¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Insight into physico-chemical properties of
oxalatoborate-based ionic liquids through
combined experimental-theoretical
characterizationy

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 28495

@ Giorgia Mannucci, 2@ Akiko Tsurumaki,?® Matteo Busato, {°
*3 and Paola D'Angelo () *@

Matteo Palluzzi,
Maria Assunta Navarra

lonic liquids (ILs) including oxalatoborate anions, like bis(oxalato)borate (BOB) and difluoro(oxalato)borate (DFOB)
are extensively used in the battery sector as additives to promote the formation of protective layers on the surface
of high-voltage cathode materials. In this work four ILs have been synthesized: N-ethoxyethyl-N-methyl
piperidinium bis(oxalato)borate (PIP;,0,BOB), N-ethoxyethyl-N-methylpiperidinium difluoro(oxalato)borate (PIP120,
DFOB), N-propyl-N-methylpiperidinium bis(oxalato)borate (PIP;3sBOB) and N-propyl-N-methylpiperidinium difluo
ro(oxalato)borate (PIP,sDFOB) and their thermal properties have been linked to their structure. The presence of an
oxygen atom in the PIP; o, lateral chain suppresses crystallization of the ILs. Furthermore, PIP;,0,DFOB shows a
lower glass transition temperature than PIP;,0,BOB. These observations have been explained using a combined
molecular dynamics and density functional theory approach and an increase in the degree of freedom of the
lateral chain of the cation due to the ether oxygen has been found. Comparing PIP;>0,DFOB and PIP;,5,BOB, a
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DOI: 10.1039/d4cp02296¢ notable interaction between different domains of the anions is observed and is stronger in the DFOB case due to

the charge-delocalization induced by the fluorine atoms, which generates a relatively positive charge on the boron
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1 Introduction

Ionic liquids (ILs) are a class of materials defined as salts with a
melting point below 100 °C."~ They are usually composed of a
bulky organic cation (such as ammonium, imidazolium, pyrro-
lidinium, or piperidinium) and an anion having a strong
delocalized charge and/or structural flexibility,®> hindering the
crystallization and lowering the melting point (7y,). In recent
years ILs have received increasing attention in many different
research fields such as organic/inorganic synthesis,”> biomass
treatment,® metallurgy processes,” gas absorption,® and energy
storage technologies.> Behind this interest are the series of
beneficial properties of ILs: low flammability, low vapor pres-
sure, notable thermal and electrochemical stability, and good
ionic conductivity.®> Due to the strong relationship between the
physicochemical properties and the structure of ILs, it is
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atom. This is correlated to the weaker cation—anion attraction which hinders the glass transition of PIP; ,0,DFOB.

possible to design an enormous number of ILs for specific
tasks by finely tuning the structure of the cations and anions.

In the field of energy storage, particularly in the battery
sector, a significant amount of research is dedicated to the
development of new materials. The goal is to create batteries
that can meet modern societal demands, especially for use in
electric and hybrid vehicles (E/HV) and for storing energy
produced by renewable sources. The next generation of bat-
teries should offer increased energy density, a long calendar life
(both crucial for large-scale energy storage), and fast-charging
capabilities (important for E/HV applications). Additionally,
these batteries must meet strict requirements for safety, envir-
onmental compatibility, and low cost. Due to their intrinsic
properties, ILs are considered a promising class of materials to
help achieve these goals.

Currently, ILs are mainly used in batteries as substitutes or
additives for the carbonate-based solvents found in electrolytes.”
The ILs used as replacement, ie., the main solvent, commonly employ
bis(trifluoromethanesulfonyl)imide (TFSI) or bis(fluorosulfonyl)imide
(FSD (Fig. S1a and b, ESIt) as the anion because they provide low
viscosity and good ionic conductivity, which are the most important
features for the electrolyte. Additionally, a widely employed strategy for
electrochemical application is the introduction of an ether group in
the lateral chain of the IL cation. The presence of the ether oxygen
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increases the cation degrees of freedom leading to a hindered
or totally suppressed crystallization of the ILs,"*™° that is
advantageous for the battery usage at low temperatures. In
contrast, when ILs are used as the additives, their viscosity and
T, are not of primary importance, and alternatively their main
role becomes providing new functions to the system. First, the
addition of ILs can improve the thermal and electrochemical
stability of the electrolyte.>** Second, ILs can participate in the
formation of protective electrode/electrolyte interphases (EEIs)
through their decomposition, reducing side effects that could
lead to the failure of the battery.'®*>>* Following this path, in
recent years, new anions have been employed to obtain ILs able
to form protective cathode solid electrolyte interphases (CEI).
Bis(oxalato)borate (BOB) and difluoro(oxalato)borate (DFOB)
(Fig. Sic and d, ESIf) are two promising anions due to their
ability to efficiently form a CEI on the surface of high-voltage
cathode materials, such as the LiNiy sMn; 50, (LNMO) spinel,
improving their capacity retention upon cycling.'®** Conse-
quently, it is foreseeable that ILs based on these peculiar
anions will have an important role in the future, since the
use of high-voltage cathode materials is the key for the devel-
opment of batteries with higher energy density.

However, the number of structural studies on oxalatoborate-
based ILs available in literature is limited,**>>” despite their
importance to get insight into their intrinsic properties. In the
present study we have carried out a combined experimental and
computational investigation on the effect of the insertion of an
ether oxygen in the lateral chain of the cation of the IL formed
with the BOB and DFOB anions. In particular, four ILs have
been synthesized and characterized experimentally by infrared
spectroscopy and differential scanning calorimetry (DSC). At
the same time, a computational study, involving both classical
molecular dynamics (MD) simulations and density functional
theory (DFT) calculations, has been carried out to profoundly
comprehend the experimental results and to provide an explana-
tion on the relationship between the observed thermal behavior of
the ILs and the interactions between the component ions.

2 Experimental and
theoretical methods
2.1 Synthesis of the ILs

N-Methylpiperidine, 2-bromoethyl ethyl ether, 1-bromopropane,
lithium bis(oxalato)borate (LiBOB), and lithium difluoro(oxalato)
borate (LiDFOB) were all purchased from Merck KGaA (Darmstadt,
Germany) and used as received. Two bromide salts, namely N-etho
xyethyl-N-methylpiperidinium bromide (P; 50,Br) ['H-NMR (300 MHz,
DMSO-d, é/ppm relative to Me,Si): 1.12 (3H, t, ] = 6.9, OCH,CH), 1.54
(2H, m, N(CH,),(CH,),CH,), 1.79 (4H, m, N(CH,),(CH,),), 3.09 (3H, s,
NCH;), 3.39 (4H, m, N(CH,),(CH,),), 3.49 (2H, q, ] = 6.9, OCH,CHy),
3.60 (2H, t, J = 4.9, NCH,CH,), 3.80 (2H, t, J = 4.5, NCH,CH,)] and
N-propyl-N-methylpiperidinium bromide (PIP, ;Br), were synthesized
through a quaternization reaction as reported in a previous paper.”
Once purified through recrystallization, a metathesis reaction has
been performed to replace the bromide anion with BOB or DFOB
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anion. The bromide salts were mixed with LiBOB or LiDFOB
(using a molar ratio of Br:Li = 1.1:1.0) in Milli-Q water and the
resulting ILs were extracted using dichloromethane. The extrac-
tion procedure was repeated three times and the three collected
organic phases were put all together. To purify the ILs, the
organic phase was rinsed with Milli-Q water three times and
then passed in a column filled with aluminum oxide (activated,
neutral, Brockmann I). The absence of bromide anion impu-
rities was confirmed by checking the absence of silver halide
precipitate when the ILs were mixed with AgNO3;/HNO;.
A schematic representation of the IL synthesis is reported in
Fig. S2 (ESIt). Samples were dried by a rotary evaporator,
vacuum dried at 60 °C overnight and finally stored in an Arfilled
glovebox with a content of water below 10 ppm. Using the same
procedure four pure ILs (reported in Fig. 1) were prepared: N-propyl-N-
methylpiperidinium bis(oxalato)borate (PIP; ;BOB) [IR: 706, 758, 880,
940, 981, 1000, 1074, 1091, 1132, 1212, 1286, 1308, 1774, 1798 cm™ ],
N-propyl-N-methylpiperidinium difluoro(oxalato)borate (PIP; ;DFOB)
[IR: 517, 568, 684, 711, 758, 826, 877, 934, 1076, 1121, 1148, 1226,
1343, 1480, 1760, 1793, 1830 cm '], N-ethoxyethyl-N-methylpi
peridinium bis(oxalato)borate (PIP; ,0,BOB) [IR: 704, 874, 942, 986,
1088, 1130, 1202, 1275, 1301, 1470, 1778, 1801 cm ], N-ethoxyethyl-N-
methylpiperidinium difluoro(oxalato)borate (PIP;,0,DFOB) [IR: 519,
573, 685, 710, 828, 876, 938, 989, 1077, 1124, 1148, 1180, 1227, 1345,
1472, 1760, 1793, 1828 cm™ '],

2.2 Physico-chemical characterization

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra of the ILs was recorded using a Bruker Alpha spectrometer
equipped with a germanium crystal and reported in Fig. S3 (ESIt).
The investigated range was 500-2000 cm™ " with a resolution of
4 em ™., All the procedures were carried out in the Ar-filled glove-
box. Differential scanning calorimetry (DSC) using a Mettler-Toledo
DSC 821 was performed in an 80 mL min~ " nitrogen flux. The
samples were cooled from room temperature to —120 °C with a
rate of —5 °C min~ " and kept at —120 °C for 5 min to equilibrate
the temperature. The heating scan was then recorded from —120 to
120 °C with a rate of 5 °C min™".

The experimental density of the PIP; ,5,BOB, PIP; ,5,DFOB
and PIP, ;DFOB was evaluated by filling a 1 mL flask and
weighing it.

N-propyl-N-methylpiperidinium
bis(oxalato)borate (PIP, ;BOB)

N-propyl-N-methylpiperidinium
difluoro(oxalato)borate (PIP; ;,DFOB)

'

L

N-ethoxyethyl-N-methylpiperidinium
bis(oxalato)borate (PIP; ,0,BOB)

N-ethoxyethyl-N-methylpiperidinium
difluoro(oxalato)borate (PIP, ,0,DFOB)

Fig. 1 Cation and anion structures of the four synthesized ILs.
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2.3 Computational details

Classical MD simulations were carried out on the PIP; ,5,BOB,
PIP; ,0,DFOB, and PIP, ;DFOB systems. The PACKMOL pack-
age was used to build cubic boxes with ~ 50 A side length and a
number of species chosen in order to reproduce the experi-
mental density.”® Details about the studied systems are
reported in Table S1 (ESIT). The particle mesh Ewald method
was used to calculate the long-range electrostatic forces and a
cutoff radius of 12 A was chosen for all the non-bonded
interactions.>>*® Structures and interactions of the PIP, s,
PIP; 502, DFOB, and BOB ions were represented by the all-
atom optimized potentials for liquid simulations (OPLS-AA)
force field and by the OPLS-compatible parameters developed
by Canongia Lopes and Padua.’*> New partial charges were
parametrized using the CHELPG scheme from DFT optimiza-
tions of the isolated ions at the B3LYP/def2TZVP level of
theory.*>?* Each system was first equilibrated in the NVT
ensemble for 10 ns following a heating ramp from 300 K to
500 K, and gradually cooling down to 300 K. The data analysis
was carried out on a production run of 50 ns in NVT conditions
at 300 K. This simulation protocol was previously shown to be
appropriate for systems with slow dynamics like ILs and deep
eutectic solvents.**™° Cross-terms for the Lennard-Jones inter-
action were constructed with the Lorentz-Berthelot combining
rules and the Nosé-Hoover thermostat, with a relaxation con-
stant of 0.5 ps, was employed to control the temperature.
Moreover, the leap-frog algorithm with a time step of 1 fs was
used to integrate the equation of motion and the LINCS
algorithm was employed to constrain all the stretching vibra-
tions involving hydrogen atoms.*’ All the simulations were
performed with the Gromacs 2020.6 program.** The obtained
trajectories were analyzed with the TRAVIS package,*® while the
VMD 1.9.3 software was used for visualization.**

To identify and quantify the noncovalent interactions among
the components, geometry optimizations were also carried out on
PIP; ,0,DFOB and PIP; ,5,BOB clusters composed by two cations
and two anions at the B3LYP/6-31+G(d) level of theory. This
functional and basis set combination was previously found to offer
a good balance between computational cost and accuracy for ILs
modeling.”>™ Frequency calculations were performed for the
located stationary points to confirm their nature of true minima.
For each cluster, the cation—anion and anion-anion interactions
were analyzed with the recently developed independent gradi-
ent model (IGM) method.**>° IGM takes advantage of a new &g
descriptor, which computes the difference between a non-
interacting model (the IGM) represented by a virtual upper limit
of the electron density gradient |Vp'™|, and the true electron
density gradient |V p| representing the real system. The sign of the
second eigenvalue of the electron density Hessian matrix
(sign(4,)p) is used to distinguish between non-bonding interactions
(42 > 0) and attractive interactions (1, < 0). The type of interaction
is represented with color coding: blue indicates attractive interac-
tions, green signifies weakly non-bonding or attractive interac-
tions, and red denotes non-bonding situations. The GAUSSIAN 16
package®® was employed for all DFT simulations.
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3 Results and discussion
3.1 Physico-chemical characterization of ILs

The thermal behavior of the four ILs was investigated by DSC
measurements (Fig. 2). In the case of PIP, ;BOB, which is solid
at room temperature, a second-round scan was performed. In
the first scan, the T, was measured at 76.0 °C, while in the
second scan (Fig. S4, ESIt) only a glass-transition (T;) was
observed at —26.8 °C. This behavior is due to supercooling, a
quite common phenomenon in ILs.'®*"** PIP, ;DFOB showed
instead both T, and T, in the first scan, the former at —69.3 °C
and the latter at 14.2 °C. In addition, between T, and Ty,, an
endothermic peak was observed, which relates to solid-solid
transition, i.e., the transformation of solid state to a meta stable
phase before its melting. As far as the ILs with an ether group in
the lateral chain is concerned, both show only a glass-transition
at —32.6 °C and —69.9 °C for PIP; ,5,BOB and PIP; ,5,DFOB,
respectively. The absence of crystallization even at sub-zero
temperatures in the ether-functionalized ILs is explainable by
considering the higher number of degrees of freedom of the
lateral chain, which hinders and makes impossible an efficient
packaging of the ions in the time range of the experiment.
Comparison between BOB- and DFOB-based ILs highlights
the lowered Ty, and T, in the DFOB-based ILs as compared
to the equivalent BOB-based ones. A similar behaviour has
been already observed in the literature in the case of
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Fig. 2 DSC curves of the four ILs. Only the first scan is reported.
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bis(trifluoromethansulfonyl)imide (TFSI) and bis(fluorosulfonyl)
imide (FSI) -based ILs, as compared to bis(methanesulfonyl)imide,
and explained considering the negative charge delocalization caused
by the anion flourination.>

The charge delocalization present in the fluorinated com-
pounds causes a weaker anion-cation interaction, which in
turn leads to lower T, and T, values. On the other hand, when
PIP;;- and PIP; ,o,-based ILs are compared, it can be noticed
that the T, value changes when the cations are combined
with BOB, while it remains constant when they are combined
with DFOB (—69.3 °C and —69.9 °C, for PIP;; and PIP; »0p,,
respectively).

This trend has been found in previous studies where differ-
ent BOB/DFOB-based ILs with a pyrrolidinium or piperidinium
cation were compared.'®*>>*7¢ This suggests that glass transi-
tion of BOB-based ILs is heavily influenced by cation while that
of DFOB-based ILs strongly depends on the anion due to its
strong charge delocalization. This makes the T, DFOB-based
ILs almost unrelated to the functionalization of the side-chain
of the cation.

3.2 MD simulations and DFT calculations

While the above considerations regarding the thermal behavior
of the ILs are widely supported by structural studies for TFSI
and FSI anions, to the best of our knowledge this is not the case
for BOB and DFOB anions. Consequently, to investigate the
relationship between their physico-chemical properties and
structure, MD simulations were performed on the PIP; ,5,BOB,
PIP; ,0,DFOB, and PIP, ;DFOB systems. To have accurate infor-
mation about the tridimensional arrangement of the IL com-
ponents, spatial distribution functions (SDFs) for the single
constituents were calculated from the MD trajectories. Note
that, to carry out a quantitative comparison among the iso-
surfaces of the different ILs, the SDFs are shown with the same
density/maximum ratio. The employed isovalues are reported
in Table S3 (ESIt). The SDFs computed around the cations for
the PIP, ;DFOB and PIP;,0,DFOB systems are reported in
Fig. 3. They encompass both the center of mass (C.0.M.) of
the cation and of the anion as observed centers, plus the oxygen
and fluorine atoms of the DFOB and BOB anions, which can
give insights on more specific interactions. As it can be
observed, the distribution of the quoted species shows a higher
number of high probability spots around the cation in the
PIP, ,0,DFOB case (Fig. 3b). This suggests a greater amount of
possible configurations compared to the PIP, ;DFOB IL, where
the SDFs around the cation show a more ordered distribution
of alternated cation-anion-cation shells (Fig. 3a). The more
irregular distribution evidenced by PIP; ,0,DFOB could arise
from the conformational flexibility induced by the oxygen atom
in the side chain of the cation. To confirm this hypothesis, we
calculated the distribution functions reported in Fig. S5 (ESIT),
which are referred to the N-C;-C,-C; dihedral angle for the
PIP, ; cation and the N-C,-C,-O dihedral angle for the PIP; 5o,
one (Fig. S6, ESIf). For PIP; ,5,BOB and PIP; ,5,DFOB two
peaks are present, which are related to two different configura-
tions of the side chain, while in the case of PIP, ;DFOB only one
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Fig. 3 SDFs around the cations and employed color code for the
observed species calculated from the MD simulations of (a) PIP;3sDFOB
and (b) PIP;,0,DFOB. Isosurfaces have been drawn with the same density/
maximum ratio according to the isovalues listed in Table S3 (ESIf). C.O.M is
the center of mass of the referred cation/anion.

configuration is found. The increased structural disorder due
to multiple possible conformations of the side-chain in
PIP, ,0,DFOB can well-explain the absence of an observable
crystallization behavior in the ether-functionalized ILs, due to
the increased difficulty in realizing an efficient packaging of
the ions. This makes the use of these ILs extremely appealing
for the application in batteries even at low temperatures,
similarly to other IL-based electrolytes.>”

Fig. 4 shows a comparison of the SDFs calculated for the
PIP; ,0,DFOB and PIP; ,5,BOB systems employing the anion as
reference. It is noteworthy that for PIP;,,,DFOB (Fig. 4a),
besides the probability spots relative to the cation C.O.M. that
stem from the traditional cation-anion-cation distribution of
ILs bulk, isosurfaces relative to the observed DFOB anions are
also found very close to the reference. In particular, those
corresponding to the observed carbonyl oxygen (O) and F atoms
of the DFOB anion are highly localized. Note that, when speak-
ing about ILs, the constituents can be better described as
molecular ions with a highly delocalized charge, thus being
constituted by partially positive and negative domains, rather
than by point-like charges. To better visualize this, the electro-
static potential maps of the single ions were calculated from
DFT calculations and are reported in Fig. S7 (ESIt). The strong
charge delocalization effect of the fluorine atoms can induce
the formation of a recognizable positive charge on the boron
center of DFOB (see the calculated partial charges in Table S2,
ESIt). An attractive interaction among different regions of the
anions could therefore explain the evidence obtained by the
SDFs in Fig. 4a. These interactions likely take part in the overall
structural arrangement of the IL bulk, alongside and in com-
petition with the canonical cation-anion attraction. Consider-
ing instead PIP; ,5,BOB, the SDFs computed around the anion
show less localized spots relative to the observed BOB anions
(Fig. 4b). This is likely due to the different structure of this
anion, which, contrarily to the DFOB one, carries no fluorine
atoms and therefore shows less presence of partially positive
and negative domains in its molecular structure. The whole

This journal is © the Owner Societies 2024
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Fig. 4 SDFs around the anion and employed color code for the observed
species calculated from the MD simulations of (a) PIP;,0,DFOB and (b)
PIP;>0,BOB. Isosurfaces have been drawn with the same density/
maximum ratio according to the isovalues listed in Table S3 (ESIT).
C.O.M is the center of mass of the referred cation/anion.
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result is a weaker cation-anion attraction in the PIP, ,,DFOB
IL compared to the PIP,,0,BOB one, because of a higher
competitive anion-anion interaction. This can be well corre-
lated with the reduced T, and T, values of the DFOB-based ILs
as compared to their BOB-based equivalents.

To get further insights into the different degree of structural
disorder, pair radial distribution functions (g(r)’s) have been
calculated from the MD simulations for the PIP; ,5,DFOB and
PIP; ,0,BOB systems and are reported in Fig. S8 (ESIT). Note
that the g(r)’s have been multiplied by the numerical density of
the observed species (p) since the mere g(r)’s can be misleading
when comparing systems with different composition. The g(r)
related to the cation-anion distribution (Fig. S8a, ESI{) shows
the presence of a broad first peak centered at ~5.8 A for
PIP; ,0,DFOB, while for PIP; ,5,BOB a myriad of more defined
peaks is observed between 4.0 and 9.0 A. The same is true for
the cation—-cation distribution in Fig. S8b (ESIt). The presence
of defined multiple peaks in a g(r) can arise from multiple
configurations and is a sign of a noticeable structural order,
akin to crystals, and provides evidence for an increase in the
ordering of cations and anions in BOB-based ILs. Differently,
the convolution into a smaller number of broad peaks is
peculiar of disordered liquid systems.>*® In general, in an
IL, an efficient packing of the ionic system is obtained when
strong coulombic interactions are present, giving rise to a
high degree of structural order. Therefore, the obtained
results suggest that the reduced cation-anion interaction in
DFOB-based ILs increases their structural disorder, making
more difficult their crystallization and glass-transition.

To definitely prove this hypothesis about the stronger
anion-anion interplay in the DFOB-based ILs, which causes
weaker cation-anion interactions, we performed the IGM ana-
lysis on the PIP;,0,DFOB and PIP;,0,BOB clusters each
composed by two cations and two anions, optimized at DFT
level. Note that at least two ionic couples were included to take
into account the many-body effects provided by the cation.
Differently, the repulsive forces between two gas-phase anions
would be too strong to study an eventual anion-anion
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interaction. The results are reported in Fig. 5 for the anion-
anion interactions and in Fig. 6 for the cation-anion one. In
Fig. 5a and c we report the isosurfaces representing the IGM
descriptor for noncovalent intermolecular interactions (5g™*")
obtained for the DFOB-DFOB and BOB-BOB anions, respec-
tively. The obtained surfaces show that there are attractive non-
covalent interactions between the anions in both ILs. These
interactions are more favorable in PIP;,0,DFOB than in
PIP, ,0,BOB, as evidenced by the presence of a localized blue
spot in the green isosurface that is due to the existence of a
stronger interaction in that region of space (see the color-code
reported in Fig. 5). The equivalent analysis is shown in the plots
of Fig. 5b and d for PIP, ,5,DFOB and PIP, ,5,BOB, respectively.
Here, negative values in the abscissa indicate an attractive
interaction, while positive values are connected with the repul-
sive part of the 8g'™*" descriptor. Two sharp spikes, one at
negative and one at positive values, are present for both the
DFOB-DFOB and BOB-BOB systems. However, the spike con-
nected with the attractive interaction shows a higher intensity
than that connected with the repulsive interaction in both
cases. The whole result strongly suggests that a favorable
interaction is possible among different domains of the anions
in both the PIP, ,5,DFOB and PIP, ,5,BOB ILs, irrespectively of
their overall negative charge. In addition, the peak referred to
the repulsive part is less intense in the DFOB-DFOB case with
respect to the BOB-BOB one, while those relative to the
attractive region have similar intensities. As the difference
between the intensity of the repulsive and attractive part is
related to the strength of the interaction,"*>" this result
confirms the stronger attraction among the anions in the
DFOB-based IL.

Fig. 6 exhibits the IGM analysis performed for the cation-
anion interaction in the PIP; ;0,DFOB and PIP; ,5,BOB ILs,
respectively. As expected, in both cases the interactions have a
markedly attractive nature, as the color-spot connected with the
non-covalent interactions are quite spread (Fig. 6a and b). In
Fig. 6c we report the overlapping plots for the attractive

DFOB-DFOB

-0.002 0.002 0.004

0
sign(h J)p (a.u)

BOB-BOB

-0.002 0.004

0
sign(t. Jp (a.u)

Fig. 5 Minimum energy structures with color-filled 8giner surfaces
according to the reported color-code and corresponding 8Ginter plot
referred to the anion—anion interactions for the PIP;,0,DFOB ((a) and
(b)) and PIP;,0,BOB ((c) and (d)) clusters.
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Fig. 6 Minimum energy structures with color-filled 8giner surfaces
according to the reported color-code for the (a) PIP;,0,DFOB and (b)
PIP1202BOB clusters and (c) corresponding attractive part of the 3ginter plot
referred to the cation—anion interactions.

component of the 8giner descriptor for both the PIP; 0,
DFOB and PIP;,5,BOB cases. A slightly more intense peak
with a maximum at more negative values is obtained for the
PIP; ,0,-BOB interaction suggesting a stronger cation-anion
attraction in the PIP;,0,BOB IL, which is in line with the
weaker BOB-BOB anion-anion interaction (Fig. 5¢ and d) with
respect to the DFOB-DFOB one (Fig. 5a and b). Altogether these
findings are in good agreement among each other and in the
line with our initial hypothesis about the lower T, and Ty,
values of the DFOB-based ILs as compared to BOB-based ones
are caused by the weaker cation-anion interactions in the
former case, which in turn are due to the stronger anion-anion
interaction induced by the fluorination of the anions.

4 Conclusions

Four ILs based on oxalatoborate anions were synthesized and
their physico-chemical properties were investigated by experi-
mental methods. Due to the lack of literature about structural
studies on this kind of ILs, computational methods, involving
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the use of both MD simulations and DFT calculations, were
used to gain insights on how the liquid bulk structure dictates
the observed experimental features. MD simulations show that
the insertion of the oxygen atom in the side chain of the cation
provokes a more disordered structural distribution of the IL
ions due to an increased conformational flexibility. At the same
time, it is highlighted that in BOB-based ILs a more packed
cation-anion distribution is present as compared to DFOB-
based ILs. Weak but detectable interactions between different
domains of the anions seem to occur alongside and in compe-
tition with the cation-anion ones and are stronger in the DFOB
case due to a more positive charge on the boron atom of the
anion, induced by the presence of fluorine atoms. This is also
the origin of the lower T, and Ty, values in DFOB-based ILs.
DFT calculations on cation-anion clusters were performed to
assess this hypothesis, confirming that anion-anion attrac-
tive interactions are possible for both the DFOB-DFOB and
BOB-BOB anions due to their highly delocalized charge. In
DFOB-based ILs the anion-anion attraction is stronger, and the
cation-anion one consequently weaker, in comparison to BOB-
based ILs. This study shows that in the presence of large
anions, such as DFOB and BOB, the anion-anion interplay
cannot be neglected, and this concurs in determining the
physico-chemical properties of ILs.
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