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Solutions of weakly coordinating ionic liquids (ILs) in alkyl carbonates are gaining growing attention, as the
latter are “green” solvents with high solvation power, but the phase behavior and structure of ILs in organic polar
solvents are still poorly understood. Here, we study the interactions and nanoscale structure of 1-butyl-3-
methylimidazolium tetrakis[3,5-bis(trifluoromethyl)phenyllborate, [BMIm][BARF], in three symmetrical alkyl
carbonate solvents with increasing alkyl chain-length. Electrical conductivity and nuclear magnetic resonance
measurements showed that [BMIm][BARF] was mostly undissociated in these solvents, especially at lower IL
concentration. Small angle X-ray scattering patterns evidenced the presence of rod-like nanostructures in the IL/
solvent mixtures. At higher IL concentration, [BMIm][BARF] is increasingly more dissociated in solvents with
lower dielectric constant, as confirmed by analysis of the solvents’ carbonyl stretching band via Fourier trans-
form infrared spectroscopy. This trend is opposite to that exhibited by BMIm ILs with less bulky counterions. The
bulky BARF™ is weakly coordinating and has no ability to give strong H-bonding, thus short-range anisotropic
van der Waals forces are likely key in the interaction of the ion pairs. The slower self-diffusion of the ions in alkyl
carbonates with lower dielectric constants might partially hinder close contact needed for self-assembly into local
nano-sized structures. Overall, our results shed light on interactions and self-organization in imidazolium salt-
alkyl carbonate mixtures, with potential impact in applicative fields spanning from batteries, catalysis and
extraction, up to bio-applications (antimicrobial and bioengineering).

1. Introduction

ITonic liquids (ILs), a class of compounds composed exclusively of
ions, have gained growing attention in the past decades thanks to several
interesting properties, such as negligible vapor pressure, nonflamma-
bility, and the ideally infinite anion/cation combinations that earned
them the definition of “designer solvents” [1,2]. This promoted their
widespread use in a large number of applications: among others,
analytical and extraction techniques [3], catalysis [4], nanoreactors for
colloidal templates [5], preparation of functional gels [6], super-
paramagnetic fluids [7], and conducting polymer composites [8].
Among the most extensively investigated types of ILs are those based on
the N,N-dialkyl-substituted imidazolium cation, for which an extensive
body of fundamental studies exists [9]; common anions are small
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inorganic species such as simple halides, tetrafluoroborate, hexa-
fluorophosphate, and bis(trifluoromethylsulfonyl)imide [10-13].
Recently, the focus has shifted towards anions that show lower tendency
to coordinate the cation owing to their bulky structures [14]. This is of
significance, for instance, in electrochemical applications where the use
of weakly coordinating anions can increase battery current and provide
higher stability [15]. The use of ILs as electrolytes for improved batteries
has been evaluated for some time now [16,17], especially in systems
based on polar organic solvents providing high conductivity, reduced
viscosity, and a wide electrochemical window [18-22]. Among these,
alkyl carbonates have been extensively used as solvents and co-solvents
in electrochemical applications, thanks to their ability to solvate ions
[18] and their environmentally-friendly profile as “green” solvents. [23]

Nevertheless, the importance of understanding the phase behavior

E-mail addresses: henri.schrekker@ufrgs.br (H.S. Schrekker), baglioni@csgi.unifi.it (P. Baglioni).

https://doi.org/10.1016/j.apmt.2023.101741

Received 16 September 2022; Received in revised form 21 December 2022; Accepted 19 January 2023

2352-9407/© 2023 Elsevier Ltd. All rights reserved.


mailto:henri.schrekker@ufrgs.br
mailto:baglioni@csgi.unifi.it
www.sciencedirect.com/science/journal/23529407
https://www.elsevier.com/locate/apmt
https://doi.org/10.1016/j.apmt.2023.101741
https://doi.org/10.1016/j.apmt.2023.101741
https://doi.org/10.1016/j.apmt.2023.101741

M. Mamusa et al.

and nanoscale structure of IL solutions in organic polar solvents has only
recently been addressed [18,22,24-27]. The molecular and supramo-
lecular properties of these systems originate from a rich and complex
ensemble of forces, including ionic, dipolar, hydrogen bonding, disper-
sive, and n-1 interactions [18,28]. The study of mixtures of ILs and
organic solvents is therefore not always straightforward and still poorly
explored [29].

In particular, although the self-assembly of imidazolium ILs was
studied before, these were mostly focused on strongly and weakly
hydrogen bonding anions [30], where h-bonding is responsible for the
buildup of supramolecular or polymeric structures [31,32]. For instance,
imidazolium ILs with weakly hydrogen bonding anions are of interest
due to their use as electrolytes in polar organic solvents for improved
batteries. However, the behavior of ILs solutions where ions interactions
are not driven by hydrogen bonding needs further investigation, espe-
cially when the solutions include alkyl carbonate solvents with great
applicative potential. This motivated us to study the solution properties
of the IL 1-butyl-3-methyl-imidazolium tetrakis[3,5-bis(trifluoromethyl)
phenyl]borate, [BMIm][BARF] (see the molecular structure reported in
Fig. 1), whose anion has no hydrogen bonding character [33,34], in
three alkyl carbonate “green” solvents: dimethyl, diethyl, and dibutyl
carbonate (DMC, DEC, and DBC; structures reported in Fig. 1). The
BARF™ anion presents a rather bulky structure with a tetrahedral ge-
ometry around the central boron atom; in addition, electronic charge is
dispersed strongly, which hinders coordination bonds. Contrary to the IL
containing the similar tetraphenylborate anion, in which the bulky tri-
fluoromethyl substituents are absent, there is no evidence of hydrogen
bonding between the BARF anion and the BMIm cation [33], suggesting
that BARF can be classified as non-coordinating anion owing to a com-
bination of steric and strong electronic effects.

In particular, we estimated the fraction of dissociated IL by
comparing the molar conductivity values obtained by electric conduc-
tivity and nuclear magnetic resonance diffusion measurements, while
the nanostructure and supramolecular features of the solutions were
evaluated by means of small-angle X-ray scattering, as well as Fourier
transform infrared spectroscopy, in an effort to rationalize the rela-
tionship between transport properties and the nanoscale structure of
[BMIm][BARF] solutions in alkyl carbonate solvents.

2. Materials and methods

The IL 1-butyl-3-methyl-imidazolium tetrakis[3,5-bis(tri-
fluoromethyDphenyl]borate, abbreviated [BMIm][BARF], was prepared
in 56% isolated yield according to the procedure described by Finden
etal. [26]. 'H NMR (CDCls) & 7.78 (m, 1H), 7.68 (m, 8H), 7.53 (m, 4H),
7.02 (m, 1H), 6.93 (m, 1H), 3.94 (t, 2H, 3J = 7.6 Hz), 3.65 (s, 3H), 1.74
(m, 2H), 1.24 (m, 2H), 0.91 (t, 3H, 3 J = 7.6 Hz). CgoHs54B2F4gN4, MW =
2004.89 g.mol !, M, = 104 °C.

Dimethyl carbonate (DMC, > 99%; MW = 90.08 g-mol’l), diethyl
carbonate (DEC, > 99%; MW = 118.13 g-mol ) and dibutyl carbonate
(DBC, > 99%; MW = 174.24 g-mol™!) were purchased from Sigma-

CF
FsC CF,

Applied Materials Today 31 (2023) 101741

Aldrich and used without further purification.

2.1. Samples preparation

Solutions of [BMIm][BARF] in DMC, DEC and DBC were prepared at
concentrations of 5, 10, 30, 50 and 70% (wt%) for each solvent, in
quantities 0.5 g for each solution in glass vials. The vials were sealed
with parafilm and stored at 25 °C (& 0.5 °C) for the entire duration of the
study. The samples were equilibrated for two weeks before
measurements.

2.2. Electrical conductivity

The electrical conductivity (c) of the [BMIm][BARF] solutions in
alkyl carbonate solvents was measured at 25 °C using a S230 Sev-
enCompact conductivity meter (Mettler-Toledo) with + 0.5% accuracy,
and a micro conductivity cell (InLab 751-4 mm, Mettler-Toledo)
equipped with two platinum poles, a chemical resistant glass body,
and integrated temperature probe. The cell constant was calibrated with
a standard 0.01 M KCI solution.

2.3. Nuclear magnetic resonance (NMR)

A Bruker Avance 300 MHz (7.05 T) spectrometer with a H operating
frequency of 300.131 MHz was used to measure the IL alkyl carbonate
solutions. The field gradients (up to 1.2 T m) necessary to measure the
self-diffusion coefficients were generated by a Bruker DIFF30 probe
supplied by a Bruker Great 1/40 amplifier. All the measurements were
carried out at 25 °C, and the temperature was kept constant (with an
accuracy of 0.5 °C) by means of a Bruker Variable Temperature unit
(BVT 3000). The pulsed gradient stimulated echo (PGSTE) sequence was
used. Self-diffusion coefficients were obtained by varying the gradient
strength (g) while keeping the gradient pulse length (§) and the gradient
pulse intervals constant within each experimental run. The Stej-
skal—Tanner equation (Eq. (1)) was used to fit recorded data [35]:
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where I and I are the NMR signal intensities in the presence or absence
of the applied field gradient, Q = ygé is the scattering vector (y is the
gyromagnetic ratio of the observed nucleus), (A — §/3) is the diffusion
time, A is the delay time between the encoding/decoding gradients, and
D is the self-diffusion coefficient to be calculated.

2.4. Small-angle X-ray scattering (SAXS)

SAXS experiments were performed on an S3micro X-ray system from
Hecus GMBH (Graz), equipped with an ultra-brilliant point microfocus
source Genix-Fox 3D (Xenocs, Grenoble). The impinging radiation was
the 1.542 A CuK-o, produced by a sealed-tube generator (Seifert ID-303)
operating at 2 kW. The detectors (OED 50 M) contained 1024 channels
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Fig. 1. Chemical structures of the IL, composed by (A) 1-butyl-3-methyl-imidazolium and (B) tetrakis[3,5-bis(trifluoromethyl)phenyllborate [BMIm][BARF], together
with the three alkyl carbonates: (C) dimethyl carbonate, (D) diethyl carbonate, and (E) dibutyl carbonate.
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of 54 um width, and the sample-to-detector distance was 280 mm. The
primary beam was masked by a 2 mm W filter allowing for a g-range
0.009-0.54 A~!. Samples were placed either in quartz Mark capillaries
(2 mm diameter) or paste sample holders. Measurements were per-
formed under vacuum at 25.0 £+ 0.1 °C (temperature controlled by a
Peltier element). The resulting scattered intensity I(q) was plotted as a
function of the scattering vector ¢, whose modulus is equal to 4x/A sin 6,
with 260 being the angle between the incident and scattered beams. Data
reduction and modeling were carried out with Igor Pro (Wavemetrics,
Inc.), using the analysis suite developed at the NIST Center for Neutron
Research [36]. The X-ray scattering length densities of [BMIm][BARF]
and the alkyl carbonate solvents (DMC, DEC, DBC) are listed in Table 1.

2.5. Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR analysis was carried out on alkyl carbonates and their IL
solutions using a ThermoNicolet Nexus 870 equipped with a Golden
Gate diamond cell and a MCT detector (Mercury Cadmium Tellurium).
The spectra were recorded between 650 and 4000 cm ™!, with a spectral
resolution of 4 cm ™! and 128 scans for each spectrum. Each IL solution
was analyzed in quadruplet, and the average spectrum calculated. The
spectra of each series of IL solutions (in DBC, DEC and DMC) were
normalized to the most intense CH stretching absorption of the corre-
sponding alkyl carbonate (DBC: 2960 cm™!; DEC: 2985 cm™'; DMC:
2962 cm ™).

3. Results and discussion

[BMIm][BARF] formed homogeneous mixtures with each of the
three alkylcarbonate solvents at all tested concentrations up to 70%,
appearing as macroscopically isotropic solutions with increasing vis-
cosity. Instead, above 70%, a phase separation was observed at higher
concentrations for all three solvents. It is worth mentioning that, in
preliminary tests, similar mixtures of [BMIm][BARF] were also prepared
in propylene carbonate (PC), the most common carbonate solvent used
as battery electrolyte medium, and the same type of macroscopic phase
behavior was observed as with DMC, DEC and DBC; however, the study
of the PC solutions was not pursued further since they cannot be
investigated by X-ray scattering, as [BMIm][BARF] and PC have almost
identical X-ray scattering length density (SLD) values.

Most studies investigating mixtures of ILs with organic polar solvents
[26,37] aim to evaluate their properties as possible battery electrolytes,
with the organic solvents acting as media to increase conductivity by
two distinct actions: i) reduction of the IL’s viscosity, and ii) separation
of the IL ion pair by solvation of the individual ions. With such purpose
in mind, conductivity measurements of the [BMIm][BARF] stable so-
lutions (5-70 wt%) in DMC, DEC, and DBC were performed. The values
of electric conductivity (c) followed the usual trend found in the liter-
ature, i.e., the conductivity increased initially with IL concentration in
each solvent, and then decreased after reaching a maximum from 50% to
70% IL content (see Table 2) [26,37]. The ¢ values were in general in the
order of 1-5 mS, evidencing poor transport properties in these systems.
For a better understanding of this behavior, the calculated molar con-
ductivities (A) were compared to those extrapolated from the NMR
self-diffusion coefficients of the anion and the cation (Axmr) using the

Table 1
X-ray scattering length density (SLD, p) values for the
compounds used in this work.

Compound SLD, p A3
[BMIm] [BARF] 1.30 x 107%°
DMC 9.61 x 107
DEC 8.91 x 107%

DBC 8.59 x 107%
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Nerst-Einstein equation (Eq. (2)) [38]:

FZ
Anur = RT (Dy+D-) 2

where F is the Faraday constant, R is the gas constant, T is the temper-
ature, and D, are the self-diffusion coefficients of the ions obtained by
PGSTE NMR experiments (also given in Table 2).

Indeed, while the A values are the consequence of charged species
migrating under the effect of an electric field, Axyr values are obtained
from Eq. (2) under the assumption that all the diffusing species observed
in the NMR experiment, characterized by a unitary activity coefficient,
contribute to the calculated molar conductivity. Since ions can exist in
solution either as neutral aggregates or as ion pairs, this implicitly means
that the A/Anmr ratio gives the percentage of non-aggregated diffusing
species (solvated ions) contributing to the measured conductivity. Such
a piece of information may be helpful in clarifying the transport prop-
erties of the studied systems. The very low A/Anwmr ratios reported in
Table 2 prove that only a small fraction of [BMIm][BARF] was in ionic
form in all the investigated solutions. When DMC was used as solvent,
dilution did not significantly affect the degree of ionization. Instead,
when [BMIm][BARF] was dissolved in DEC or DBC the degree of ioni-
zation was further suppressed upon dilution, a phenomenon that seems
to be correlated with the length of the alkyl chain of the solvent, or with
its dielectric constant (DMC, DEC, and DBC possess the following
dielectric constants: 3.2, 2.8, and 2.6; see Table 3) [39-41], and, in turn,
to the nanostructures that are formed by [BMIm][BARF] in the three
solvents, which were evidenced by the analysis of small X-ray scattering
(SAXS) data. In addition, the percentage difference between D, and D,
for each salt solution, increases from negligible (or close to the standard
errors) at low salt concentration, up to ca. 25-40% in the most
concentrated solutions. This might suggest the presence of ion aggre-
gates at lower concentrations.

It should be also observed that, independently of the solvent used,
the D+ values in Table 2 show a monotonic decrease for increasing
[BMIm][BARF] concentration, without abrupt changes. This trend can
be easily explained considering the increased viscosity of the solutions
while increasing the salt content.

Scattering measurements were performed for a better characteriza-
tion of the mixtures’ structures at the nanoscale, completing the dy-
namic information obtained by conductivity measurements with the
insights provided by a static technique such as SAXS. Scattering profiles
collected for all the investigated samples are plotted in Fig. 2, together
with their best fitting curves. The patterns show a common trend: a
decreasing forward scattering intensity, I(0), and a change in the shape
of scattering with increasing IL content in each solvent. Recent SAXS
investigations of IL/organic solvent mixtures have evidenced that the
interpretation of such scattering patterns can be complicated by the
coexisting nanostructures formed by pure phases of both compounds,
generated by the different intermolecular forces at play (Coulombic,
dipolar-dipolar, hydrogen bonding, van der Waals) [29], and that sys-
tems appearing completely miscible can reveal density and concentra-
tion fluctuations at the nanoscale [42].

Indeed, the shape of scattering curves, especially at lower IL con-
centration, suggested the existence of some nanostructured aggregates;
moreover, since the slope of I(q) in the medium-q range was propor-
tional to g}, the presence of rod-like particles in solution was consid-
ered. Several different models were tried to fit the data, but the best and
more physically reliable results were obtained using a cylindrical model
with a polydisperse radius. In the adopted model, the function calcu-
lated is the orientationally-averaged form factor of a cylinder of radius R
and length L, which is then averaged according to a Schulz distribution
of R. The mathematical expression for this form factor is then [43]:

scale
P(g) =

X /2
/f(r)dr/ F?(g, a)sinada 3)
0 0

Violy
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Table 2

Concentration (C), electric conductivity (¢) and corresponding molar conductivity (A = ¢/C), diffusion coefficients for the cation (D,) and the anion (D_), and cor-
responding extrapolated molar conductivity (Anmr), for all the solutions investigated in this paper. DMC = dimethyl carbonate; DEC = diethyl carbonate; DBC =
dibutyl carbonate. Standard errors on the final A/Anvg are in the order of 5%.

Solvent [BMIm][BARF] wt% C (mol/cm®) 6 (S/cm) A (S.cm?/mol) D, (cm?/s) D_ (cm?/s) Axmr (S.cm?/mol) A/AnMR
DMC 5 2.71 x 1072 6.40 x 107* 2.36 x 1072 4.70 x 10710 4.21 x 10710 3.35 x 10! 0.07
10 5.50 x 1072 1.97 x 1073 3.58 x 1072 4.70 x 1071° 4.14 x 10710 3.32 x 107! 0.11
30 1.76 x 107! 5.50 x 107 3.12 x 1072 3.85 x 10710 2.96 x 10710 2.56 x 107! 0.12
50 3.15 x 107! 4.36 x 10°° 1.39 x 1072 2.08 x 1071° 1.43 x 10710 1.32 x 107! 0.11
70 4.75 x 107 1.66 x 107 3.50 x 1073 6.75 x 10711 3.96 x 107! 4.02 x 1072 0.09
DEC 5 2.48 x 1072 3.15 x 107 1.27 x 1072 3.78 x 1071° 3.98 x 10710 2.92 x 107! 0.04
10 5.05 x 1072 1.03 x 10°° 2.04 x 1072 3.52 x 1071° 3.03 x 1071° 2.46 x 107! 0.08
30 1.64 x 107! 3.53 x 1073 2.15 x 1072 2.64 x 1071° 2.03 x 10710 1.75 x 107! 0.12
50 2.98 x 107! 3.61 x 107 1.21 x 1072 1.36 x 1071° 9.72 x 1071 8.76 x 1072 0.14
70 4.58 x 107! 1.63 x 10°° 3.56 x 107 3.76 x 107! 2.17 x 1071 2.23 x 1072 0.16
DBC 5 2.39 x 1072 6.70 x 107* 2.80 x 1073 1.37 x 10710 1.24 x 10710 9.81 x 1072 0.03
10 4.87 x 1072 0.26 x 1073 5.29 x 1073 1.32 x 10710 1.19 x 1071° 9.43 x 1072 0.06
30 1.59 x 107! 1.15 x 107 7.23 x 1073 9.71 x 10711 8.23 x 107! 6.74 x 1072 0.11
50 2.91 x 107! 1.66 x 1072 5.69 x 1073 4.22 x 10711 3.15 x 107! 2.77 x 1072 0.21
70 4,51 x 107! 0.57 x 1073 1.27 x 107 1.35 x 107! 8.21 x 10712 8.16 x 1073 0.16
Eq. (4):
Table 3
Low-frequency dielectric constants at 298 K for the three alkyl T z+2 )
carbonates (“ from Ref. [39]; b from Ref. [40] ; ¢ from Ref. [41]). poly = BT 7+ 1
DBC = dibutyl carbonate; DEC = diethyl carbonate; DMC =
dimethyl carbonate. where L is, again, the cylinder length, and z is the width parameter of the
Solvent Dielectric constant ¢ (at 298 K) Schulz distribution, described by Eq. (5):
DMC 3.2¢ 1 1 5
b [
DEC 2.8 z (L)z 6]
DBC 26° (R)

being ¢? the variance of the distribution. Finally, the scattering ampli-

where f(r) is the normalized Schulz distribution of the radius. The limits tude, F(g,a), is given by Eq. (6):

of f(r) integration are adjusted automatically to cover the full range of Ji (grsina)

radius (hence the x in the integral). The calculation is also normalized to F(q,@) = 2Vey1 (P oyt — Pyory o (qHcosat) (qrsina) (6)
the polydisperse volume, Vo, using the second moment, as reported in
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Fig. 2. SAXS patterns for [BMIm][BARF] in dimethyl carbonate (DMC), diethyl carbonate (DEC), and dibutyl carbonate (DBC). IL contents (wt%) are indicated next
to each curve. The curves have been offset along the y axis to help readability. Best fittings are reported as solid black lines. The bottom-right graph shows all the
scattering curves together without offsets, for sake of completeness.
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where V,y; is expressed by Eq. (7) as:

Ve = nR’L )

and jO(x) is a sinusoidal function described by Eq. (8):

olw) = ®
X

where H=L/2, J;(x) is the first order Bessel function, and « is the angle
between the cylinder axis and the scattering vector g. The second inte-
gral in Eq. (3), the one over a, averages all the form factors over all
possible orientations of the cylinder with respect to g. In this model no
interparticle interactions was taken into account, so that I(q) was finally
obtained by multiplying the averaged P(q) by the volume fraction of the
aggregates.

Only the scattering curves collected on 5-30% IL samples could be
fitted using the aforementioned model. In fact, 50% and 70% scattering
profiles are almost flat, indicating that the existing nanostructures at
lower concentration are lost when IL/solvent ratio reaches the 1:1
threshold. Actually this critical concentration boundary is also well
visible looking at molar conductivity data, which abruptly drop (espe-
cially in the case of [BMIm][BARF] in DMC and DEC) above 30% of IL.

Anyway, the trend emerging from the fitting data, reported in
Table 4, is quite clear and coherent with what observed through con-
ductivity and NMR measurements. Non-interacting rod-like IL aggre-
gates were found in all three alkyl carbonate solvents, with a length
inversely proportional to the dielectric constant of the solvent (for the
5% samples, 22 nm in DBC, and 16 nm in DEC and DMC). This is
reasonable since the persistence length of such structures is higher in
solvents with lower dielectric constant, where solvents are less capable
of perturbing the [BMIm][BARF] aggregates. It is worth noting that the
diameter of the rod-like aggregates is just 5-8 A, which is consistent with
the stacking of a single line of IL cations and anions to form elongated
poly(ionic liquid) structures, surrounded by alkyl carbonate molecules,
as schematized in Fig. 3. The very high values of radius polydispersity
are in agreement with the hypothesized structure, since the “cylindrical”
particle mathematically described by the fitting model has in fact a
poorly defined geometrical interface. When IL concentration is
increased to 10% and then 30% the same trend is observed for [BMIm]
[BARF] in all the three solvents, i.e., the length of the rod-like stacked
poly-IL chains is significantly decreased, with slightly elongated struc-
tures that remain visible only in DBC when IL reaches 30%. For higher
concentrations of [BMIm][BARF] aggregates or nanostructured

Table 4
Main fitting results obtained from the analysis of 5-30% [BMIm][BARF] scat-
tering profiles in the three alkyl carbonates. Polyy is the polydispersity of the
radius R.

Solvent [BMIb][BARF] Radius Length Polyr
concentration (nm) (nm)
DMC 5% 0.22 £ 0.01 16+1 0.7 +
0.1
10% 023+0.01 9+1 0.7 +
0.1
30% 0.26 + 0.01 0.4+0.1 0.7 £
0.1
DEC 5% 028 +£0.01 16+1 0.7 +
0.1
10% 0.33+0.01 841 0.7 +
0.1
30% 0.40 £0.01 0.5+0.1 0.7 +
0.1
DBC 5% 0.27 £0.01 22+1 0.8 +
0.1
10% 0.32 £ 0.01 11+1 0.8 +
0.1
30% 0.38+£0.01 1.0+0.1 0.6 +
0.1
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Alkyl carbonate
IL stacking forming rods

10 nm

Fig. 3. Structure of the rod-like stacked poly-IL formed by [BMIm][BARF] in
alkyl carbonates, as evidenced by SAXS measurements.

inhomogeneities disappear.

However, at these concentrations of [BMIm][BARF], a correlation
peak appeared at q ~ 0.42-0.45 A~', which is quite evident in the DMC
curves, less pronounced in DEC, and barely recognizable in the DBC
samples, suggesting a trend that follows the increasing alkyl chain
length and the decreasing dielectric constant of the solvent. Such g po-
sition translates into a real-space interaction distance of 13-15 A. A
correlation peak accompanied by decreasing forward scattering in-
tensity is representative of repulsive interactions between objects in
solution. Since the maximum diameter of the [BMIm][BARF] ion pair is
about 20 A (using the calculated values of 10.9 A for the anion and 8.6 A
for the stretched cation, estimated with Avogadro software), it is
reasonable to assume that the correlation peak might arise from the
interactions between undissociated IL pairs in solution, at high [BMIm]
[BARF] concentration. This effect was, in fact, already observed for
other ILs that, even in the absence of a solvent, showed a scattering peak
around 0.5 A~!, which was related to the characteristic inverse length
scale between polar groups, showing the existence of nano-
inhomogeneities in the ionic liquid itself [44]. SAXS results overall are
in agreement with the trend already observed by analyzing the A/Anyr
values above, confirming that a large fraction of IL is aggregated in the
solutions, especially at lower concentrations. It must be noted that, even
if complex nanostructures arising from interactions between ionic liquid
molecules with themselves or with other solvents are not uncommon,
such worm-like nanostructured inhomogeneities were never observed
before. The existence of these peculiar IL domains in organic solvents
can be due to the peculiar nature of BARF as the anion. This bulky
molecule can assume a rather planar conformation and, instead of
establishing H-bonding [33], can be suited to create - interactions; all
these features can possibly explain the stacking of anions and cations
couples, leading to the observed poly-IL conformation.

The FTIR spectra of [BMIm][BARF] in the three solvents were
investigated to gain further evidence of the interactions between the
different alkyl carbonates and the IL. The FTIR C=O stretching of the
alkyl carbonates has a strong and well isolated absorption band in the
1720-1760 cm ™! region, which has been used as a probe to investigate
the solvation structure and interactions of these solvents with electro-
lytes [45]. First, we looked into changes in the band’s maximum fre-
quency (see Table 5 and Fig. 4A); some red shift of the peak was
observed (i.e., to lower wavenumbers) for increasing IL concentration
above 50%, and the shift was more intense for DBC (ca. 8-9 cm ! at the
highest IL concentration) than for DEC (5-6 cm’l, closer to the spectral
resolution), while no significant shift could be detected for DMC. A red
shift indicates bond elongation, while a blue shift would indicate bond
contraction. Thus, the presence of some red shift for increasing IL con-
centration already suggests that the electrolyte might interfere with the
interactions between alkyl carbonate molecules. The red shift observed
in DEC and DBC solutions at 70% is in good agreement with the larger
values of A/Anmr found for the same solutions as compared to the other
samples, indicating increased solvation of the IL in charged species.

Alkyl carbonates are known to associate mainly through C—H---O
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Table 5
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Position (wavenumber) and full width at half maximum (FWHM) of the C=O0 stretching band of alkyl carbonates in solution with [BMIm][BARF], at different con-
centrations. DBC = dibutyl carbonate; DEC = diethyl carbonate; DMC = dimethyl carbonate. The error on wavenumbers is ca. = 0.3 cm~! (lower than the spectral

resolution of 4 cm 1), while that on FWHM is ca. + 1 cm L.

DBC FWHM
(em™)

DBC wavenumber
(em™)

IL concentration (wt%)
(em™)

DEC wavenumber

DEC FWHM
(em™)

DMC FWHM
(em™)

DMC wavenumber
(em™)

0 1742.4 16
5 1742.0 16
10 1742.6 17
30 1743.1 25
50 1744.4 40
70 1733.9 38

1741.4
1741.5
1741.4
1742.4
1742.3
1735.8

17 1749.0 19
19 1749.4 21
20 1749.2 22
26 1751.4 27
33 1750.3 30
39 1750.2 31

1760
= DEG

—o— DBC

")

1755+
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Fig. 4. (A) Position (wavenumber) and B) full width at half maximum (FWHM)
of the FTIR C=0 stretching band of alkyl carbonates (1720-1760 cm’l), in the
presence of [BMIm][BARF] at different concentrations. DBC = dibutyl car-
bonate; DEC = diethyl carbonate; DMC = dimethyl carbonate.

intermolecular interactions between the carbonyl oxygen of one mole-
cule as proton acceptor and the C—H group of another molecule as
proton donor, and such interactions were classified as hydrogen bonds
by Wang et al. on the basis of atoms-in-molecules calculations [46].
Instead, according to Finden et al., no H-bonding interactions take place

between the imidazolium and the BARF ions, as the bulky tri-
fluoromethyl moieties prevent the anion and cation from coming into
close enough proximity for such interactions to occur. [33] It is thus
expected that new H-bonding interactions will be established between
the alkyl carbonates and the IL, possibly through the carbonate group
and the mildly acidic proton in position C2 of the imidazolium cation
[47,48].

Indeed, a significant broadening of the C=0 stretching band was
observed for the different carbonates, and two trends are evident (see
Table 5 and Fig. 4B): (i) the band full width at half maximum (FWHM)
increased with increasing IL concentration, and (ii) the band broadening
at the highest IL concentrations (50-70 wt%) followed the trend DBC >
DEC >> DMC. In order to separate the effect of carbonate dilution from
that of solvent-IL interaction, the spectra of each IL solution were
normalized to the most intense CH stretching absorption of the alkyl
carbonates, which is justified considering that solvation strongly affects
the stretching and bending modes of C=0 and C—O-C groups of the
carbonate solvents [49]. However, it must be noticed that the same
trends were observed in the spectra even before normalization, which
suggests that the effect of solvent-IL interaction is prevalent.

Width increases of the carbonyl band were previously reported by
Deepa et al. for PC interacting with lithium imide [50], and by Fulfer
et al. for the interaction of linear organic carbonates with lithium hex-
afluorophosphate [45]. In the first case, it was found that the band-
widths of the well-separated components of the Fermi doublet of the PC
C=O0 stretching band increased with increasing salt concentration in the
solvent. In the second case, the authors reported that the frequency
distribution of the carbonyl stretch was broadened as the alkyl chain
length was increased, likely due to the increased number of possible
conformers for carbonate molecules with longer alkyl chains. Therefore,
it seems reasonable to hypothesize that also in the case of interactions of
alkyl carbonates with [BMIm][BARF], DBC has the most disordered
solvation shell, followed by DEC and DMC.

Keeping in mind that [BMIm][BARF] in alkyl carbonates seems to
exist prevalently in an aggregate form, as nicely depicted by the analysis
of SAXS experiments, if we look at the small fraction of dissociated IL,
our combined NMR and FTIR data consistently point to a lower disso-
ciation of [BMIm][BARF] in alkyl carbonates with higher dielectric
constants (DMC > DEC > DBC), for higher concentration of IL (>
30-50%). This is also in agreement with SAXS results, as in this con-
centration range [BMIm][BARF] nanostructured aggregates, observed
up to 30% IL, disappear. However, this behavior is opposite to that re-
ported previously for [BMIm][BF4] and [BMIm][PF¢]: in several studies
[37,51] involving a wide range of solvents (water, ethanol, DMSO,
acetonitrile and THF), lower dissociation was found for lower dielectric
constants. A possible explanation might rely on how the aggregation
driving force changes in different BMIm ILs. Because the local structure
of nano-sized IL aggregates does not explicitly depend on long-range
electrostatic interactions [52], IL units require some mobility to come
close and initiate self-assembly. Instead, larger structures of the liquids
(i.e., collection of nano-sized aggregates) will be influenced by
long-range dipole-dipole interactions [52]. For pairs with less bulky
counterions (higher mobility) and strong H-bonding, aggregation is thus
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mostly driven by electrostatic forces, and stronger aggregation comes
from reduced screening in solvents with lower dielectric constants. This
would be in line with the work of Osti et al. [18], who explained the
increased ion dissociation of [BMIm][Tf;N] with increasing solvent
polarity by a more efficient screening of the electrostatic interactions, in
particular in IL-rich phases. Instead, in the case of bulky and weakly
interacting counterions such as BARF, short-range anisotropic van der
Waals forces are likely key in the interaction of ionic pairs, and the
intrinsic low mobility of the BARF anions might partially hinder their
assembly with BMIm; mobility seems to be further reduced in solutions
of the IL in alkyl carbonates with increasingly lower dielectric constants
(see the trends of anion self-diffusion coefficients, D_, in Table 2), and
possibly less assembly (aggregation) takes place.

4. Conclusion

This work aimed to provide fundamental insight in the multiscale
structure and interactions of solutions of the IL [BMIm][BARF] in three
alkylcarbonate solvents, i.e., dimethyl, diethyl, and dibutyl carbonate.
The estimation of the molar conductivity ratio A/Anvr showed that the
IL was mostly undissociated in these solvents, and SAXS confirmed this
by highlighting the presence of rod-like poly(ionic liquid) nano-
structures in the 5-30% IL concentration range, formed by the stacking
of multiple pairs of anion/cation, which was especially favored in sol-
vents with lower dielectric constant. However, if we look at the small
fraction of dissociated [BMIm][BARF] in the samples at higher IL con-
centration (> 30-50%) some trends emerged as the solvent was changed
along the series DMC-DEC-DBC. Our data seem to suggest lower disso-
ciation of the IL in solvents with higher dielectric constants; this is not
only evident from the A/Anmr values, but also trends of the FTIR
analysis of the carbonyl stretching bands provide a corroborating pic-
ture. This novel finding is surprising, as our results are opposite to those
found by previous studies on BMIm ILs with less bulky hydrogen
bonding counterions, where increased aggregation was found to occur in
solvents with lower dielectric constants. We hypothesize that the nature
of the BMIm counterion might play a fundamental role in the assembly
of the ions to form nano-sized aggregates. BARF is a weakly coordinating
anion with no ability to give strong H-bonding, thus short-range aniso-
tropic van der Waals forces are likely key in the interaction of ionic pairs;
in this case, some mobility would be required for close contact between
ions, and the slower ions self-diffusion in alkyl carbonates with lower
dielectric constants might partially hinder self-assembly into local
nanosized structures. In this picture, it is evident that a complex
intermix of molecular forces is at play to finely tune the interactions
between different species and the resulting nanostructures. When a se-
ries of solvents of similar dielectric properties is considered, the other-
wise subtle role of dispersion forces and, in the present case, hydrogen
bonding vs. van der Waals interactions, can become important enough
to reverse the order of solvation capability expected by considering
merely the electrostatic component to the interaction potential. This
knowledge impacts positively on the understanding of ionic liquid so-
lutions in organic solvents, providing new perspectives in, e.g., elec-
trochemistry, nanoscience and nanotechnology, and potential
applications in many fields spanning from batteries, catalysis and
extraction, up to bio-applications (antimicrobial and bioengineering).
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