o liquids

Article

Exploring Solvation Properties of Protic Ionic Liquids by
Employing Solvatochromic Dyes and Molecular Dynamics
Simulation Analysis

Stuart J. Brown

check for
updates

Citation: Brown, S.J.; Christofferson,
A.J.; Drummond, C.J.; Han, Q.;
Greaves, T.L. Exploring Solvation
Properties of Protic Ionic Liquids by
Employing Solvatochromic Dyes and
Molecular Dynamics Simulation
Analysis. Liquids 2024, 4, 288-304.
https:/ /doi.org/10.3390/
liquids4010014

Academic Editors: William E. Acree,

Jr., Franco Cataldo and Enrico Bodo

Received: 15 January 2024
Revised: 1 February 2024
Accepted: 5 March 2024
Published: 20 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Andrew J. Christofferson, Calum J. Drummond

, Qi Han and Tamar L. Greaves *

School of Science, STEM College, RMIT University, Melbourne, VIC 3000, Australia;
$3399895@student.rmit.edu.au (S.J.B.); andrew.christofferson@rmit.edu.au (A.J.C.);
calum.drummond@rmit.edu.au (C.J.D.); gi.han@rmit.edu.au (Q.H.)

* Correspondence: tamar.greaves@rmit.edu.au

Abstract: Solvation properties are key for understanding the interactions between solvents and solutes,
making them critical for optimizing chemical synthesis and biochemical applications. Designable
solvents for targeted optimization of these end-uses could, therefore, play a big role in the future
of the relevant industries. The tailorable nature of protic ionic liquids (PILs) as designable solvents
makes them ideal candidates. By alteration of their constituent structural groups, their solvation
properties can be tuned as required. The solvation properties are determined by the polar and non-polar
interactions of the PIL, but they remain relatively unknown for PILs as compared to aprotic ILs and
their characterization is non-trivial. Here, we use solvatochromic dyes as probe molecules to investigate
the solvation properties of nine previously uncharacterized alkyl- and dialkylammonium PILs. These
properties include the Kamlet-Aboud-Taft (KAT) parameters: 7t* (dipolarity/polarizability), oc (H-bond
acidity) and 3 (H-bond basicity), along with the E1(30) scale (electrophilicity /polarizability). We then
used molecular dynamics simulations to calculate the radial distribution functions (RDF) of 21 PILs,
which were correlated to their solvation properties and liquid nanostructure. It was identified that
the hydroxyl groups on the PIL cation increase «, 7v* and Et(30), and correspondingly increase the
cation—anion distance in their RDF plots. The hydroxyl group, therefore, reduces the strength of the
ionic interaction but increases the polarizability of the ions. An increase in the alkyl chain length on the
cation led to a decrease in the distances between cations, while also increasing the 3 value. The effect
of the anion on the PIL solvation properties was found to be variable, with the nitrate anion greatly
increasing 7%, « and anion—-anion distances. The research presented herein advances the understanding
of PIL structure—property relationships while also showcasing the complimentary use of molecular
dynamics simulations and solvatochromic analysis together.
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1. Introduction

Ionic liquids (ILs) are a unique class of solvents possessing tailorable physicochemical
properties through varying their chemical structure [1-3]. They are often defined as liquid
salts with melting points <100 °C, though MacFarlane et al. (2018) proposed expanding
this definition to include IL-solvent mixtures [4]. In both industry and research applications,
the beneficial properties that can be provided by ILs include low viscosity, negligible vapor
pressure, control over thermal phase transitions, support for amphiphilic self-assembly
and even biocompatibility and biodegradation [4-9]. A key property of many ILs is the
ability to solvate a combination of polar and non-polar compounds due to containing both
ionic components and organic alkyl groups [5,10-12]. Despite this duality, the majority of
ILs are considered polar solvents based on a generalization of IL solvent properties. This
highlights the complexity of solvent properties, and their challenging nature to define and
characterize. Specifically, the International Union of Pure and Applied Chemistry (IUPAC)
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defines polarity as ‘the action of all possible intermolecular interactions between solute ions
or molecules and solvent molecules, excluding interactions leading to definite chemical
alterations of the ions or molecules of the solute’ [13]. Not surprisingly, the literature,
therefore, lacks a comprehensive understanding of select structure-property relationships
describing the solvent properties of ILs.

Characterization of solvent—solute interactions is a non-trivial task, and many different
techniques have been used for this purpose. These include but are not limited to, 'H and
13C NMR [14], UV /vis absorption and fluorescence [15-19], octanol-water partition [20],
chromatography [20-22] and analyzing the solvent effect based on standard chemical re-
actions [23-28]. Physical properties can also provide insight into the macroscopic polar
properties of a solvent through for example, refractive index and molar refractivity [29,30],
but do not provide detail on intermolecular electrostatic and polarization forces between
the solute and solvent. The technique that is arguably most effective at comparing sol-
vent properties across ILs is the use of UV /visible spectroscopy with optimized solva-
tochromic/solvatofluorochromic dyes [23,30-32]. The absorbance/fluorescence shift of
these dyes occurs due to their interactions with the solvent and can be measured via spec-
troscopy and calculated on an empirical basis [33-37]. They have previously been used to
develop the Kamlet-Aboud-Taft (KAT) parameters as a multi-parameter approach that has
been shown to be suitable for ILs [30-32,38]. Using this method, the solvation properties of
a solvent are described using three unique parameters [33-37]. These include, 7* (dipolar-
ity /polarizability), « (H-bond donating (HBD) acidity) and 3 (H-bond accepting (HBA)
basicity). Another well-utilised empirical scale of polarity is the E1(30) electronic transition
scale [29,39]. It is calculated from the maximum absorbance wavelength shift of Reichardt’s
betaine dye or Reichardt’s dye 30 and is a result of solvent dipolarity/polarizability and
H-bond acidity. However, we have previously noted significant solubility and protonation
issues when applying Reichardt’s dye 30 during experimentation with ILs. Therefore,
Reichardt’s dye 33 (RD33) [40] has been used as a substitute, producing an E1(33) value
that can be correlated to ET(30) via a linear relationship. Combined, these four parameters
account for the diverse interactions possible between an IL solvent and solute.

Protic ILs (PILs) are an easy-to-synthesize, non-aqueous solvent class with appli-
cations in a variety of areas, such as biomolecule stability and activity and chemical
catalysis [11,41-45]. PILs differ from aprotic ILs due to the proton transfer that occurs
during synthesis from the neutralization of a Brensted acid by a Brensted base, produc-
ing a solvent capable of hydrogen bonding. Their overall polarity is, therefore, based on
the combination of hydrogen bonds, dipole-dipole interactions and electrostatic interac-
tions. These multiple contributing factors and the non-specific nature of polarity mean
that the use of a multi-parameter analysis method is a necessity. Previously, 11 solva-
tochromic dyes were trialed for the characterization of PIL solvation properties, identi-
fying N,N-diethyl-4-nitroaniline (DE4A), 4-nitroaniline (4NA) and RD33 as the optimal
choice [38]. To date, solvation properties of only 16 alkylammonium nitrate, formate,
acetate and thiocyanate PILs have previously been fully reported [21,38]. Comparatively,
alkylammonium cations were shown to have weaker H-bond basicity and elevated 7* as
compared to tetraalkylammonium sulfonate aprotic ILs [21,46]. These literature studies
concluded that H-bond acidity was shown to be a result of both cation and anion structural
groups, while H-bond basicity was dominated by the anion. The nitrate anion was identi-
fied as a stronger H-bond anion and more polarizable than the organic carboxylate anions.
Additionally, a decrease in 7* with increasing alkyl chain length has been observed for
PILs. However, the impact of hydroxyl groups on the anion remains an unexplored area of
PIL solvation properties, and it is unknown how robust these trends are across ion series.

Molecular dynamics (MD) simulations provide additional and complementary informa-
tion to the experimental investigation of molecular interactions of a solvent, such as information
on the specific interactions of PILs based on their structure. The literature on MD of ILs has pri-
marily focused on interactions and the structure of aprotic ILs. For example, Miao et al. (2022)
modeled the liquid structure of choline-amino acid-based ILs through their internal H-bonds
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and atom-atom pair correlation functions then correlated this with their ability to solvate
lignin [47]. Previously, Eyckens et al. (2016) combined KAT parameters with the modeled struc-
ture of tri- and tetraglyme with lithium bis(trifluoromethyl)sulfonimide [48]. The low (3 value of
the system was attributed to the chelation of each glyme to the bis(trifluoromethyl)sulfonimide
anion and confirmed with MD simulations. More recently, MD simulations were compared to
diffusion coefficients of guanidinium-based PILs. This study found that H-bonding was the
main interaction between cation and anion and specifically, anions with high proton affinities
showed a clear localization of the acidic proton of the cation [49]. Therefore, the KAT multi-
parameter method and MD analysis of IL solvent properties is a potent combination but has
not been explored for PILs.

Herein, we combine experimentally determined KAT parameters with radial distri-
bution functions (RDFs) from MD simulations for the expansion of our understanding of
PIL properties. First, we present the KAT and Et(30) solvation parameters of twelve PILs,
nine of which were previously uncharacterized, using the dyes DE4A, 4NA and RD33
(Figure 1a). The focus on PILs as a subclass of ILs in this study is due to a lack of represen-
tation in the literature. The molecular structures of these PILs are presented in Figure 1b.
These PILs have been selected to investigate the effect of hydroxyl groups, alkyl chain
length, cation substitution and choice of anion on PIL solvation properties. Each of these
structural properties has shown considerable impact on PIL physicochemical properties
observed in previous studies [50]. MD simulations were then conducted for the nine PILs
in combination with a further twelve PILs (Figure 1c) where their KAT and E1(30) solvation
parameters had been previously reported in the literature [38]. In total, 21 sets of RDF plots
have been calculated for these PILs and compared to their experimentally determined sol-
vation properties. This combination of experimental and computational analysis allows for
a deeper understanding of the structure—property trends of alkyl- and dialkylammonium
PILs liquid structure and solvation properties.

Molecular Dynamics
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Figure 1. The chemical structures, names and abbreviations of (a) the solvatochromic dyes used for
calculation of KAT parameters and the E1(30) scale, (b) previously uncharacterized PILs that have
been characterized for their solvation properties via solvatochromic dye absorbance analysis in this
study (in the red frame), and (c) PILs from the literature previously characterized for their solvation
properties and have been analyzed in this study via MD simulations for their respective RDF plots.

2. Method
2.1. PIL Synthesis
All reagents for the synthesis of ILs were used as received. The precursors included di-

ethanolamine (98.0%), ethanolamine (99.5%), ethylamine (66.0% in water), propylamine (98.0%),
butylamine (99.5%), pentylamine (99.0%), acetic acid (99.0%), glycolic acid (99.0%) and lac-
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tic acid (85.0%), purchased from Sigma-Aldrich (St. Louis, MO, USA). Formic acid (98.0%)
was purchased from Merck (Darmstadt, Germany). The molecular solvents were used as
received and include dimethylsulfoxide (DMSO) (>99.9%) and methanol (MeOH) (99.8%)
from Sigma-Aldrich, acetonitrile (ACN) (>99.9%) from Merck and MilliQ water from a Merck
Synergy system with UV, Type 1 water (18.2 M(Q)-cm at 25 °C ultrapure water).

Each PIL was synthesized via the dropwise addition of a Brensted acid to a Brensted
base for stoichiometric neutralization in an ethanol bath (<5 °C) according to the literature
method reported [1,50]. Each synthesis was kept below 10 °C to avoid the amide side
reaction in batches of 20 g per PIL (102-220 mmol of reagent). After synthesis, each PIL was
dried to remove excess water using a rotary evaporator for 24 h followed by approximately
72 h below 0.3 mbar on a freeze dryer. The water content was then measured using a
combination of coulometric Karl-Fischer titration for <1 wt% water content and volumetric
Karl-Fischer titration for PILs with >1 wt% water content. The final water content of each
of the PILs is provided in Table S1 of the ESL

2.2. UV/Visible Spectroscopy Analysis

The dye molecules used were N,N-diethyl-4-nitroaniline (99%, Santa Cruz Biotechnology,
Dallas, TX, USA), 4-nitroaniline (99%, Fluka, Thermo Fisher Scientific, Waltham, MA, USA),
and Reichardt’s Dye 33 (99%, Aurora Fine Chemicals, San Diego, CA, USA). The chemical
structures of these dyes are shown in Figure 1a.

Solutions of solvatochromic dyes in PILs were prepared according to our previously
recorded method [38]. This was accomplished by serial dilution of each dye in methanol, and
then the methanol was evaporated via a vacuum oven. Once the methanol was completely
evaporated, each solvent of interest was added for a final dye concentration of 0.014 mM,
0.02 mM and 0.63 mM of DE4A, 4NA and RD33, respectively. It should be noted, that for PILs
with particularly high viscosity, a combination of manual stirring, a benchtop vortex and time
(approximately 12 h) was used to ensure full dispersion of the solubilized dye. The PILs with
high viscosity were EAL, EAH, EtAA, EtAL, PAG, PAL, BAL, BAG, PeAG, PeAL and DEtAA.

The spectroscopic measurements were performed using a PerkinElmer EnSight Multi-
mode plate reader (PerkinElmer, Waltham, MA, USA) and the spectral range for absorbance
measurements was 300-600 nm with a bandwidth of 1 nm for all absorbance measurements.

2.3. KAT Formulation

The E1(33) parameter was calculated using Equation (1), where A4y is the wavelength
corresponding to the maximum absorbance of the solvatochromic dye RD33. Et(33) was
then calculated from Et(30) using the linear relationship shown in Equation (2) [38]. For
a more detailed description of the inception and application of the equations used here,
consult the original papers as referenced here [29,33,34,36].

285915

Amax

Et(33) (kcal-molfl) 1)

Er(30) = 0.9442E1(33) — 5.7329 )

The KAT parameter 7* was calculated using Equation (3). The calculation of 7* uses the
maximum absorbance frequency of the dye DE4A (0,4 ), where s = —3.182 and vp = 27.52 kK
where each are constants that have been reported previously in the literature [36,38].

Umax = Vo + 7T (3)
The parameter o is calculated from a combination of the Et(30) and n* values

in Equation (4).
o = 0.0649(E7(30)) — 0.727* — 2.03 4)
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Finally, parameter 3 was obtained using Equation (5) where Aprs4 is the maximum
absorbance wavelength of the dye DE4A and A4y 4 is the maximum absorbance wavelength

of the dye 4NA.
(1.035( A;g;) - ( A ) + 2.64) / - 6)

The PILs of EAN, PAN and EAF as well as the molecular solvents DMSO, ACN, water
and MeOH, were used as controls to compare to previous studies. All calculated results,
including wavelength of maximum absorbance, are reported in Table 1.

2.4. Molecular Dynamics Simulations

All systems comprised 500 cations and 500 anions randomly packed into a 60 x 60 x 60 A
unit cell using PACKMOL [51]. Initial atomic partial charges were calculated using Gaus-
sian 16 [52], and the general amber force field (GAFF) [53] standard protocol for partial
charge calculation (HF/6-31G*) was applied to all atoms using the Antechamber program
of the AMBER 20 package [54]. All MD simulations were performed using the GROMACS
2019.3 software [55]. ACEPYPE [56] was used to convert the topology from AMBER format
to GROMACS format. Prior to the MD simulation, a molecular mechanics minimization
was performed on each structure employing the steepest descent method, with a maximum
force convergence criterion of 20 k] mol~! nm~!. Each simulation was equilibrated by
500 ps of annealing where the temperature was increased linearly from 298.15 K to 600 K in
the first 250 ps, then reduced to 298.15 K in the final 250 ps. Production MD simulations,
with atomic coordinates saved every 10 ps, were run for 100 ns in the NPT ensemble at
298.15 K and 1 bar with the Nose-Hoover thermostat and Parrinello-Raman barostat. The
LINCS algorithm was applied to all bonds to allow a 2 fs timestep, and a 10 A cutoff
was applied to electrostatic and van der Waals interactions, with the particle-mesh Ewald
scheme applied to long-range electrostatics. Analysis was carried out using VMD 1.9.3 [57].

3. Results
3.1. KAT Parameter Characterisation of PILs

The maximum absorbance wavelengths of DE4A, 4NA and RD(33) were obtained for
12 PILs and four molecular solvents and are provided in Table 1. From each of these the
KAT parameters 7* (polarizability), « (H-bond acidity) and 3 (H-bond basicity) in conjunction
with the E1(30) scale were calculated and these values are also provided in Table 1. By using a
consistent method and dyes, it is, therefore, possible to compare to our previous work.

Table 1. The maximum absorbance wavelength of the solvatochromic dyes in each of the PILs and
their corresponding calculated solvation parameters.

Max Absorbance Wavelength (nm)

DE4A 4ANA * o B
(£1) (£1) RD(33) (£1) (£0.01) (:0.03) (:0.03) Fr(G0) (£0.3)
PAF 410 385 426 0.95 1.03 0.68 57.6
PAG 401 383 440 0.78 1.02 0.84 55.6
BAG 397 382 444 0.70 1.04 0.90 55.1
PeAG 395 382 447 0.67 1.04 0.95 54.7
Novel EAL 407 385 433 0.89 1.00 0.75 56.6
PAL 398 383 440 0.72 1.06 091 55.6
BAL 395 383 443 0.67 1.07 0.98 55.2
EtAA 414 388 430 1.02 0.94 0.67 57.0
DEtAA 412 385 426 0.98 1.00 0.64 57.6
DMSO 413 390 529 1.00 0.19 0.74 45.30
acetonitrile 402 368 - 0.80 - 0.43 -
methanol 396 370 442 0.69 1.07 0.62 55.34
Control water 429 377 406 1.27 1.00 0.09 60.76
EAN 417 380 - 1.07 - 0.41 -
PAN 414 383 411 1.02 1.13 0.55 59.95
EAF 411 385 423 0.96 1.05 0.66 58.09

The KAT parameters (7*, x and (3) are a unitless scale relative to each dye while E1(30) is measured as kcal/mol.
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3.1.1. E1(30) Scale

The E1(30) scale or electrophilicity is a measure of the energy required to transfer
charge through the PILs. The dominating charged contributions to this measurement are
the H-bond donors (acidity), dipole-dipole and dipole/induced dipole interactions of the
PILs. The E1(30) values are shown in Figure 2 where the newly characterized PILs and data
from this study are presented as circles, and the previously reported values as triangles.
The two molecular solvents presented here are water and methanol with relatively high
and low Et(30) values, respectively. The E1(30) of the PILs studied here is approximately
within the two molecular solvents and ranges from 54.7 to 57.6 kcal/mol.

(=)
(3]

nh h U SN
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Figure 2. The calculated Et(30) values of PILs separated by anion. The experimental values deter-
mined in this study are denoted by a circle () and the reported values from Yalcin et al. [38] are
denoted by a triangle (A). The error bars are smaller than the symbols, and the values are provided
in Table 1.

Structural changes of the PIL cation of alkyl chain length, hydroxyl groups and primary
or secondary substitution all had an effect on the E1(30) values. Decreasing the alkyl
chain length induced an increase in Et(30) values, as seen with the glycolate and lactate
alkylammonium series, with the order of PAG > BAG > PeAG and EAL > PAL > BAL. There
was a noticeable increase in ET(30) when substitution increased from primary to secondary
ammonium cations, shown by DEAF > EAF, DEtAF > EtAF, and DEtAA > EtAA, likely due
to the increased number of functional groups. This is consistent with the previous study
where the E1(30) of DEtAF was slightly higher than EtAF [38]. However, from literature
results of similar ILs, tertiary and quaternary substituted alkylammonium ILs generally
have lower E1(30) values relative to primary and secondary [46]. This may be due to the
increased steric hindrance caused by additional structures, reducing the number and/or
strength of the interactions of the cation.

The effect of the anion can be seen in Figure 2. For the ethylammonium cation, there is a no-
ticeable difference between anions in the order nitrate > formate > lactate ~ glycolate ~ acetate.
Notably, nitrate-containing PILs consistently have the highest ET(30). Increasing the alkyl
chain length from formate to acetate led to a decrease in E1(30). Interestingly, PILs contain-
ing the glycolate or lactate anions had similar E1(30) values, when paired with the same
cation. This suggests that the effect of the hydroxyl group on a small-chained carboxylate
anion is independent of its position. In contrast to the cation, there was only a minor change
in the E1(30) values of the lactate and glycolate PILs as compared to the anion counterparts
without a hydroxyl group, e.g., PAG ~ PAA and PeAG only 0.3 kcal/mol greater than
PeAA. We conclude that the hydroxyl groups present on the anion are less capable of acting
as H-bond donors as compared to those on the cation [38].
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3.1.2. * (Polarizability)

The polarizability of a solvent depends on multiple solvent interactions, including
77 stacking when available, along with non-specific dipole-dipole interactions and dis-
persive forces. Since the PILs used in this study consisted of alkylammonium and di-
alkylammonium cations they are incapable of m— stacking, and hence the polarizability
is characterizing the PILs dipole formation and ion—ion interactions. Values of 7* are
normalized to DMSO, where DMSO = 1 to ensure consistency with the literature.

The 7* values of the PILs in this study are presented in Figure 3, along with those
in the literature for PILs, DMSO, ACN and MeOH. A good consistency of 7* values with
the literature was obtained for most of the ILs, though we note some variability in the
measurement of 7* in the case of EAF. By order of the trend ‘decreasing 7* with increasing
alkyl chain length’, the experimental value of PAF (0.95) would be expected to have a
7 between the literature values of EAF (0.90) and BAF (0.70). However, the determined
value of EAF (0.96) here was higher than the literature value; therefore, PAF aligned
with said trend in this study. Contributions from possible water content variation or
stoichiometric variance in the PILs may cause shifts in 7* as seen in their ability to alter the
physical properties of PILs [50,58,59]. In general, increasing the alkyl chain length of the
cation led to a decrease in 7t*, while the presence of a hydroxyl group on the cation led to
an increase.

SIS IS8 8 v e ™0 O OOV TSSO
@%%%@%2%&&%’ RIS 09

Ry

Figure 3. The calculated 7* values of PILs separated by anion. The experimental values determined
in this study are denoted by a circle (e) and the reported values from Yalcin et al. [38] are denoted by
a triangle (A). The error bars are smaller than the symbols, and the values are provided in Table 1.

Similarly, the addition of a hydroxyl group on the anion of the PIL increases 7t*.
A comparison between the glycolate/lactate PILs to acetate or formate shows a consistent
increase in 7%, e.g., PAA has a 7* value of 0.68 as compared to PAG at 0.78 and PAL at
0.72. Similarly, the hydroxyl group on the cation increases 7*, though to a larger degree
as previously reported [38]. Increasing the alkyl chain length of the anion from formate to
acetate anion shows a decrease in 71*, consistent with results from the literature [38].

3.1.3. « H-Bond Acidity

The o value of a solvent is defined as its ability to donate a H-bond or its H-bond
acidity. It was found that o was the KAT parameter with the highest variance between
those in this study and those in the literature, with an average variation of only 0.03. This
variation may be due to its calculation from not one but two dyes, compounding any
variation observed.

All experimental and literature « values are presented in Figure 4. With a range
of 0.94 to 1.07 for &, most PILs are higher than water and all are much higher than the
molecular solvents DMSO and ACN [38]. Only EtAA was found to have an « less than
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water, showing that PILs have similar H-bond donating properties to water. This is not
surprising as some PILs have been shown to form H-bonding networks similar to that of
water [60,61]. The effect of the alkyl chain on the cation shows an increase with increasing
alkyl chain length for the glycolate and lactate series. Comparatively, the formate and
nitrate series each only vary marginally with no definitive trend. There was an apparent
decrease in o« with the presence of a hydroxyl group on the cation; however, an additional
hydroxyl group supplied by increased substitution of the ammonium group increases o,
e.g., EtAF (0.96) < DEtAF (1.00) < EAF (1.05) and EtAA (0.94) < Delta (1.00).

0.8
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Figure 4. The calculated o values of PILs separated by anion. The experimental values determined in
this study are denoted by a circle (o) and the reported values from Yalcin et al. [38] are denoted by a
triangle (A). The error bars are smaller than the symbols, and the values are provided in Table 1.

In regard to the anions, the nitrate anion led to PILs with the overall highest « of the
anions collated here. As the nitrate group [NO3 ] is unable to donate H-bonds due to its
structure, this is likely due to the high ionizability of the anion, enhancing the H-bond
donating ability of the partnered cation [50]. The hydroxyl group on the anion showed
a variable effect on «, where the lactate series was generally higher than the glycolate.
However, the formate and nitrate anions had consistently higher « than acetate, glycolate
and lactate. While the « results here show higher variance as compared to the rest of the
solvation properties, the trends presented are consistent with the literature and are a result
of both anion and cation contributions [38].

3.1.4. 3 H-Bond Basicity

As o is the ability of a solvent to donate H-bonds, 3 is a measure of its ability to accept
H-bonds or its H-bond basicity. Figure 5 presents the calculated 3 values of this study in
conjunction with previously reported (3 from Yalcin et al. [38] As opposite properties, the
order of PILs is naturally inverse when comparing 3 to «, as are their trends. Specifically,
the effect of the cation appears varied, as the alkyl chain length of the cation generally
increased (3, while hydroxyl groups showed a decrease in 3. This is not surprising as the
molecular structure of alkylammonium cations lends itself to H-bond donating with the
ammonium (-NHj3") group. Additional research into cation structures may further shed
light on the relationship between cation structure and PILs f3.

The presence of a hydroxyl group on the anion appears to generally increase the
B of PILs as compared to its effect when on the cation. This can be seen in Figure 5
via a comparison of the glycolate and lactate anions with the ethanolammonium and
diethanolammonium cations. Where 3 values of the hydroxylated anions range from
0.75-0.98 and the hydroxylated cations range from 0.45-0.67 [38]. This work shows the
strong influence of anion structure on the (3 of PILs and its inverse relationship to &, most
visible in the nitrate PILs, each with relatively high «, but comparatively low 3. Consistent
results were obtained for the PILs EAF and PAN with some variation in the EAN (3 value,



Liquids 2024, 4

296

B values

potentially due to changes in water content. The molecular solvents across studies had
high accuracy with almost identical values for DMSO, ACN and MeOH. Noticeably, the
variation between carboxylate-based PIL « and 3 values are significantly less than that
of the molecular solvents as well as the nitrate series of PILs. Therefore, it indicates the
contribution of both cation and anion to these properties, specifically -NH3;* to « and
-COO~ to B.

1.0

o
A A

P PO O OVV VRSS20

Figure 5. The calculated {3 values of PILs separated by anion. The experimental values determined in
this study are denoted by a circle (o) and the reported values from Yalcin et al. [38] are denoted by a
triangle (A). The error bars are smaller than the symbols, and the values are provided in Table 1.

3.2. Radial Distribution Functions of PILs

MD simulations were performed on the 21 alkylammonium PILs shown in Figure 1,
and from these, their RDFs were calculated. These 21 PILs include the 9 PILs from this
study and the previous 12 where the ET(30) and KAT parameters have been reported. This
series of PILs provides systematic structural variation to enable insight into the effect of
hydroxyl groups on either the cation or the anion, increased alkyl chain length of the cation,
increased branching of the ammonium cation, and variations in the anion between nitrate
and carboxylates.

The RDF plots for the PILs containing a formate anion are visualized in Figures 6 and 7
to demonstrate the effect of changes in cation structure on solvation properties. Similarly,
the RDF plots for PILs containing the propylammonium cation are included in Figure 8 for
determining the effect of the anion structure. The remaining 11 RDF plots are presented
in Figures S1-S11. This analysis has used the N* of the respective cation or the negatively
charged O~ of the anion as the representative position of each ion in the solution and
consequently their solvation environment.

3.2.1. The Effect of Cation Structure

The RDFs for the ILs with a formate anion (EAF, PAF, BAF, PeAF, EtAF and DEtAF)
are presented in Figure 6, where each structure is overlayed with the atoms of interest
and their labels within the RDF analysis. A solvation map of the distances between atoms
according to their peaks in the RDF plots is presented in Figure 7. Though not to scale,
these plots allow for a visual comparison of the distances between ions and the effects of
their different structural groups.
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Figure 6. The radial distribution functions of the formate series of PILs (a) EAF, (b) PAF, (c) BAF,
(d) PeAF, (e) EtAF and (f) DEtAF. The RDF plots are inset with the molecular structure of each PIL,
where the ions are highlighted, N* in blue with the cation subscript e.g., Ngy is the N* atom on
ethylammonium, O~ in red with the anion subscript e.g., O is the O~ atoms of formate. Additional
functional groups are highlighted in grey. The terminal carbon in the cation alkyl chain e.g., Cpea is
the terminal carbon of the pentylammonium cation, and hydroxyl groups e.g., O, is the oxygen
atom of the hydroxyl group in the ethanolammonium cation.
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Figure 7. Solvation maps developed based on the RDF plots presented in Figure 6 (not to scale).
The effect of hydroxyl groups on interatomic distances is presented in (a) for EAF, EtAF and DEtAF.
(b) The effect of the alkyl chain on N-N distances is inversely proportional to its length, where
increasing alkyl chain length decreases N-N distance.
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Figure 8. The RDF plots of (a) PAA, (b) PAG, (c) PAL and (d) PAN inlayed with its molecular structure
with N* ions highlighted in blue and O~ ions in red. Each RDF plot (left) has its corresponding

solvation map adjacent (right) with a visualization of the peaks seen in each plot. The solvation maps
are not to scale.

The distance between cation and anion as represented by the distances between
Neation and O was consistent and was 2.75 A for the ethyl- to pentylammonium PILs
(Figure 6). With the introduction of a hydroxyl group on the cation (EtAF) the cation—anion
distance increases to 2.77 A and then increases further with DEtAF to 2.79 A (Figure 7a).
This indicates the slight rearrangement of charge upon the cation with the presence of
hydroxyl groups, possibly due to increased H-bond formation within the PIL which can
be seen as an increase in « from EtAF to DEtAF. The distances of H-bonds between the
carboxylate anion and the cations hydroxyl groups slightly increased (from 2.55 A to 2.57 A)
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as well as cation—cation (from 4.19 A to 4.95 A) and secondary cation—anion distances
(from 4.55 A to 4.61 A) for EtAF as compared to DEtAF (Figure 7a). It may be possible the
branching of DEtAF increased steric hindrance of the structural packing within the solvation
environment of the PIL, causing weaker interactions despite the increased availability of
hydroxyl groups.

The liquid nanostructure of PILs is a reported phenomenon describing the weak
structuring of ions based on the segregation of hydrophilic and hydrophobic domains [62].
Experimentally, this can be observed using small angle scattering, where the peak position
measured in inverse angstroms can be used to estimate the correlation distance, e.g., PeAF
has a correlation distance of 15.4 A [50]. This represents the distance between the repeating
groups in solution, i.e., the distance between cations segregated by non-polar groups.
Liquid nanostructure, therefore, does not describe an ion’s solvation environment but
can be correlated to the trends observed. Here it is observed that by increasing the alkyl
chain length, a decrease in the N-N distance occurs, indicating the ammonium cations
are closer (Figure 7b). This is due to the increased structuring of the system and closer
packing of ions [2]. Analysis of EAF Nga—Cga distances shows a sharp peak at 2.55 A
for the alkyl chain of the same molecule; however, beyond that is only a broad increase
in g(r) before reaching bulk EAF. This is representative of the weak liquid nanostructure
of EAF which is caused by the short chain length (weak hydrophobicity) on the cation
and has been observed by previous small angle X-ray scattering experiments (SAXS) [62].
Upon increasing the alkyl chain length, two peaks can be observed for N-C of each cation.
The first peak is indicative of the alkyl chain of the same molecule and the second is its
neighbor. However, the second peak is closer than the length of a second alkyl chain and,
therefore, indicates the grouping of alkyl chains from nearby cations. Representative of
the liquid nanostructure observed by SAXS. These alkyl chains form the non-polar domain
of their liquid nanostructure, where increasing alkyl chain length increases the distance
at which these peaks are observed. Notably, these RDF peaks for N-C are not observed
for the ethanolammonium cation and is as expected from the previously reported SAXS
analysis of ethanolammonium based PILs [62].

3.2.2. The Effect of Anion Structure

The RDFs for the PILs with a propylammonium cation (PAA, PAG, PAL, PAN) are pre-
sented in Figure 8, where each structure is inlaid with the atoms of interest and their labels
within the RDF analysis. Through analysis of the RDF plots in Figure 8, individual solvation
maps of the PILs were developed and are presented adjacent to their corresponding RDFE.

The most noticeable change caused by the anion is the change in distance between
anions (e.g., Op—O4 for PAA). This difference can be grouped by the type of anion, where
PAF and PAA have an O-O distance of 4.45 A (Figure 6b) and 4.47 A (Figure 8a), respectively.
PAG and PAL have distances of 4.71 A and 4.69 A, respectively (Figure 8b,c) and the
inorganic anion of PAN has a distance of 5.37 A (Figure 8d). This increase in O-O distance
indicates an increase in the repulsive forces of the anion. Despite increased O-O distance
for the glycolate and lactate anions, the distance between the hydroxyl group and the
anion carboxylate (Og-OHg and Op—OHj, respectively) does not change as seen in their
solvation maps. The RDF of O-OH has two distinct peaks, only 0.8 A apart. The first peak
is representative of O-OH on the same molecule (2.75 A), while the second peak is the
O-OH of an adjacent anion molecule (3.55 A). Therefore, it is likely that the hydroxyl group
is oriented towards the anions to enable H-bonding between anions and help form a polar
domain within the liquid structure of the PIL. Comparatively, the distance between the
hydroxyl group in EtAF and the formate anion is 2.55 A (Figure 7), revealing the stronger
H-bond donating ability when present on the cation, as compared to the anion. This is
supported by the « results obtained during the experimental KAT analysis.

There is an increase in the cation to anion distance in the order
PAA (2.73 A) < PAF (2.75 A) = PAG (2.75 A) < PAL (2.77 A) < PAN (2.81 A). The overall
change in distance from PILs containing the acetate or nitrate anion is 0.8 A, which in-
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dicates slightly weaker ionic interactions from PAA to PAN. This is likely related to the
relatively high ApK, of nitrate-based PILs and indicative of more strongly dissociated
ions in solution [50]. Although it is noted that acid-base dissociation in neat PILs will be
energetically different from that in water, so ApK, based on acid-base equilibria in water
should be employed with caution.

4. Discussion

Structural feature trends can provide design rules for tailored solvents and so the
continued characterization of PIL properties remains an important area of study. While
there has been much research into aprotic IL solvation properties, many PILs have not
been characterized, despite their cheap precursors and ease of synthesis [1]. Due to the
nature of PILs and ILs in general, the repeatability of characterization studies is variable as
many factors can influence the PILs’ physical and chemical properties [50]. Notably water
content, IL ionizability and cation-anion stoichiometry influence these properties [4,59,63],
and it is essential for water content to be reported. Here, the water content of all PILs used
has been presented in Table S1.

The characterization of PIL solvation properties through the multi-parameter
KAT method provides detailed information on the possible interactions of PILs as well as
the interaction strengths. However, the solvation parameters of ¥, «, 3 as well as E1(30)
are dependent on the chosen solvatochromic dyes, and while they should be representative
of interactions with other solutes, variations are expected between studies using different
dyes, and for solutes of different sizes. Importantly, while these provide important insights
into solvent-solute interactions, they are constructed from specific dyes and will not be
transferrable to all solutes. The inclusion of MD simulation data for PILs is advantageous
for understanding their solvent structure by investigating the short-range structures of PIL
via RDF plots to provide a visualization of the structure surrounding the charged moieties
of either cation or anion.

Increasing the length of the cation alkyl chain was influential on all solvation proper-
ties, and typically led to an increase in 3, and reduction in &, 7* and E(30). In addition, it
led to a decrease in the N-N distances in the RDF plots. This is consistent with segregation
of polar and non-polar moieties of the ions into separate domains. The increase in 3 with
increasing alkyl chain length is consistent with an increase in the non-polar solvent envi-
ronment for solutes, due to the increasing proportion of non-polar domains, thus, reducing
the number of polarizable interactions with solutes.

The presence of hydroxyl groups in PILs has been shown to be one of the most impor-
tant structural moieties in relation to the effect of a chemical group on their physicochemical
properties [50]. This is also true for their solvation properties [38] and their ability to act
as successful solvents for biological molecules [64]. The hydroxyl group on the cation
significantly increases &, 7* and E1(30) values while decreasing the (3 value. This solvation
change is seen as an increase in the cation—-anion distance from the RDF plots, where
the structure change allows for weaker ionic interactions and greater polarizability. For
DEtAF where there were two hydroxyl groups present, there was an even larger increase
in cation—anion distances as well as polarizability. This increase in PIL polarizability is
noticeable as an increase in cohesive forces within the PIL, while simultaneously altering
the physicochemical properties of the PIL by increasing density, viscosity, surface tension,
glass transition temperature and refractive index [50].

The influence of the anions on the solvation properties of the PILs had a different
impact compared to the cations, for the ions used in this study. The anion impacted the
E1(30) values, with decreasing E1(30) as nitrate > formate > acetate, which was consistent
with our previous study [38]. We see this order again in the specific distance from the
MD simulations between the cation and anion (Npp—O) of PAN > PAF > PAA. This follows
the order of PIL ionicity where the ionicity can be estimated by the ApK, of the acid/base
pair, with nitric acid and propylamine having the greatest ApK, and acetic acid and propy-
lamine having the lowest. Overall PILs containing the nitrate anion led to notably higher 7*
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and « with lower (3, than those with formate or acetate anions. This is highly important for
the application of PILs towards biomolecules, where the solvent 3 has been correlated with
IL hydrophobicity [65] and IL effect on protein stability [66], and previous studies have
shown that the low (3 of nitrate anions and short cation alkyl chains preserve native protein
structures at low PIL concentrations [43,64,67]. In addition, the presence of the hydroxyl
group on carboxylate anions showed variability, with comparable 7%, « and 3 relative to
the formate and acetate PILs, although it increased (3 as compared to cation-based hydroxyl
groups, revealing {3 to be predominantly governed by anion structure.

5. Conclusions

The solvation properties of nine PILs were characterized using the KAT multi-parameter
method to obtain 7*, «, and 3, along with E1(30) values. These were combined with
literature data of 12 related PILs to develop structure—property relationships. RDF plots
from MD simulations were obtained for all 21 PILs to gain insight into the atomic distances
and solvation environments of individual ions. Increasing the cation alkyl chain length
increased (3, while decreasing «, * and E1(30) and was observed to decrease cation—cation
(N-N) distances in the RDF plots. Hydroxyl groups on the cation generally increased
o, * and E7(30) and led to an increase in cation—anion (N-O) distance in their respec-
tive RDF plots. Further analysis correlated anions with their polarizability in the order
of nitrate > formate > acetate, and the increase in cation—anion distances calculated by
RDF plots followed the same order of anions. Overall, nitrate was the most influential and
polarizable anion for the PIL solvation properties, followed by glycolate/lactate and then
formate/acetate anions. This order correlated to anion—anion distances from the RDF plots,
where nitrate had the greatest distance between anions. The research herein is an extension
of the current literature on PIL solvent properties, and to the best of our knowledge, is
the first combination of RDF analysis and solvatochromic dyes applied to the study of
PIL structure—property trends. Further work in this area can be used to investigate the
poorly understood effect of non-stoichiometry in PILs. Additionally, reported solvation
properties of PIL mixtures in the literature are lacking but would be highly beneficial to
applications requiring select biomolecular solvation.
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