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Five new ionic materials comprising fluorine-free aromatic heterocyclic anions based on pyridine and
pyrazine combined with a common n-tetrabutylphosphonium cation, (P4444)*, result in two room
temperature ionic liquids (RTILs), one semi-solid, and two organic ionic plastic crystals (OIPCs) with
melting points >20 °C. The OIPCs showed a plastic crystalline phase, multiple solid—solid transitions,
and plastic crystalline and melt phases. For both the neat RTILs and the Li* conducting electrolytes, the
nature and strength of the ion—ion interactions mainly depend on the position of the nitrogen atom with
respect to the carboxylate group in the anions. Furthermore, for the RTILs the ionic conductivity is
effected by the electronic structure and flexibility of the ions and the anions diffuse faster than the
(P4444)" cation, but are slowed down in the electrolytes due to the strong electrostatic interactions
between the carboxylate group of the anions and the Li*, as shown both experimentally and computa-
tionally. Overall, this study describes the effect of structural tuning of aromatic anions on the ion-ion

interactions and introduces new ionic materials with promising properties to be used as solid and liquid

rsc.li/pccp

Introduction

Since their introduction by Sony in 1990, lithium-ion batteries
(LIBs) have acquired a sizable market share.”” They have the
best energy densities, a high open circuit voltage, a low self-
discharge rate, no memory effect, and a slow loss of charge
when not in use. These properties make them the most popular
rechargeable batteries for portable gadgets, electric vehicles
and aerospace applications.>* They do, however, have serious
safety issues due to the electrolytes made up of fluorinated salts
dissolved in flammable organic solvents.>® Several attempts
have been made to use nonflammable solvents, thermally and
electrochemically stable (non-fluorinated) Li-salts, as well as
additives to improve safety.” "> There is an urge to develop new
salts and solvents with beneficial physical and chemical proper-
ties that can potentially replace the conventional fluorinated
electrolytes.

Electrolytes based on ionic liquids (ILs) in general offer a
range of suitable advantages’*™* including low volatility and
high thermal and electrochemical stabilities, inherent ionic
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electrolytes in energy storage devices.

conductivity, and can additionally be made task-specific and
fluorine-free.’®'” In general, their physicochemical properties
are determined by the interactions between the cations and
anions, which are controlled by the chemical functionalities
present, with vast freedom in structural design to reduce these
interactions and enhance ion mobilities.'® In this context, there
is a great potential to design and develop new fluorine-free
anions that when combined with conventional cations could
provide the desired physico-chemical and electrochemical
properties.

Over the last two decades, extensive studies have been
reported on the physicochemical and transport properties of
various ILs and IL-based electrolytes.'>*° However, a systematic
relationship between the chemical structures or different
combination of ions and the key physicochemical features of
ILs is rarely reported.> The structural optimization of an anion
is critical to control the thermal and electrochemical stabilities
as well as ionic mobility, the latter has a substantial impact on
the overall properties of an electrolyte.’® In addition, the
mobility of Li" through the solvent matrix and eventually into
the electrode structure is determined by the nature of charge,
charge distribution, and the geometry of the anions.** Most of
the studies on ILs and IL-based electrolytes reported today are
based on fluorinated anions, i.e. bis(trifluoromethanesulfonyl)-
imide (TFSI)” >* and bis(fluorosulfonyl)imide (FSI)~ >* anions. The
fluorinated ILs and their electrolytes cause environmental pro-
blems not only during the synthesis but also at the recycling stages.
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This issue has sparked research into the design and development
of new fluorine-free ILs and electrolytes.

Despite the huge potential to create new anions and combine
with different cations to get new ILs with desired properties, the
enormous number of possible anions is yet to synthesize and
investigate. In this work, we investigate the effect of structural
variations in novel ionic materials derived from nicotinic acid
more commonly known as niacin, a form of vitamin B,;.>**
Nicotinic acid is chosen due to its sustainable nature, and the
small and compact structure of the anion. In addition, structural
analogues of nicotinic acid are selected for a systematic compar-
ison, all the anions are based on six-membered aromatic nitrogen
heterocycles and coupled with a common tetra(n-butylphos-
phonium) cation (P4444)". Doping of the ILs with the analogous
lithium salts renders Li* conducting electrolytes. Both the neat ILs
and the electrolytes are studied experimentally and computation-
ally with respect to basic physicochemical properties such as ionic
interactions and mobilities as well as electrochemical properties.
While we here focus on the use as battery electrolyte solvents,
these ILs could also be used as electrolytes for supercapacitors®®
as well as possibly as solvents for various tasks.>

Experimental

Materials

2-Picolic acid (2-PyrA), nicotinic acid (3-PyrA), isonicotinic acid
(4-PyrA), pyrazinoic acid (2,5-PyrA), 2,6-pyridinedicarboxylic
acid (Pyr-2,6-diA), an aqueous solution of tetrabutylphospho-
nium hydroxide (40 wt% in water), and lithium hydroxide
monohydrate (ACS reagents, >98% purity) were all received
from Sigma-Aldrich and used without further purification.
Sodium sulphate, lithium bicarbonate (LiHCO;), dichloro-
methane and diethyl ether were purchased from VWR (BDH)
chemicals. Electrolytes were prepared by mixing 10 mol% of
Li(3-PyrA) and Li(2,5-PyrA) in the corresponding RTILs (for
concentrations >10 mol% phase separation was observed).

Synthesis

Ionic materials. An aqueous solution of tetrabutylphospho-
nium hydroxide (50 mmol) was added dropwise into a stirred
aqueous solution of the acid (50 mmol in 50 mL of water) - thus
in stoichiometric amounts. The reaction mixture was stirred at
room temperature for 4 hours and the progress of the reaction
was monitored via thin layer chromatography (TLC) and upon
completion, water was removed under reduced pressure using a
rotary evaporator. The products were washed three times with
50 mL diethyl ether before being dissolved in dichloromethane
and dried with anhydrous sodium sulphate. Finally, the
solution was filtered, the residual solvent was removed under
reduced pressure, and the final products were dried in a
vacuum oven at 80 °C for more than 4 days. All the products
were separated into quantitative yields. After purification
and drying; (P444)(3-PyrA) and (P,444)(2,5-PyrA) were obtained
as RTILs, (P4444)(4-PyrA) and (Pas44)(Pyr-2,6-diA) solids, and
(P4444)(2-PyrA) as a semi-solid. The water content was measured
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by Karl Fischer titration (using Metrohm 917 Coulometer,
Switzerland) and was determined to be less than 60 ppm for
all the synthesized ionic materials. The formation and purity of
the synthesized ionic materials were assessed by mass spectro-
metry and multinuclear (*H, **C, and *'P) NMR spectroscopy.

Lithium salts. Lithium (Li) salts of nicotinic acid (3-PyrA)
and pyrazinoic acid (2,5-PyrA) were prepared by direct neutra-
lization of the acids with LiHCO;. Under continuous stirring,
aqueous solutions of the acids were treated with solid LiIHCO;
in small portions, until the generation of gas bubbles stopped.
The salts were obtained in quantitative yields after lyophiliza-
tion and subsequent drying in vacuum oven at 80 °C for more
than 2 days.

Nuclear magnetic resonance spectroscopy. The structures
and purity of all the synthesized compounds were confirmed by
using a Bruker Ascend Aeon WB 400 (Bruker BioSpin AG,
Fallanden, Switzerland) NMR spectrometer. CDCl; and D,O
were used as solvents for the ionic materials and the lithium
salt, respectively. The working frequencies were 400.21 MHz for
H, 100.64 MHz for *C, 155.53 MHz for Li and 162.01 MHz for
31p. The *'P and "Li NMR spectra were externally referenced
using H3PO, (85%, 0 ppm) and 1.0 M LiCl,g), respectively. Data
were processed using Bruker Topspin 3.5 software.

Thermal analysis. Thermogravimetric analysis (TGA) was
performed using a PerkinElmer TGA 8000 under N, gas at a
heating rate of 10 °C per min using ca. 2-4 mg samples. The
onset of decomposition temperature, Tonser, Was calculated
from the intersection of the baseline weight and the tangent
of the weight versus temperature curve using Pyris software.
Differential scanning calorimetry (DSC) was performed using a
PerkinElmer DSC 6000 on ca. 2-5 mg of the sample placed in an
aluminium pan. DSC data were collected at a scanning rate of
5 °C min~ " for both cooling and heating traces ranging from
—75 to 200 °C. To maintain an inert environment inside the
sample chamber, dry N, gas was delivered at a constant flow
rate of 20 mL min . The glass transition temperature, Ty, was
determined by using the inflection mid-point of the initial
S-shaped transition slope and determined from the onset with
the aid of Pyris software.

Electrochemical characterization. The electrochemical sta-
bility and ionic conductivity were determined using a Metrohm
Autolab PGSTAT302N electrochemical workstation with a
FRA32M module for impedance measurements, all of which
were controlled by Nova 2.02 software. A sealed Microcell HC
from RHD instruments was used to hold about 70 pL of the
sample. To determine the electrochemical stability window
(ESW), linear sweep voltammetry (LSV) was performed with a
three-electrode setup: a Pt wire with a diameter of 0.25 mm as
working electrode (WE), a Pt crucible as counter electrode (CE),
as well as sample container, and an Ag wire coated with AgCl as
a pseudo-reference electrode (RE). Both cathodic and anodic
scans were recorded at a rate of 1 mV s *. The electrochemical
potentials were calibrated using ferrocene (Fc) as internal
reference and shifted using Epy1i” X Epegpe’ + 3.2 V.*° The
ESW limits were defined by a 0.1 mA cm > cut-off current
density.
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The ionic conductivity was obtained from the impedance
measurements performed in a frequency range from 1 Hz to
1 MHz with an AC voltage amplitude of 10 mV,,,. All the
impedance spectra were measured during heating and cooling
over a temperature range from —20 to 100 + 0.1 °C and the
obtained ionic conductivities during heating and cooling
match very well (Fig. S21, ESIt), thus only heating cycle data
are presented. A two-electrode configuration was employed for
ionic conductivity measurements, with a Pt wire as WE and a
70 pL Pt crucible as a sample container, as well as CE. Prior to
each measurement, both the electrodes were polished with
a 0.25 m of Kemet diamond paste. The cell constant was
calculated using a Metrohm 100 S cm™* KCI standard solution
(Keen = 18.5396 cm ™). The cell was thermally equilibrated for
10 minutes before recording the impedance spectra.

The ionic conductivities are further analyzed by fitting
the ionic conductivity data to the following Vogel-Fulcher-
Tammann (VFT) eqn (1).

where g, is a pre-exponential factor, B is an empirical material-
dependent fitting parameter related to the dynamic T, and
activation/pseudo activation energy (E,) of the system. The
reference temperature 7, is attributed to the ideal vitreous
transition temperature, at which configurational entropy
vanishes.>® T, is determined by fitting the temperature-
dependent conductivity data to the VTF equation for the best
linearity relationship.

Pulsed field gradient diffusometry. NMR self-diffusion mea-
surements were performed using a Bruker Ascend/Aeon WB 400
(Bruker BioSpin AG) NMR spectrometer with a resonance
frequency of 400.27 MHz for 'H and 155.56 MHz for “Li.
Pulsed-Field Gradient (PFG) NMR self-diffusion measurements
were performed on 'H with a PFG NMR probe Diff50 (Bruker)
with a maximum amplitude of the magnetic field gradient
pulse of 29.73 T m™". The samples were placed in a standard
5 mm NMR glass tube and closed with a plastic stopper to
avoid contact with air. Prior to measurements, each sample was
equilibrated at a specific temperature for 30 min. The details of
the PFG NMR technique for measuring molecular diffusion
coefficients are available elsewhere.’” The diffusion decay (DD)
of amplitude A of the NMR spectral lines, obtained by Fourier
transformation of a descending half of the stimulated-echo
(StE), as a function of the amplitude of the applied pulsed field
gradient. For the stimulated echo pulse sequence used, diffu-
sion decay of 4 in the case of simple non-associating molecular
liquid can be described by eqn (2):*

A(g,0,ta) = A(0)exp(—7°g*0”Dta) (2)

where A(0) is the factor proportional to the amount of magnetic
nuclei, and to spin-lattice and spin-spin relaxation times, y is
the gyromagnetic ratio for a used nucleus; g and ¢ are the
amplitude and duration of the gradient pulse; ¢4 is the diffusion
time, and D is the self-diffusion coefficient. ¢4 was in the range
from 4 to 100 ms for 'H diffusion and from 5 to 15 ms for “Li
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diffusion. The diffusion experiments were performed in the
temperature range from 295 to 373 K. No diffusion time
dependence was observed in these measurements. Diffusional
decays (DDs) for the neat ILs and the IL-based electrolytes have
a single exponential form and are not affected by the diffusion
time 4. Experimental DDs are then fitted to eqn (2) to obtain
the diffusion coefficients.

The ion diffusivity data for the neat ILs and the electrolytes
are analyzed by using VFT eqn (3):

where Dy, Ty, B are adjustable parameters. Energy of activation
for diffusion is related with B as Ep, = B x R. We have described
D(T) by fitting Dy, T, and B.

FTIR spectroscopy

Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectra were recorded using a Bruker IFS 80v spectrometer
equipped with a deuterated triglycine sulfate (DTGS) detector
and diamond ATR accessory, employing the double-side for-
ward-backward acquisition mode. The total number of scans
was 256, co-added and signal-averaged at an optical resolution

of 4cm %

Computational studies

Geometry optimized structures of the 2-PyrA, 3-PyrA, 4-PyrA,
and 2,5-PyrA and Li" ion—pairs with interactions by the carboxyl
group (Fig. 8 and Fig. S23, ESIt), were obtained by density
functional theory (DFT) calculations employing the MO06-2X
functional®**° and the 6-311+(d,p) basis set using Gaussian-
16.°73% The structures were verified to be minima by calculat-
ing the second derivatives of the energy with respect to nuclear
displacements. The ultrafine grid option was used in all cases.

To gain further insight into the role of the charge distribu-
tion the donor-acceptor interactions were evaluated using
Natural Bonding Orbitals (NBOs)** and the second-order Fock
matrix (Tables S4-S7, ESIt). The stabilization energy E** asso-
ciated with donor NBO({) and acceptor NBO(j) was computed

by eqn (4):
FO A, = g, ((F(i,j»z) n

& — &

where g¢; is the orbital occupancy, ¢ and ¢ are diagonal
elements (orbital energies) and F; is the off-diagonal NBO
Fock matrix element.

Results and discussions

We start with a brief description of the five ionic materials,
followed by thermal properties assessment and the effect of
anion chemistry on the thermal stability of the synthesized
ionic materials. The ionic materials and the IL electrolytes were
further assessed for LIB-relevant properties such as ionic con-
ductivity, ion diffusion, and electrochemical stability before
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progressing to FTIR spectroscopy, variable-temperature line
width and chemical shift analysis and computational studies
to further decipher the coordination and ion-ion interactions.

Basics of synthesized ionic materials

The chemical structures of the ionic materials (Scheme 1) agree
well with the NMR analysis (Fig. S1-S15, ESIt) as well as the
mass spectra (Fig. $16-520, ESIt) shown in the ESL+ First, the
aliphatic alkyl chains attached to the (P444)" cation show
distinct resonance lines in the "H NMR spectrum a triplet at
0.93 ppm for the terminal methyl groups, a multiplet 1.46-
1.54 ppm for the methylene protons, and another multiplet
2.39-2.46 ppm for the eight protons of the carbon atoms
directly attached to the phosphorous atom. Second, the
presence of aromatic resonance lines, 6.5-8.5 ppm, and the
lack of the broad resonance line for any acidic proton corrobo-
rated the deprotonation of the acids (Fig. S1-S5, ESIT). Third, the
aliphatic carbon atoms display characteristic resonance lines in
the region 13-24 ppm in the "*C NMR spectra (Fig. S6-S10, ESIt),
while those of the carboxylate groups in the anions are found in
the range 168-171 ppm. Finally, the *'P NMR spectra indicate a
single resonance line at ca. 33 ppm (Fig. S11-S15, ESIY).

Turning to the aggregation states of the five systems
(P4444)(3-PyrA) and (P,444)(2,5-PyrA) are RTILS, (P4444)(2-PyrA)
is a semi-solid, while (P4444)2(Pyr-2,6-diA) and (P,444)(4-PyrA) are
solids. The latter can arguably be due to stronger interionic
interactions as well as the comparatively more symmetric
(4-PyrA)” and (Pyr-2,6-diA)” anions, as symmetry is known to
facilitate crystallinity.****

Thermal properties

The thermal stability of the neat ILs having a common
n-butylphosphonium cation is ranging from 245 °C to 330 °C,
mainly depending on the nature of the anion (Fig. la and
Table 1). The order of thermal stability decrease as: (P444)

Yoo Yoo Yoo
AT Q9D (S

(P4444)(2-PyrA) (P4444)(3-PyrA) (P4444)(4-PyrA)

W s

(P4444)(2,5-PyrA) (P4aaa)2(Pyr-2,6-diA)

Scheme 1 Chemical structures and abbreviations of the five ionic
materials.
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(3-PyrA) > (Py444)(4-PyrA) > (Py444)(2,5-PyrA) > (Py444)(2-PyrA)
> (P4444)2(Pyr-2,6-diA) and increases as the delocalization of
the negative charge on the anion increases. The (P444)(3-PyrA)
IL thermal stability vs. the (P4444)(4-PyrA) and (P4444)(2-PyrA) ILs
might be explained by the negative inductive and positive
resonance effects (electron-donating effect) of the pyridine
nitrogen, which can cause an extended delocalization of elec-
trons lead to a more polarizable structure resulting in thermally
stable anion (Scheme 2).***° In the case of (P4444)(2,5-PyrA), the
presence of an extra nitrogen atom at 5-position neutralizes
the electron withdrawing effect generated by the nitrogen at
2-position and stabilizes the anion to a greater extent as
compared to the anion in (Py444)(2-PyrA).

The thermal stabilities of these new ILs are quite compar-
able to previous phosphonium-based halogen-free ILs.*®*” The
thermal stabilities of the Li-salts are substantially higher, by
almost 100 °C, than the neat ILs, which is attributed to the
strong Li" electrostatic interaction with the anions, and the
higher thermal stability of the Li" cation than the organic
cation (P444)'. As a consequence, the thermal stabilities are
slightly improved for the electrolytes as compared to the neat
ILs (Fig. 1b and Table 1).

Although the chemical structures of all the ionic materials
are quite similar, their thermal behavior is completely different.
The multiple solid-solid phase transitions observed for
(P4444)(4-PyrA) and (Py444)»(Pyr-2,6-diA) indicate typical OIPC
behavior (Fig. 2 and Table 1).***° Before melting, (P444)(4-
PyrA) exhibits rich phase behavior with multiple solid-solid
phase transitions, which cannot be due to the breakdown at
these temperatures as confirmed by the TGA data (Fig. 1). These
solid-solid transitions show progressive transformation of
material from an ordered phase into a disordered phase,
leading to higher plasticity and ion mobility.>°

Upon heating (P4444)2(Pyr-2,6-diA) passes from a glassy state
to a subcooled liquid phase, and then a cold crystallization
occurs, followed by a melting transition. A very similar thermal
behavior is exhibited by the neat (P4444)(3-PyrA) but in a much
lower temperature range. This type of behavior is common for
many polymers and other amorphous compounds.’’*> The
neat (Pyj44)(2-PyrA) and (P,444)(2,5-PyrA) exhibit only glass
transitions.

The addition of 10 mol% of Li(3-PyrA) salt to (Py444)(3-PyrA)
slightly shifts the glass transition temperature, while both the
crystallization and melting peaks disappear, and hence the
electrolyte behaves as a pure glass-forming liquid. This is
associated with the smaller radius of Li’, causing increases in
the ionic strength and/or ion-ion interactions.”>® and a similar
change for the (P,444)(2,5-PyrA) based electrolyte.

Ionic conductivity

The neat (P,444)(3-PyrA) IL and its electrolyte shows higher ionic
conductivities independent of temperature range as compared
with the neat (P4444)(2,5-PyrA) IL and the corresponding elec-
trolyte (Fig. 3). This can be linked to the influence of electronic
structure and flexibility of the ions generated by geometry
variations possibly including steric hindrances. In the case of

Phys. Chem. Chem. Phys., 2023, 25, 3502-3512 | 3505


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp05272e

Open Access Article. Published on 02 January 2023. Downloaded on 3/20/2026 6:54:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
100
@ —— (P, @4-PyrA)
e <P4444) (3-PyrA)
80 (P00 2-PyrA)
—— (P ),(PYr-2,6-diA)
s 60 — (P 404) (2,5-PyrA)
=
2
(]
=< 404
204
O T T T T T
30 125 220 315 410 505 600

Temperature (°C)

Fig.1 TGA thermograms of the neat ILs (a) and the Li(3-PyrA),
PyrA)lo 1[(P4444)(2,5-PyrA)lq o electrolytes (b).
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(b) 100
80
< 60
=
R
2 40
—— Li(3-PyrA)
— Li(2,5-PyrA)
201 — (P,,.,)(3-PyrA)
— [(P ) (3-PyrA)] [(LI)(3-PyrA)],
— [(P144)(2,5-PyrA)], [(Li)(2,5-PyrA)], ,
0 — (P,,,,)(2,5-PyrA)
T T T T T
30 125 220 315 410 505 600

Temperature (°C)

Li(2,5-PyrA) salts and the [(Li)(3-PyrA)lo1l(P4444)(3-PyrA)lpe and [(Li)(2,5-

Table 1 Physiochemical properties of the synthesized ionic materials and the electrolytes®

System T, (°C) T, (°C) T (°C) T, (°C) Ty (°C) o (Sem™)
(Paqa4)(2-PyrA) =57 - — - 291 -
(P444)(3-PyrA) —53 —15 31 — 332 1.00 x 10~*
(Pasas)(4-Pyra) —35 — 42 —9,2,36 317 —
(Pa4444)(2,5-PyrA) —55 — — — 303 7.83 x 107°
(P4a44)2(Pyr-2,6-diA) —-16 31 118 245 —
[(P4444)(3-PyrA)]o.o[Li(3-PyrA)]o.4 —55 — — — 335 7.47 x 107°
[(P4444)(2,5-PyrA)]o o[Li(2,5-PyrA)]o.1 —57 — — — 330 7.73 x 10°°
“ Ty: glass transition, Te: cold crystallization, Tr,: melting point, Tq: decomposition temperature, T;_g: solid state transition, ¢: ionic conductivity at
20 °C.
Li-salt due to increased Coulombic interactions leading to
N PN formation of aggregates, reduced free volume, and charge
° carrier concentration,” and has also been observed previous
[ ) ¢ X s . i tration,™ and has also been observed p ly
N I CN \NJ 0 for (P4444)" based electrolytes.'®>®
° ~ 0 By a VFT fitting procedure of these data, the E, of (P4444)(2,5-
. PyrA) is determined to be slightly larger than for (P,444)(3-PyrA)
©
0° 0 ~ 0 ~ (Table S1, ESIt), and even larger for the electrolytes, as expected
7 0 (j%\'& q o (b)  from the relatively stronger ion-ion interactions. Furthermore,
SN I \Nf) - > LN/ as expected, T, are ca. 50 K below T, and also agree well with the
N 4 empirical approximation of IL based electrolytes: T,/T, ~
R 0.75.%°
O 0O OO o oe
=z 6\ X .
3 S NMR diffusometry
SN NP | (C) . . . . . .
B N LN/ The PFG NMR diffusometry derived ion diffusion coefficients
exhibit monotonic increase as a function of temperature (Fig. 4
and Table S2, ESIt). For the ILs the anions diffuse faster than
[ (E (\e - [ the cations, which is directly related to the ion sizes. The (2,5-
PyrA)~ anion diffuses slower than the (3-PyrA)™ anion, which is
due the presence of an extra nitrogen atom in the aromatic
Scheme 2 Resonance structures of (a) (2-PyrA)-, (b) (3-PyrA)-, () (4- TiN& which not only increases the ionic mass but also con-

PyrA)~ and (d) (2,5-PyrA)~ anions.

(P4444)(3-PyrA), the negative inductive and positive resonance
effects in the anion reduces the ionic interactions. In general,
ionic conductivities of ILs slightly decrease upon addition of

3506 | Phys. Chem. Chem. Phys., 2023, 25, 3502-3512

tributes to stronger ionic interactions. In agreement with the
conductivity data above, the diffusivities of both cations and
anions reduce in the electrolytes, and despite having the lowest
mass and smallest radius, the Li* cation diffuses the slowest,
and in particular at lower temperatures, suggesting tempera-
ture dependent interactions with the anions.
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VFT fits of the diffusivity data result in parameters compar-
able for the cations and anions of the ILs, but with marked
difference for the electrolytes (Fig. 4 and Table S2, ESIt) The
former can be understood as diffusion in a homogeneous
matrix, primarily determined by the free volume available.””
The latter is a consequence of increased ion-ion interactions,
here manifested as a slightly changed apparent activation
energy, Ep, as well as in D,. As a sidenote, the T, from the ionic
conductivity data are lower than the T;, from the diffusivity data;
the latter is an average of the diffusion coefficients of isolated,
paired, and clustered ions, regardless of charge, whereas the
former only has contributions from charged species.

“Li and *'P NMR spectroscopy

The full width at half-maximum (fwhm) analysis show these to
initially increase as a function of temperature and subsequently
decrease continuously, suggesting limited ion mobility at
slightly elevated temperatures (Fig. 5a and Fig. S22, ESIT), likely
from ion pairing, aggregation and inhomogeneity in the
systems.>® The line broadening at lower temperatures is more
pronounced for the [(P4444)(2,5-PyrA)]o.o[(Li)(2,5-PyrA)]o.1 elec-
trolyte than the [(P4444)(3-PyrA)]o.o[(Li)(3-PyrA)]o1 electrolyte,
which might be due to the formation of thermodynamically
stable aggregates in the former. This can be explained to be due
to the presence of nitrogen atom in the anion aromatic ring,
facilitating stronger coordination of Li" with the carboxylate
group of the (3-PyrA)” anion, in agreement with the ionic
conductivity data. The slight up field chemical shift in the "Li
NMR spectra as a function of temperature suggests change in
chemical environment of the Li" ion (Fig. 5b). This change in
chemical shift points towards weaker interactions between the
Li" ions and the aromatic anions and enhanced ion mobility at
elevated temperatures.

Electrochemical stability

By LSV the ESWs are found to be 3.57 and 2.82 V for the
(P4444)(3-PyrA) and (P,444)(2,5-PyrA) ILs, respectively (Fig. 6
and Table S3, ESIt), clearly superior to previously reported

(b) 1074 .
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Fig. 4 Diffusion coefficients of ions in the (a) neat (P4444)(3-PyrA) IL and its electrolyte and (b) neat (P4444)(2,5-PyrA) IL and its electrolyte. Symbols

indicate the experimental data and the solid lines represent the VFT fittings.
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similar heterocyclic based halogen-free ILs.>® The ESWs of their
electrolytes are slightly improved and this can possibly be
attributed to the formation of a passivating layer on the surface
of the WE.**¢!

The wider ESW of the (P,444)(3-PyrA) IL can be explained by
the extensive electron polarization and weak ionic interactions,
enabling the (P444)" cation to possibly house incoming elec-
trons and thereby expand the anodic limit (Scheme 2). The
relatively lower anodic limit of the (P4444)(2,5-PyrA) IL might be
due to the presence of two N atoms, as opposed to one N atom
in (3-PyrA), in the aromatic ring of (2,5-PyrA) ", which are more
susceptible to oxidation.®® On the cathodic scans, both the neat
ILs and the electrolytes reveal continuous reduction ca. 1 V
(vs. Li/Li"), which is due the presence of acidic alpha methylene
protons in the (Py444)" cation.>>”>8

FTIR spectroscopy

For both the (P,444)(3-PyrA) and the (P4444)(2,5-PyrA) ILs, the
prominent single strong infrared bands centered at 1603 cm ™"
and 1615 cm ™" with shoulders (Fig. 7), suggest a single mode of

3508 | Phys. Chem. Chem. Phys., 2023, 25, 3502-3512

cation-anion interaction, indicating a localized negative charge
on one of the oxygen atoms similar to a carbonyl group.®® The
symmetric stretching band of the carboxylate group appears as
a single and symmetrical peak at ca. 1350 cm™" for (Pj444)
(3-PyrA) and (P4444)(2,5-PyrA) ILs again indicates one kind of
ionic interaction and presumably justifies the low melting
point of these materials - rendering them RTILs. For the other
ionic materials, (Py444)(2-PYrA), (P4a44)(4-PyrA) and (Pass4)(Pyr-
2,6-diA), the broad and weak asymmetric stretching (1570-
1615 cm ') and the symmetric stretching bands (1320-
1370 cm ') appear in the lower wavenumber regions, behaving
as carboxylate groups with delocalized negative charge on the
two oxygen atoms and suggest the presence of long range strong
ionic interactions, correlating with their solid/semi-solid state.

The modes of cation-anion interactions change for the
electrolytes, where new asymmetric stretching bands at 1380
and 1400 cm ™" appear (Fig. 7d), alongside a significant broad-
ening of the asymmetric band at 1615 cm ' with distinct
shoulders at both sides. This clearly suggests the interaction
of the Li* ions with the carboxylate groups of the anions.

The ionic interactions in these analogous ionic materials are
primarily determined by their anion chemistry. The position of
nitrogen atom in the aromatic ring with respect to the carboxyl
group plays a critical role in controlling the electron delocaliza-
tion and, thus, the ionic interactions. Nitrogen atom being
more electronegative than carbon atom extract electrons via the
negative inductive effect, while the lone pair of electrons on
nitrogen allows electrons donation through a resonance effect
(Scheme 2). At the 3 position, nitrogen may contribute a pair of
electrons and raise the polarity of the anions via push-pull
effects, as well as enhance the aromatic nature of the anions to
stabilize them, as confirmed by the higher stability of (P4444)
(3-Pyr). Additionally, the resonance effect of nitrogen atom can
enhance the carbonyl-like character of the carboxy group, as
revealed by the FTIR spectra of the (Py444)(3-Pyr) and (Pyss4)
(2,5-Pyr). This in turn reduces the ionic contacts with the counter
cation, rendering room temperature liquid salts. The resonance
effect of nitrogen atom increases the electron density around the
carboxyl group and increase the strength of ionic interactions, as

This journal is © the Owner Societies 2023
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Fig. 7 FTIR spectra of (a and b) the neat ILs and (c and d) the electrolytes.

observed in the case of ambient temperature solid or semi-solid
ionic materials (P4444)(2-Pyr) and (Pya44)(4-Pyr).

Ion-pair interaction energies and NBO

Both the (2-PyrA)~ and the (2,5-PyrA)” anions interact with the
Li" cations via both the ring nitrogen atom (N1) and the
carboxylate group (Fig. 8 and Fig. S23, ESIt), while the other
two anions interact only by the carboxylate group. Overall, the
interaction energies follow the order: (2-PyrA)~ > (2,5-PyrA)” >
(3-PyrA)” > (4-PyrA) .

In more detail, the stabilization energies and the NBO
analysis foremost show strong interactions between the donor

1.851A

o

v 4

7/
/

(a)

Fig. 8 Optimized geometries of (a) Li*—(3-PyrA)~ and (b) Li*—(2,5-PyrA)~ ion—pairs including coordination bond distances.
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lone pairs (LP) of N1 and the antibonding acceptor n *C1-C2
(or C3-C4) orbitals within the aromatic ring for all anions
(Tables S4-S7, ESIt). The charge transfer from the aromatic
ring to the carboxylate group is evident through ¢ C1-N1 — n*
Ca=—O01 delocalization. At the same time, the extension of
delocalization of electrons in (3-PyrA) is evident through the
significant o C4-C3 — m *Ca=—O02 delocalization leading to a
more polarizable structure (Table S5, ESIT). Thus, g-induction
combined with n-delocalization results in significant push-pull
effects on the electron density and delocalization.

Turning to the ion-pairs the electron delocalization within the
aromatic ring, both ¢ C5-N1 — n* C1-C2 and ¢ C5-N1 — n*C4-C5

1997A 7
J
J
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increase significantly for Li'-(2-PyrA)” (Table S4, ESI{). In
contrast, the presence of an extra ring nitrogen atom in (2,5-
PyrA)~ anion largely neutralizes the electron withdrawing effect
of N1 and thereby stabilizes the anion, but again the ion-pair
shows increased hyper-conjugative interactions (Table S7, ESIT).
The Li'-(3PyrA)” ion pair shows significantly higher o
C3-N1 — o *C3-C4 delocalization within the ring on Li"
association compared to the other anions. Overall, comparing
the two (P,444)(3-PyrA) and (P,444)(2,5-PyrA) RTILs, lower inter-
action energies of Li'~(3-PyrA)~ anion and higher delocalization
of negative charges compared to (2,5-PyrA)” anion.

Conclusions

The change in position of the nitrogen atom in these N-con-
taining aromatic heterocyclic anions has dramatically affect the
ionic interactions and the overall physiochemical properties of
the ionic materials, ranging from RTILs to semi solid and
OIPCs. Among all these ionic materials, the (P4444)(3-PyrA) RTIL
and its electrolyte having anion with a nitrogen atom at 3
position has superior thermal and electrochemical stabilities,
higher ionic conductivity and ion diffusivity. As expected, Li"
ions diffused slowest in both the electrolytes revealing inho-
mogeneous aggregate formation via stronger electrostatic inter-
actions between Li" ions and the aromatic heterocyclic anions,
as confirmed by NMR ("Li and *'P) and FTIR spectroscopic
data, and computational studies. Altogether, the neat (Py444)(3-
PyrA) IL and its electrolyte, the anion of which is derived from
niacin (a form of vitamin Bj), provide promising physicochem-
ical properties to be used as a liquid electrolyte in energy
storage devices.
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