y-BL).4'6
Originally, dilution of ILs in molecular solvents was considered as a simple mean to reduce their
high viscosity for the sake of practical handling. However, not only does it increase the fluidity, but
modifies the overall pattern of intermolecular and interionic interactions and the related properties,

e.g., electrical conductivity, "' polarity,™ ' '* diffusivity."> '

In terms of efficient practical use and
development of novel IL-molecular solvent systems, the key fundamental issue is to establish a

comprehensive microscopic picture on the structure and dynamics in such systems as a function of

mixture composition and nature of the constituents.

In a rough approximation, mixtures of ILs with molecular solvents can be considered as electrolyte
solutions® whose structure and properties are determined by the balance of such types of
interactions as 'cation-anion', 'cation-cation' and 'anion-anion' that govern the existence of ion pairs
and high order aggregates like [Cat,An,] """, and also by the 'cation-solvent', 'anion-solvent', and
'solvent-solvent' interactions. In this context, the peculiarity of binary systems based on ILs is that
the composing ions are multiatomic and, in general, asymmetric. This implies that the mentioned
above interactions should be regarded as anisotropic ones, having preferential localization around
certain interaction sites. Another prominent feature of these systems, in comparison with
conventional electrolyte solutions, is the full miscibility of ILs with many molecular solvents that
allows obtaining mixtures ranging from dilute solutions of IL in molecular solvent to dilute

solutions of molecular solvent in IL.>



Physical Chemistry Chemical Physics

In this regard, two main phenomena related to the redistribution of the balance between possible
ion-ion, ion-molecular, and intermolecular interactions upon the composition change should be
considered. They are ion association/aggregation and ion solvation. Going from neat IL to neat
molecular solvent, these phenomena can be understood as a gradual destruction of large ionic
aggregates (basic structure units of neat ILs) in favor of the smaller ones up to ion pairs, followed
by complete dissociation into 'free' ions in very dilute solutions as a result of the interaction with
solvent molecules.” ' This interaction can be both specific (localized directional ion-molecular
interactions) and non-specific (the effect of accumulation of significant amount of solvent which is

capable of forming a medium similar to the neat solvent).

The phenomena of ion association and solvation manifest themselves at the microscopic level in the
redistribution of electron density at the corresponding interaction sites. Among the currently known
experimental methods that can reveal such effects, NMR'® ' and vibrational'® (IR and Raman)
spectroscopy should be highlighted as widely available and applicable (we emphasize here that
NMR and vibrational spectroscopy are giving indirect information on the ion association and
solvation processes). The former can bring out information on the change of the electronic
microenvironment of every chemically non-equivalent nucleus and on the relative arrangement for
some nuclei, whereas the latter probes the changes of dipole moment/polarizability/force constants,
i.e., the changes in the microenvironment of the atoms involved in the studied vibrational mode. In
a broad perspective, NMR spectroscopy is more advantageous because it suffers from spectral
overlaps and signal assignment much less than vibrational spectroscopy as it has been shown in our

recent Raman study”” and references therein.
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Composition dependent NMR chemical shift variation has been used to address various specific
interactions (mainly hydrogen bonding, but also stacking and C-H-- ‘& interactions) from the very
beginning of extensive research on the first generation of chloroaluminate ionic liquids in 1980s.""
3 The first thorough investigation of the variation of chemical shifts in mixtures of imidazolium ILs

1** They studied 1-ethyl-3-methylimidazolium

with molecular solvents was done by Avent et a
halides (EmimCl/Br/I) in deuterated acetonitrile (AN-d3) and dichloromethane (CD,Cl,) over a
wide range of concentrations, as well as solutions in deuterated chloroform (CDCl;) at a fixed
concentration of 2 mol dm . The observed 'H and °C chemical shift variations were related to the
particular sensitivity of the imidazolium ring CH sites and to the disruption of interionic hydrogen
bonds in AN-ds and CDCl;. A noticeable effect was also mentioned for the alkyl CH sites directly
adjacent to the imidazolium ring. In the mixtures with low polar CD,Cl,, remarkably different

concentration trends in chemical shifts were associated with the effect of pronounced aggregation of

ion pairs in stacked anti-parallel motifs.

Another important study to mention was conducted by Bonhéte and colleagues® on a series of
Emim" salts with anions of different basicity in deuterated acetone (Ac-ds) over a wide range of
concentrations. '"H NMR chemical shifts of the alkyl signals were found to increase with dilution
regardless of the anion. Similar downfield shift was also observed for the imidazolium ring CH
signals for solutions of ILs with low basicity anions while in the case of anions of high basicity
(containing the carboxylic group COQO ) cation’s ring site signals showed pronounced chemical
shift decrease, particularly at high dilutions. The results were interpreted in terms of the general
non-specific deshielding dilution effects for all the cations’ hydrogen atoms in the ILs with low
basicity anions. The high basicity anions are considered as capable of forming strong hydrogen
bonds with the imidazolium ring hydrogen atoms. Their disruption upon dilution of ILs with the
solvent is the dominating contribution to the observed strong shielding of these protons. A possible

influence of the aromatic ring stacking as a result of ion aggregation was also suggested.
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Most of the published to date studies dealing with concentration dependence of chemical shifts in
mixtures ‘imidazolium IL — polar molecular solvent’ did not cover a wide range of systems in a
systematic manner. Among the most remarkable investigations on the influence of IL (imidazolium
cation alkyl chain length and/or nature of the anion) or that of the solvent on the concentration
trends of the chemical shifts of cations over the whole range of compositions it is worthy to mention
studies on RmimBF4/PFs in thiophene,” RmimPFs in Ac-d, > RmimTFSI in AN, MeOH, DMSO,
and aromatic solven1:s,28'31 BmimBF,; with alcohols and amines,3 2 BmimPF; in a set of polar aprotic
solvents.'* As a result, there is still no clear and comprehensive understanding of the influence of
the nature of constituents of IL-solvent mixtures on the concentration trends in chemical shifts and,

subsequently, on the underlying intermolecular interactions.

Problems of chemical shift referencing

The mentioned above lack of a unified model stems not only from rather scattered and poorly
systematized literature data but also from different chemical shift referencing techniques employed.
The latter issue causes significant problems in comparing different results in order to rationalize
them in a single framework. Some authors even report neither the reference compound nor the

: : . : : 14,3336
referencing technique which makes this task even more complicated. ™

Even though 'H-NMR chemical shift measuring has become a common technique to assess
interactions in IL based systems, their accuracy has rarely been discussed. The main issue concerns
chemical shift referencing. Since the concentration studies on mixtures of ILs with molecular
solvents usually imply rather high concentrations, either a solvent signal or that of a reference
compound, tetramethylsilane (TMS) or any other, cannot be regarded as non-influenced by the
intermolecular interactions in the system. As a result, they cannot serve as an absolute reference in

the so-called internal referencing procedure. Despite this obvious limitation there is an appreciable
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amount of studies based on interpreting the concentration induced variation of chemical shifts with
internal referencing approach without appreciation of possible unaccounted interference. The most
frequently employed internal reference compounds in such studies are TMS*”*"*? and residual non-

deuterated solvent, e.g., CD,CL** or DMSO-ds. ¥

External referencing technique allows one to avoid the problems of internal referencing and the use
of deuterated solvents in the sample liquid. This is the most frequently used approach for IL-
molecular solvent mixtures.”* 2 3% 8 I this technique, a coaxial capillary containing the
reference compound and a deuterated lock-solvent is inserted into the NMR tube containing the
sample itself. Just as in internal referencing, the deuterated solvent can serve as both lock-
compound and chemical shift reference (due to residual protonated solvent molecules for "H-NMR).
However, chemical shifts referenced in this way are inaccurate due to differences in bulk magnetic
properties of the sample and of the contents of the capillary.*”** The observed chemical shift, 6°”,

can be presented as follows:

§Obs = §real + k( sample - Zre erence) (1)

One can see that the correction term that connects 6°” with the real value of chemical shift, 5",
which reflects only the differences in shielding between the sample and reference nuclei, depends
on geometrical properties of the insert, expressed as a geometrical factor, &, and on the difference in
volume magnetic susceptibilities, y, of the sample and reference media. In general, both geometrical
factor and magnetic susceptibility differences are sample-specific. Indeed, the value of £ is known a
priori only for ideal geometrical shapes (sphere, infinite cylinder ezc.) and in practice it is unique
for each capillary and can be estimated in a separate experiment. At the same time, sample’s
magnetic susceptibility is a function of the composition and it may vary significantly.’’™*

Unfortunately, to the best of our knowledge, at present no systematic data can be found in the

literature on magnetic susceptibilities of any ILs except for a narrow class of magnetic ionic liquids,
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where y is one of the main characteristics,” and for EmimTFSI where it was estimated on purpose

to correct for the magnetic susceptibility effects.”’

As a result, one should be very cautious when interpreting concentration induced drifts of chemical
shifts obtained in external referencing approach as they contain also the contribution due to the
variation of the magnetic susceptibility correction. For the studies of ILs with molecular solvents, to
the best of our knowledge, the magnetic susceptibility correction has been explicitly taken into
account only in studies done by Takamuku ef al.?* 3% 3 3! 3356 They employed the so-called
‘external double reference’ method’’’ in which a special capillary insert with a sphere blown out at
its bottom is used. Reference compound gives two signals coming from molecules contained in the
spherical and cylindrical parts of the capillary.®” If the geometrical factor & of a given capillary has
been calibrated in advance, then the separation between the two reference signals can be used to

correct for the sample’s magnetic susceptibility?* 33! 3456

In this study we present the results of a systematic investigation of ion solvation and association in
binary mixtures of ILs with diverse perfluorinated multiatomic anions BF, , PFs , TfO, and TFSI”
coupled with 1-butyl-3-methylimidazolium cation Bmim' (see Figure 1 for structures) and polar
aprotic solvent AN (CH3CN) by means of concentration dependent 'H and *C NMR chemical shift
analysis. To this end, we introduce an approach allowing following the ion solvation and
association interactions via chemical shift monitoring on a unified scale. The approach is free of
magnetic susceptibility correction issue and does not require sophisticated equipment. The rest of
the paper is organized as follows: Experimental Section briefly describes the details of sample
preparation, NMR measurements and auxiliary IR experiments; the approach of treating the
chemical shift data is presented in the Concept of Relative Chemical Shift Variation; main results of
relative chemical shift variations are given in the subsequent sections and finally, Conclusions are

outlined.
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Figure 1. Chemical structures of the ions composing the four employed ionic liquids BmimBF,,

BmimPF¢, BmimTfO, and BmimTFSI

Experimental Section

The ILs 1-butyl-3-methylimidazolium hexafluorophosphate (BmimPF4, CAS No. 174501-64-5), 1-
butyl-3-methylimidazolium tetrafluoroborate (BmimBFs, CAS No. 174501-65-6), 1-butyl-3-
methylimidazolium trifluoromethanesulfonate (BmimTfO, CAS No. 174899-66-2), and 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (BmimTFSI, CAS No. 174899-83-3) were
supplied by Solvionic (France) with a nominal purity of 99.5%. The content of water, halides, and
methylimidazole, as estimated by the supplier, was <500, 10 and 50 ppm, respectively. To
minimize the effects of absorbed moisture, all RTILs were vacuum (p < 10~ bar) dried at 60 °C for
at least 4 hours prior to the preparation of solutions as this procedure is known to lower the water
content below 200-500 ppm. Acetonitrile (AN, CAS No. 75-05-8, Rotisolv, 99.9%, UV-IR grade,
< 100 ppm H,0) was supplied by Carl Roth (Germany). It was additionally dried with activated 4 A

molecular sieves.

All solutions were prepared in glass vials by weight in an Ar-filled glovebox, where both the H,O

and O, contents were kept below 2.5 ppm (v/v). To accelerate mixing the solutions were sonicated
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for 30 minutes. Afterwards solutions were transferred into 5-mm o.d. NMR tubes (supplied by
Wilmad-LabGlass) fitted with a coaxial insert containing D>O as NMR-lock solvent and
parafilmed. We employed a non-uniform concentration grid with more points taken around the
composition corresponding to a distinct crossover in different properties of the mixtures, e.g., in

conductivity” ® " and diffusivity"® (x ~ 0.15).

All NMR measurements were performed on a Bruker Avance-II 400 spectrometer (operating at
magnetic field of 9.4 T) equipped with a 5-mm BBI probe with z-gradient. Sample temperature was
kept constant at 300.0 = 0.1 K by means of VT-2000 Bruker variable temperature unit which was
calibrated with standard samples of 4% MeOH in MeOH-d; and 80% ethylene glycol in DMSO-
de.%* Prior to measurements each sample was thermally equilibrated in the probe’s acquisition zone
for at least 15 min. Broadband proton decoupling was employed during *C NMR spectra
collection. Primary chemical shift referencing was performed at the level of spectrometer with
respect to the signal of residual non-deuterated lock-solvent contained in the capillary insert. For
further analysis, 'H and '*C chemical shifts were rereferenced to the signal of the terminal methyl

group of the alkyl chain of butyl cation in neat ILs as explained in detail in the subsequent section.

FT-IR spectra were recorded at room temperature on a Bruker Tensor 27 spectrometer equipped
with an ATR single reflection cell (ZnSe/diamond crystal) from Pike Technologies. Sample
compartment was extensively flushed with nitrogen prior and during the measurements to avoid

atmospheric water sorption. Each spectrum is an average of 128 scans with 2 cm ™' resolution.

Results and discussion

The concept of relative chemical shift variation
An approach which is free of magnetic susceptibility correction is based on referencing the

chemical shifts to one of the signals from the sample without addition of internal reference

10
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compound. In this framework the observed chemical shift variation will reflect the relative
concentration drift of the shielding of a given nucleus (i.e., the real chemical shift) with respect to

6366 ysed the terminal CHj of alkyl chain of Rmim"

the reference one. Hoffmann and co-workers
cation to reference proton chemical shifts in various mixtures of imidazolium IL with molecular
solvents. They assumed on the basis of several conventional external referencing studies that the
terminal methyl hydrogen atoms are the least polarizable and the changes in microenvironment
upon dilution are weakly reflected in chemical shift variation (less than 0.1 ppm), as a result, the
observed chemical shifts of the other hydrogen atoms can be considered as close to the real ones
when referenced to the terminal methyl group signal. In other reports NCHj3; hydrogen atoms of
Emim" cation were considered as unperturbed with addition of water and the corresponding signal

15,16
was taken as reference. ™

Indeed, the real chemical shifts of terminal CH3 and of NCHj; hydrogen atoms that were measured
by Takamuku and his colleagues vary by 0.3 ppm and 1.0 ppm, respectively, in DodecmimTFSI-
C¢He mixture,”™ ' by less than 0.05 ppm each in DodecmimNOs-D,0/C¢Dg*® and in EmimTFSI-
H,0.”' by 0.05 ppm and 0.15 ppm in EmimCI-AN and by 0.07 ppm each in EmimTFSI-MeOH
mixtures,”* by ca. 0.2 ppm each in EmimTFSI-DMSO/AN mixtures.” The corresponding C real

d,?® 3% 3! exhibited variations of similar magnitude. Thus

chemical shifts, where they were reporte
we may conclude that the choice of terminal methyl hydrogen atoms of Rmim" cations as internal
'H and C references is credible for a broad set of combinations ‘imidazolium IL-molecular

solvent’. Nevertheless, it is only better than conventional internal referencing approach in the sense

that the studied system is not perturbed by addition of a reference compound and vice versa.

With respect to the interpretation of such internally referenced chemical shift variations with
changing concentration, it is noteworthy to mention the work of Li et al.*” who clearly introduced

and illustrated for EmimBF4-H,O system the concept of ‘relative chemical shift’, 40, as the

11
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difference in chemical shifts between two different signals originating from the same compound at a
given concentration. The corresponding concentration dependence of the relative chemical shift
shows whether the nuclei of interest and reference ones experience the same changes in shielding
when concentration is varied or there is some asynchronicity in the occurring changes of
microenvironment of various nuclei. The same strategy was also used by Ly&ka et al.* to follow the
relative changes of '°N chemical shifts of the imidazolium ring nitrogens for several neat RmimX

ILs and for BmimBF, in several molecular solvents.

This approach is free of assumptions and does not require the reference to be an absolute one (i.e.,
to be unaffected by changes in concentration). In contrast, the concentration trend in the relative
chemical shift changes is essentially interpreted as a signature of discrepancy in behavior of nuclear

shieldings of a given signal and the reference one as a function of concentration.

However, if one needs to address the concentration induced chemical shift variation for the entire
set of signals of particular molecule this approach is impractical since the relative chemical shifts
span over a broad range of values (1-10 ppm for 'H and 10-150 ppm for "*C for representative
imidazolium IL-based systems) whereas the variations rarely exceed 1 ppm. In order to compare
variations of all the signals, i.e., to put them on the same scale, it is proposed to present chemical
shifts (either relative or absolute) after subtraction of the corresponding values of chemical shifts at
some reference concentration. The reference concentration can be chosen arbitrarily. So far the

following options were proposed in the literature: a virtually intermediate concentration,” the

36, 68 14, 16,27, 38, 69

lowest employed concentration, or the highest one. However, from the point of view

of interpretation, the most relevant reference concentration is that of the corresponding neat

compound, and it is the most frequently used approach,?® 3 441487074

12
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We combined the two ideas outlined above, e.g., the relative chemical shift and the reference
concentration in the concept of ‘relative chemical shift variation’. It implies that the initial
referencing should be done to one of the studied molecule’s signal, terminal CH; for Rmim" cation

and the most shielded group for a solvent (e.g., CH; in AN, MeOH)
AT (x) = 87 () 8% (1) = 57 (1)~ S (x) @)

We note that our raw experimental data, which was initially externally referenced to the residual
HDO in D,O contained in the capillary insert, showed monotonic increase of '"H and > C NMR
chemical shifts of the terminal methyl group upon dilution in all the four studied systems by ca. 0.3-
0.6 ppm. However, the magnitude of the magnetic susceptibility correction contributing to this

value is unknown.

As it was mentioned above, thus referenced difference in the observed chemical shifts equals to the
difference in real chemical shifts. These relative chemical shifts are then put on the same scale by

subtracting the corresponding values of the neat substances:

AAG(x) = AST (1) ~AS™ (x=1)  (3)
Thus obtained values of relative chemical shift variation, 449; (x), reflect how the real chemical
shift difference between a given signal and the reference one (originating from the same molecule)
changes with concentration. In fact, the relative order of the referencing procedures does not matter.
Indeed, one can rewrite the expression for 449; (x) in the following way:

AAS,(x) = {67 (x) = 6% ()} =15 (x =1) = 5y (x =1)} =

4)
(67 (1) = 6™ (x =)} {82 (x) — 5% (x =1)}

From this expression it is clear that the value of 449; (x) can be equally obtained by initial
subtraction of the observed chemical shift values for the corresponding signal of neat component
followed by the calculation of difference between the obtained values for a given signal and the

reference one (e.g., terminal CH3). It is worth mentioning again that such treatment of the observed

13
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chemical shifts, which are normally referenced to residual protonated species of the lock compound
contained in the external capillary, lead to results which are free of magnetic susceptibility
correction. Moreover, as compared to external double reference method, the present one does not
require additional calibrations, equipment and does not suffer from strong signal distortion due to

capillary shape in the acquisition zone.

The second representation of the relative chemical shift variation shows that it can be regarded as
the chemical shift drift of a given signal relative to the drift of a reference signal originating from

the same molecule and we propose to stick to this style of interpretation.

In mixtures of imidazolium ionic liquids with molecular solvent, upon varying the concentration, it
is the ion-ion and the ion-solvent interactions that mainly govern changes in electron density
redistribution at molecular level. It is rather well established that these interactions are preferentially
located at the imidazolium ring of cations while terminal methyl hydrogen atoms are hardly

influenced.

Within the proposed approach of looking at the chemical shift changes we have summarized the
literature observations on ‘imidazolium IL-molecular solvent’ systems which can be analyzed in
this way (i.e., where the observed absolute chemical shifts of the signals of interest, like those of the
imidazolium ring hydrogen atoms, are published along with the terminal methyl group chemical
shifts). The relative chemical shift variations 444; (x) of the imidazolium ring hydrogen atoms were
found to be negative in most of the studies which concern the following systems: RmimHal-H,0,**
69. 7476 R mimR,CO,-MeOH/H,0,'® *' RmimMeSO;-H,0,% ® % EmimEtS0,4-H,0,* BmimBF,-
H20,36’ 78 HexmimBr—Ac—a%,38 EmimTfO—Ac—a%,25 BmimBF4—MeOH,32 BmimOctSO4-ethylene
glycol,” BmimBF,;-AN,*® EmimHal-AN,** >* RmimBF4/PF¢-thiophene,”® DodecmimTFSI/NO;-

CeHe.’"" °® Nevertheless, there are as well reports where the imidazolium ring hydrogen atoms

14
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exhibit more significant deshielding than the terminal methyl ones, i.e., positive relative chemical
shift variations are observed: EmimTFSI—Ac—a%,25 RmimPF6/BF4—Ac—d6,27 EmimTFSI-
MeOH/DMSO/H,0.%% 3" 3* For some systems, however, there was no appreciable difference in
chemical shift variation for the ring hydrogen atoms and the terminal methyl which resulted in
roughly zero values of the relative chemical shift variations like in BmimBF4-H,O (note that there
is a number of reports for this system concerning negative values of the relative chemical shift

776 and RmimBFy-ethylene glycol.79 There are several examples of rather peculiar

variation),
behavior when H? and H*” show opposite trends in their relative chemical shift variations. For
HexmimTFSI in CDCls, H? was found to exhibit high positive values of 446; (x) and moderate

4-5 65
H™,

negative values for similar observations were reported for EmimBF, in CD2C12,80 while for

BmimCl in DMSO the situation was inverse in signs.®’

One can conclude that negative values of the relative chemical shift variation for the imidazolium
ring hydrogen atoms are typically observed for ILs with rather basic anions which tend to form
strong directional hydrogen bonds, e.g., halides Hal , substituted sulfonates RSOs; and sulfates
RSO, , carboxylates RCO, in various molecular solvents and for tetrafluoroborate BF, based ILs.
A separate class of systems which falls into this category deals with imidazolium ILs mixed with
aromatic solvents where the negative relative chemical shift variations stem from significant
shielding of the imidazolium hydrogen atoms interacting with aromatic m-electron density of the
solvents.?® 3! % Positive values are, in turn, observed for ILs with rather ‘soft’ large anions which
have delocalized charge distribution like bis(trifluoromethylsulfonyl)imide TFSI, or

hexafluorophosphate PFs mixed with highly polar and donating solvents like MeOH, Ac or H,O.

A common observation for all of the mentioned above studies on chemical shift variation in IL-
solvent mixtures is that the most significant changes occur at low IL content (typically at x;, <0.1-

0.2). Even more drastic changes were observed at higher dilutions (x;p < 0.05-0.01) where the

15
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. . . 130, 56, 63-65, 67, 69 . :
corresponding concentration range was studied.” > » 207 As it was already mentioned by

Dupont,> ' under such high dilution regime the inherent IL-like ionic network is disrupted to ion

pairs and other small aggregates and full dissociation into individual ions is occurring at the infinite

dilution limit. In other words, under such conditions IL switch to conventional electrolyte-like

behavior that is governed by the interplay between ion-ion and ion-molecular interactions.

Speculating about the cation 'H chemical shift variation in mixtures of imidazolium ILs with

molecular solvents, particularly with polar aprotic ones, three main effects may be put forward in

order to explain the observed chemical shift variations which may be linked to distinct underlying

intermolecular interactions.

Firstly, in the case where there are no strong specific interactions between cation and anion,
the general dilution effect, when a dipolar solvent does not establish specific interactions
with IL and merely ‘lubricates’ the IL native network structure and then breaks it producing
progressively smaller aggregate units up to full dissociation limit.> ' % This effect is non-
specific and it is equally applicable to all the atoms of IL over the entire concentration
range. In terms of electronic effects, the increase of effective separation between IL ions
caused by dilution should result in a general deshielding of the hydrogen atoms, i.e., an
increase of chemical shifts. However, as can be judged from the results of Takamuku et.
al**31-31 3% 3 his effect rarely exceeds 0.05 ppm.

Secondly, the effect associated with the specific interionic interactions. Indeed, for ILs these
interactions are hydrogen bonds between the imidazolium ring hydrogen atoms, and to a
lesser extent between the adjacent alkyl hydrogen atoms, from one side and the
electronegative atoms of anions from the other side.*™ When these interactions are

progressively disrupted by dilution, this leads to the shielding of the hydrogen atoms

involved. The magnitude of this effect correlates with the strength of the hydrogen bond.*

16
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e Thirdly, solvation of IL cations in polar molecular solvents can be mediated via formation of
hydrogen bonds with donor atoms of the solvent molecules (e.g., oxygen in alcohols,
DMSO, Ac etc.; nitrogen in AN, amines etc.) in addition to non-specific ion-dipole
interactions. Formation of such cation-solvent hydrogen bonds upon dilution of IL would
contribute to deshielding of the imidazolium ring and of the adjacent alkyl hydrogen

atoms.ZS, 32,42

Apparently, the third and second effects are opposing each other and they are localized at the
imidazolium ring and the adjacent hydrogen atoms. Hence, when referencing to the terminal methyl
hydrogen atoms which are only prone to the first, non-specific effect, the net observation on the
relative chemical shift variation of the hydrogen atoms of the imidazolium ring should reflect the
balance between the second and third effects. In particular, when 446; (x) > 0 for the imidazolium
ring hydrogen atoms, i.e., effective deshielding, this can be interpreted as that hydrogen bonds
established with solvent molecules are stronger than those broken between the IL cation and anion.
If the relative chemical shift values are close to zero (as a tentative threshold we propose to use
+0.05 ppm as estimated for the real chemical shift drift of terminal methyl group of Rmim" by
Takamuku et al. >*3'-°13%3%) "then the hydrogen bonds of cations with solvent molecules and with
anions are of comparable strength. A situation in which neither the cation-solvent hydrogen bonds
are formed nor the cation-anion ones are disrupted is hardly plausible for mixtures of imidazolium
ILs with polar aprotic solvents. Last but not the least, negative relative chemical shift variation
values 440i(xiL) < 0 would suggest that the interionic hydrogen bonds are stronger than cation-
solvent ones. We stress, that this conclusion has nothing to do with ‘absolute’ strength of the
corresponding hydrogen bonds. Indeed, this conclusion can be drawn, for example, when a strong
interionic bond is disrupted and an intermediate one is established with solvent and, equally, when a
moderate hydrogen bond between the counterions is replaced with a very weak one with solvent.

There is a particular case of large negative values 44di(x;) << 0 which can be attributed to the very
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strong interionic hydrogen bonds and rather weak ones between cation and solvent molecules. This
is exactly the case of many systems with ILs with highly basic anions which form rather strong

interionic hydrogen bonds.

Relative chemical shift variation in AN

All the spectra recorded in the present study (see for example spectra of the neat ILs in Figure 2)
exhibit a single set of resonances which is an indication of effective averaging of all the possible
equilibria at the NMR timescale of our experiments. In the mentioned above studies where the
chemical shift variations in IL-solvent mixture was interpreted as a reflection of ion association
equilibria, there was typically a single observed signal that was treated as a population averaged one
between the associated and ‘free’ species. This seems logical since tentative ion-pair lifetimes are
considered to be in the (sub)nanosecond range,"” while a signal separation of 0.1 ppm in 'H-NMR
spectrum recorded on a 400 MHz instrument would require the corresponding species lifetime to be
not less than ca. 6 ms.*” Nevertheless, Tubbs and Hoffmann®*® observed two sets of signals in "H-
NMR spectrum of EmimTFSI dissolved at a fixed concentration in a mixed solvent CDCl;-CCly or
CDCl5-Ac-ds with variable composition. Effective static relative dielectric permittivity of solution
was changed from 4.3 to 5.62 by varying the composition of the mixed solvent which led to
redistribution of intensities between the two sets of signals. The authors considered the two sets of
signals to be originating from ‘free’ and ion paired species. The subsequent study by the same
group on RmimTFSI in CDCl; by means of calorimetric and NMR diffusion measurements®’
revealed that the two kinds of species distinguished in the NMR spectrum are rather ion pairs and
larger aggregates than ion pairs and ‘free’ ions as it was initially assumed. Two-sets of signal were

also observed for solutions of BmimBF; in low polar solvent dioxane (¢ = 2.22)."
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Figure 2. 'H (left panel) and ">C (right panel) NMR spectra of neat ILs referenced to the signal of
the terminal CHj3 of cation’s butyl chain (0 ppm). Residual HDO signal from the insert is marked
with asterisk in the '"H NMR spectra.

From the NMR spectra of neat ILs shown in Figure 2 it is apparent that the main differences in
chemical shifts when referenced with respect to the terminal methyl group are observed for the
imidazolium ring CH signals both for 'H and "*C nuclei. The effect is particularly pronounced for
the C*H” site. The relative order of thus referenced chemical shifts for the imidazolium ring signals
1s BmimT{fO > BmimBF4 > BmimTFSI > BmimPF¢. This can be considered as a first hint of the
relative strength of the interionic hydrogen bonds in the neat ILs. One can also notice that the
signals of the alkyl groups essentially do not depend on the nature of the anion at least in the present
set of neat ILs. Another noticeable point is the scattering of the HDO signal in "H NMR signal by
0.2 ppm between the different ILs employed. This is an illustration of the extent of magnetic
susceptibility variation between the studied ILs if one assumes the constancy of real chemical shift

of the terminal methyl group which is questionable.”

A complementary confirmation of the similarity of the microenvironments for the alkyl groups and
the differentiating impact of the anions on the imidazolium ring hydrogens can be gained from the
IR spectra of neat ILs presented in Figure 3. Indeed, both bandshape and position of the alkyl C-H

stretching vibrations observed in the range 2800-3000 cm ™' hardly differ between the studied ILs.
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In contrast, in the region of the imidazolium ring C-H stretches (3050-3250 cm ) the entire spectral
profile undergoes a redshift in the order BmimPF¢ > BmimTFSI = BmimBF; > BmimTfO. The
effect is particularly pronounced for the lowest frequency component associated with the C*-H
stretching in accordance with the relative hydrogen bond strength suggested from the NMR spectra
discussed above.* Moreover, the bandshape of the low-frequency part of this profile is substantially
different between BmimTfO and BmimTFSI on one side and BmimBF, and BmimPF¢ on the other
side. For the former (ILs with large anions of low symmetry) the C?-H related contribution is much
stronger and appears as a distinct shoulder in the profile. This finding is an indication of particular

preferential hydrogen bonding at the H? site in the case of BmimTfO and BmimTFSI.

Absorbance

BmimPF,

2800 2850 2900 2950 3000 3050 3100 3150 3200
Wavenumber /cm™

Figure 3. ATR-IR spectra of the neat ILs in the region of C-H stretching vibrations. Solid black
lines are fitted individual Voigt-type profiles of the region of the imidazolium ring C-H stretches
(above 3050 cm™"). Dashed black lines are guides to the eye. Band assignments are taken from the
literature.** *

The relative chemical shift variations in 'H-NMR spectra of mixtures of BmimBF4, BmimPFg,
BmimTfO, BmimTFSI with AN referenced to the chemical shift of terminal methyl group of

cation’s butyl chain as a function of IL mole fraction x;. are shown in Figure 4. Our data on

BmimBF4-AN system agrees very well with the recently published results of Zheng et. al.*® In AN
20
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all the relative chemical shift variations of the hydrogen atoms in the studied set of systems are
negative. This implies that the effect of ion dissociation accompanied with the rupture of interionic
hydrogen bonds overwhelms the specific solvation effects. This is not surprising since AN is only
moderately polar donating.® Solvation of dialkylimidazolium ILs in polar aprotic solvents
including AN has been studied previously from the point of view of translational and rotational
dynamics by means of NMR-diffusometry'® and dielectric relaxation spectroscopy (DRS),'*
respectively. Both approaches revealed poor sensitivity of the solvation pattern to the anion and to
the alkyl chain length of the cation. This was treated as a signature of cation solvation localized at

. . . 12. 13. 90 . . .. .
the imidazolium ring.”~ > ™ A certain degree of IL ion association in AN was also noted

. . .. 7
concomitant with conductivity measurements.
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Figure 4. Relative 'H chemical shift variation in mixtures of imidazolium ILs with AN. Left panel
shows the values for the imidazolium ring hydrogen atoms H**® and the values for the alkyl
hydrogen atoms are presented in the right panel.

The most significant effects are observed for the imidazolium ring hydrogen atoms, particularly at
high dilutions. As discussed in the previous subsection, this finding can be connected to the fact that
interionic hydrogen bonds with the alkyl hydrogen atoms are rather weak compared to that with the

imidazolium ring hydrogen atoms. BmimBF, and BmimTfO show the largest negative values, that

is a clear indication of the interionic hydrogen bond rupture in these systems.
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For a given IL, the H* hydrogen atom revealed to be the most sensitive one among the imidazolium
ring hydrogen atoms (this is especially well pronounced for BmimTfO and BmimTFSI). Particular
sensitivity of the H” site was noticed in most of the mentioned above studies and was related to the
higher positive charge and acidity of the C>-H” fragment compared to the C*-H* and C°-H’
fragments and, hence, to the higher strength of the corresponding hydrogen bonds.>* ’* The fact that
this enhanced sensitivity of the H? chemical shift is much less pronounced for BmimBF, and
BmimPF; also agrees with the literature data on systems containing these ILs where the difference
in relative chemical shift variations between the H* and H*® signals did not exceed 0.1 ppm at
highest dilution.?® 27> 3% 48 67 75 777991 At the same time, for mixtures containing imidazolium ILs
with anions of low symmetry (TFSI", TfO", RSO;", RCO,") H* was found to be exceptionally
sensitive just as in the present study.'® % 1 4% 3% 33, 63. 6466 Thig can be related to differences in
strengths of the hydrogen bonds present in ion aggregates at H* and H*” sites for different ILs as it

was noted in our recent paper.”

A notable effect is also observed for C*H, and NCHj protons (which are adjacent to the
imidazolium ring) and even for CPH,. This agrees well with the results of multiple model

.20, 92-94
calculations

that in the most stable arrangement of the ion pairs and ion aggregates the
multiatomic anions are located above the C2-H” fragment which allows them to form hydrogen
bonds with the adjacent alkyl hydrogen atoms of the Bmim' cation. These hydrogen bonds are
considerably weaker than those with the imidazolium ring hydrogen atoms. Recently, an additional

experimental confirmation of significance of these interactions in the IL liquid phase has been

obtained in an isotopic substitution NMR study on neat BmimBF, and BmimPFs.”

In the studied set of IL mixtures with AN the magnitude of relative chemical shift variations of the
imidazolium ring hydrogen atoms followsTfO > BF; > PFs ~ TFSI . The difference between the

ILs for the relative chemical shift variations of the alkyl hydrogen atoms is much more difficult to
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be discerned but also agrees with the proposed trend. This sequence correlates rather well with the
relative hydrogen bond strengths revealed by our quantum chemical calculations’ than with the
estimated in vacuum interaction energies.”® Relative tendency to ion-pairing as estimated with the
help of thermodynamic constants of ion association derived from accurate conductivity
measurements of the corresponding dilute solutions of BmimX ILs in AN” % fits the trend much
better. The values of Kx***"* in dm® mol™" are 24.07 for BmimTfO, 18.15” or 15.7°° for BmimBFE,,
15.6°° for BmimPF, 12.67%° for HexmimTFSI (for BmimTFSI there is no literature data but it is
expected to be higher by ca. 0.1-0.2 dm® mol™"). Other reported values of the association constant of
these ILs in AN seem to be much less accurate and less credible: 27.0 dm> mol 'for BmimPF6,97 ca.
700 dm> mol™'  for BmimBF; and BmimPF6,98 205420 dm® mol!  for BmimTFSI and

46+7 dm® mol™! for BmimTfO.”

An observation that the difference between the ILs becomes more pronounced with dilution and
even shows some enhancement at the lowest employed concentrations (x;p < 0.05) serves as an
additional hint that it is in this concentration range where the ultimate disruption of ion associates

down to the individual ions takes place.3’ 17

In contrast to '"H-NMR discussed above, studies on the concentration induced variations of *C-
NMR chemical shifts in mixtures of imidazolium ILs with molecular solvents are rather scarce.*’*"
313855 Qince C-NMR goes as a supplement to more elaborated 'H-NMR investigation, the
comments are usually limited to general statements that carbon shifts roughly follow the trends
established for hydrogen atoms, which is not always true though.”” *® Indeed, interpretation of the
variations in "*C chemical shifts is not that straight forward since they are not involved explicitly in
the intermolecular interactions even though the observed variations are close in magnitude to those

found for 'H chemical shifts.?”*% 3" 355 Another difficulty in the interpretation of the *C chemical

shift variations for carbon nuclei is that the changes in microenvironment of the carbon atoms stem
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from both hydrogen bonding effects at the adjacent hydrogen atoms and from the electron density
redistribution along the skeleton of Rmim" cation.® As the observed chemical shift change reflects
only the net effect of electron density gain/loss at a given atom, it is rather challenging to track all
the pathways of electron density redistribution and to assign it to distinct intermolecular
interactions. An additional insight can be gained from the analysis of electron density distribution

by means of quantum chemical calculations of representative systems.’>

Figure 5 shows the relative '°C chemical shift variations in mixtures of the studied ILs with AN.
Apparently, they do not follow the patterns observed for the corresponding 'H relative chemical
shift variations. One can see from Figure 5 that most of the carbon atoms show positive or
essentially zero 445 (x) values, whereas the C? carbon for all the studied ILs and C*, C% Cﬁ, C' of
BmimTFSI show negative values. Between the alkyl carbons of a given IL the effect is most

pronounced for the ones adjacent to the imidazolium ring (NCH; and C*).

[ ywvv?7Y & —
w02} e T © ¢
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Figure 5. Relative '*C chemical shift variation in mixtures of imidazolium IL with AN. Left panel
shows the values for the imidazolium ring carbons C*** and the values for the alkyl carbons are
presented on the right panel.

The observed effective deshielding of most of the carbon atoms (as referenced to the terminal
methyl one, 445 (x) > 0) is essentially opposite to what has been established for the corresponding
hydrogen atoms. At the same time the C* carbon behaves in accordance with the adjacent H*
hydrogen (Figure 4) and reveals almost the same trend in the magnitudes of the relative chemical
shift variation (TfO > BF,; > TFSI ~ PF¢ ).
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Particular behavior of the relative chemical shift of this carbon atom can be related to the results of
accurate analysis of electron density distribution in model representative structures. ** > ** In
contrast to other carbon atoms, C* explicitly interacts with anion which is preferentially located on
top of the C*-H? fragment and the strength of this interaction is quite similar to that with the H?
hydrogen atom. As for the other imidazolium ring carbons and the alkyl ones, these relative

chemical shift variations presumably result from rather complex effects of electron density

redistribution.

BC relative chemical shift variations of anions in mixtures containing BmimTfO and Bmim TFSI

Anions of BmimTfO and BmimTFSI ILs contain carbon atoms which allowed us to follow their *C
chemical shifts in the framework of the relative chemical shift variations, i.e., referenced to the
terminal carbon of cation’s butyl chain. Previously, an effective deshielding of the carbon atoms of
the anions of RmimTFSI (when referenced to the terminal alkyl one) was observed for EmimTFSI
upon heating'® and for DodecmimTFSI upon dilution in C¢Hg.>' In a recent study on EmimTFSI in
DMSO and AN the relative chemical shift of TFSI carbons was found to be negative upon dilution,
however, the real chemical shift variation of the reference terminal carbon was unusually highly
positive and the real chemical shift variation of TFSI carbons was indicative of its deshielding
upon dilution.” This was attributed to the effect of electron density redistribution upon loosening of
the interionic interactions. Nothing was found in the literature on C NMR chemical shift

variations with concentration in RmimT{O-based systems.
Figure 6 shows the relative chemical shift variations of the carbon atoms of anions in mixtures of

BmimTfO and BmimTFSI with AN. One can see that carbon atoms of the trifluoromethyl groups

CF; behave differently in these ionic liquids: an apparent deshielding is observed for BmimTfO,
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while for BmimTFSI the relative chemical shift values are negative, which reflects effective

shielding of the corresponding carbon atoms upon dilution in AN.
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Figure 6. Relative °C chemical shift variation for CF; carbon atoms of anions in mixtures of
BmimTfO and BmimTFSI with AN.

This difference between the two anions can be rationalized as follows. As it has been established in
our recent paper92 devoted to quantum-chemical calculations of the representative model molecular
clusters, ion pair structure of BmimTfO is much more persistent than that of BmimTFSI. This is an
indication of the relative stability of the ion pairs of these ILs which is also supported by the higher
values of association constant estimated from low-concentration conductivity measurements.” *° As
a result, the main effect in solvation of BmimTFSI ion pair is the weakening of interionic
interactions due to structural distortion and increased separation (this reduces Coulomb attraction
and weakens non-covalent interactions, e.g., interionic hydrogen bonds). The effect of charge
redistribution, which is, in fact, monitored by the relative chemical shift variation, is that for
BmimTFSI electron density relaxes towards it unperturbed state which is accompanied with the
decrease of charge of the corresponding carbon atoms, while for BmimTfO, strengthening of the
interactions with the anion, including solvation effects, leads to its polarization enhancement which

is manifested in the increase of the charge of the carbon atom.
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B¢ relative chemical shift variations of AN in mixtures

The electron density redistribution in the solvent molecules can be monitored via its °C relative
chemical shift variation shown in Figure 7. Here, the methyl carbon of the AN molecule was taken
as a reference. In all the studied ILs the 449 (x) for the *C chemical shifts of AN nitrile carbon
atoms are positive with a pronounced rise at low IL content. This indicates a progressive
polarization of the C-C bond in AN mainly due to polarization of the C=N group as a result of
specific solvation interactions mentioned above. The effect is more pronounced for ILs with anions
having symmetric charge distribution, BmimBF, and BmimPFs, than for those having the
asymmetric one, BmimTfO and BmimTFSI. This may be indicative of different interaction patterns
of AN molecules with anions of different spatial charge distribution. Slightly higher values
observed for BmimTfO with respect to BmimTFSI may be related to the issue of TfO specific
solvation. The exact nature of the underlying electronic effects is still to be addressed by means of

theoretical methods.
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Figure 7. Relative C chemical shift variation for CN carbons of AN molecules referenced

Conclusions

Chemical shift variation in mixture of imidazolium ILs with polar molecular solvents can be used to
follow the balance between interionic and ion-solvent interactions. An approach based on

referencing 'H and ?C NMR chemical shifts in the studied mixtures to the signal of terminal methyl
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of cation’s butyl chain in the neat ILs is proposed. The variations in thus introduced relative
chemical shifts as a function of mixture composition and the nature of its constituents are

interpreted in terms of specific and non-specific intermolecular interactions.

Mixtures of four imidazolium ILs (BmimBF,;, BmimPFs, BmimTfO, and BmimTFSI) with AN
were studied over the entire range of concentrations within the proposed framework. BmimTfO and
BmimBF, ILs were found to establish interionic hydrogen bonds involving the imidazolium ring
hydrogen atoms and the hydrogen atoms of the adjacent alkyl groups, which are stronger than in the
case of BmimPFgs and BmimTFSI. Upon dilution in AN, these hydrogen bonds are progressively
disrupted as a result of weakening of interionic interactions and ion dissociation which is
particularly pronounced at high dilutions (x;. <0.1). For BmimTfO and BmimTFSI ILs, the
interionic hydrogen bond with the imidazolium ring hydrogen atom H> was revealed to be
substantially stronger than with the hydrogen atoms at positions 4-5. The relative strengths of
hydrogen bonding between the imidazolium ring hydrogen atoms of cations and electronegative
atoms of anions correlate well with the results from IR spectra and recent quantum-chemical

calculations (BmimTfO > BmimBF, > BmimTFSI > BmimPFg).

Solvation of the ILs in AN is not accompanied by formation of hydrogen bonds solvent-cation of an
appreciable strength. The solvation of anions was investigated for BmimTfO and BmimTFSI ILs by
following the °C relative chemical shifts of the corresponding CF3 groups. TFSI™ is considered to
experience only the nonspecific effects of weakening of interionic interactions upon dilution while
in case of BmimTfO, due to its higher propensity to ion association compared to BmimTFSI,

solvent molecules interact not only with the cation but also with the anion.
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