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ABSTRACT

Two acetate ionic liquids (ILs) based on N-methyl-pyrrolidinium cation with etheric (mPEG,-) and alipha-
tic (butyl-) substitutions were synthetized. Electrochemical potential windows (EPWs) were measured
on a glassy carbon electrode. The results revealed that introduction of etheric group in the IL structure
constricts the EPW if compared with aliphatic substitution. The binary mixtures of ILs with water were
characterized by Raman, Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectro-
scopies and Molecular Dynamics (MD) simulations. Intermolecular hydrogen bonds between acetate
anions and ether-substituted cations have been found. Detailed analysis of local structure of water in
these mixtures by ATR-FTIR and MD simulations indicates that “free water phase” clusters appear when
the molar ratio between water and IL, n(H,0)/n(IL), is larger than 3 in case of [BMPyr]AcO and larger than
7 for [mPEG,MPyr]AcO. The evolution of the specific conductivity of water-ILs mixtures with water con-
tent well correlates with the modification of the water state.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

Room temperature ionic liquids (RTILs or ILs) are compounds
which entirely consist of ions and exist in liquid state at the tem-
peratures below 100 °C. They attract enormous interest because
of a wide range of possible applications, from organic synthesis
and catalysis to analytical chemistry and electrochemical applica-
tions thanks to a high solubility of a wide range of inorganic,
organic and polymeric materials in them [1-3]. RTILs are widely
employed as electrolytes for electrochemical applications [4,5]
because of their enhanced electrochemical and thermal stability
[6-8], their relatively high conductivity [9], low volatility [10]
and non-flammability [11]. The disadvantages of RTILs as elec-
trolytes are their relatively high viscosity and the relatively narrow
temperature interval in which they stay in the liquid state [12].

Physico-chemical properties, such as specific conductivity and
viscosity of RTIL, can be adjusted by varying the nature of the
cations and anions [7,13-16]. Such a solution is however unsuit-
able for task-specific RTILs which should contain specific func-
tional groups. In this case, the improvement of viscosity and
specific conductivity can be achieved by a small dilution with con-
ventional organic solvents [17-19]. Nevertheless, considering
RTILs applications as ‘“green” solvents, their dilution by toxic
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organic solvents is undesirable [20] and water looks more attrac-
tive, especially, for the applications in water-based systems and
biochemistry [21,22].

Viscosity decrease [23-25] and conductivity increase [25,26]
upon dilution by water can however be accompanied by the nar-
rowing of the electrochemical potential window (EPW) because
of water decomposition [25,26]. The latter effect can be reduced
if water electrochemical reactivity is controlled either by limiting
water content or by strong water - IL interactions, e.g. intermolec-
ular hydrogen bonding [27,28]. Understanding these interactions is
therefore important for numerous applications.

In the literature two types of ILs are distinguished accordingly
their miscibility with water: (1) hydrophobic ILs which pick up
minimum of water and saturate at low water concentration, and
(2) hydrophilic ILs which are infinitely miscible with water [29].
Molecular Dynamic (MD) simulations demonstrated that the
hydrophilicity is controlled by the nature of ions. For instance, long
aliphatic tails in cations increase hydrophobicity because of the
formation of nonpolar domains [30]) but also by their interactions
with water and between them [31-34]. A relative strength of the
interactions between water and IL ions compared with the interac-
tions between the anions and cations of the IL plays a crucial role in
defining the observed hydrophilicity [30,31,35,36]. For instance,
both simulation [37] and experimental observations by infrared
spectroscopy [38,39] demonstrated in the water mixtures with
the ILs containing hydrophobic anions water molecules form

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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self-associated hydrogen (H) - bonded water phase inclusions.
Structural nanoheterogeneity in water-rich regions lead to the for-
mation of so-called “water-pockets” at low and continuous water-
cluster at high water concentrations [40].

Water clusters formation can be prevented in RTILs containing
hydrophilic anions, such as NO3 and BF; [37] or acetate ion CHs-
COO~ (further named as AcO™) [41]. In these cases MD simulations
revealed that the H-bonds lead to bridged Anion.--HOH-:--Anion
structures, preventing water to water self-association. Water-
anion hydrogen bonds can be even stronger than cation-anion
interactions [25,39,42,43], in particular very strong H-bonding
was reported for the CF3CO3 anion due to its high basicity [39].
In associates with IL water molecules can act as a double donor
(DD), with a ratio of one water molecule for two of IL ion pairs
(1 Hz0: 2 IL), or as a single donor (SD), with one water molecule
per one IL ion pair (1 H,0: 1 IL) [44,45].

Less is known about the interaction of water with IL cations.
Recently, some evidences of hydrogen bonds formation between
water and hydrophilic 1-butyl-1-methyl-pyrrolidinium cation
were reported [46]. Interactions between water and ions of RTIL
can also affect the properties of RTIL as a solvent, for instance mod-
ifying molecular structures of nucleobases in the solution for bio-
logical applications [47] and affecting the solvation free energy
[48].

To sum up, although the effect of RTIL anions on the water state
in water-RTIL mixtures was a subject of thorough investigations,
water-RTIL cations interactions have not yet been intensively stud-
ied. The reason for this is that water-RTIL cation interactions are
expected to be significantly weaker than H-bonding of water with
RTIL anions. The situation can be however different in the presence
of hydrophilic substituent groups, such as, ether groups, in the
chains of the cations. To the best of our knowledge, no systematic
study of the effect of the hydrophilic groups in the cation on the
water - RTIL interactions has been published. Inserting hydrophilic
groups into the structure of cations of ILs can be however very
interesting because it can improve their water absorption capacity.
Design of new water-miscible RTILs can hence be improved by
intelligent modification of the substituted chains in the IL cation.
Poly-ether groups containing compounds are promising candidates
expected to form intermolecular hydrogen bonds with water [49].
Polyethylene glycols (PEG) are considered as biodegradable, bio-
compatible compounds and are widely used in cosmetics, pharma-
ceutical industry and in nanochemistry [50-52]. For
electrochemical applications poly-ether chains can be interesting
because they improve transport properties of ILs [53] and they
can lead to the complexation of metal cations, such as Li*
[53,54], Mg?* [55-57] and Na* [58]. Understanding interactions
of PEG-substituted RTIL cations with water in water-RTIL mixtures
and mastering the effect of water content on these interactions and
resulting properties are hence of high interest for a rational design
of new water-miscible RTILs.

Thus, the main objective of this work is to explore from both
experimental and theoretical points of view the molecular state
of water in H,O-IL mixtures of PEG-substituted cation in N-
methyl-pyrrolidinium (MPyr) acetate (AcO) ILs. This is here
achieved via several intermediate goals:

a) synthesis of two acetic ionic liquids with hydrophilic poly-
ether.

(-0-CH,-CH;,-),)) substituted cation (|[mPEG,Pyr]AcO, further
named as etheric IL or ILE), and hydrophobic aliphatically (butyl
(-C4Hyg)) substituted cation ([BMPyr]AcO, further named as alipha-
tic IL or ILA);

b) characterization of their electrochemical properties: specific
conductivity and electrochemical potential window;

c) analysis of the effect of water content on the molecular
state of water in water-RTIL binary mixtures in a wide composition
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range (from several % to more than 90 % of water) using vibrational
spectroscopies;

d) rationalization of the effect of PEG,-substitution in the
cation on the molecular state of water in the mixtures by MD sim-
ulations of pure ionic liquids and their mixtures with water.

2. Experimental
2.1. Synthesis of RTILs

2.1.1. Materials for synthesis

The following commercially available compounds were used for
synthesis: Methoxy-terminated poly(ethylene glycol) (mPEG-, CAS
no. 9004-74-4, M.W. 350), 4-toluenesulfonyl chloride (TsCl, CAS
no. 98-59-9, 99 %), 4-dimethylaminopyridine (DMAP, CAS no.
1122-583, 99 %), triethylamine (CAS no. 121-44-8, 99.5 %), anhy-
drous potassium iodide (KI, CAS no. 7681-11-0, 99 %), N-
methylpyrrolidine (CAS no. 120-94-5, 97 %), silver nitrate (AgNO3
CAS no. 7761-88-8, >99 %), ethyl acetate (CAS no. 141-78-6,
>99.5), toluene (CAS no. 108-88-3, 99.8 %), 1-butyl-1-methyl-
pyrrolidinium iodide (CAS no. 56511-17-2) supplied by Sigma-
Aldrich. Acetone (CAS no. 67-64-1), chloroform (CAS no. 67-66-
3), methanol (CAS no. 67-56-1), cyclohexane (CAS no. 110-82-7),
acetic acid (CAS no. 64-19-7, >99.7 %), ion exchange resin Amber-
lyst® A-26 (OH) (CAS no. 39339-85-0) supplied by VWR. All chem-
icals were used as received.

2.1.2. Synthesis procedure

Synthesis of ILA. Synthesis of 1-Butyl-1-methyl-pyrrolidinium
acetate (ILA) is presented on Scheme 1.

Aqueous solution of 1-butyl-1-methylpyrrolidinium iodide (6 g,
0.022 mol) was passed dropwise through a chromatography col-
umn packed with Amberlyst A-26 hydroxide form (40 g). One
equivalent amount of acetic acid was added to the resulting solu-
tion. Neutral pH was controlled with a pH meter. The water was
removed by evaporation under vacuum using rotary evaporator
at 60 °C. The absence of iodide in the prepared IL was verified by
the reaction with the excess of 0.1 M AgNOs; aqueous solution.
No precipitates indicated that the I~ content in IL was inferior to
the value given by the solubility product of Agl (K, (Agl) = 1.
5.1071%).

The product composition was confirmed by 'H, '>C-Nuclear
Magnetic Resonance (NMR) and high resolution mass spectrom-
etry HRMS. For the ILA, [BMPyr]AcO, the positive mass over
charge ratios m/z detected in atmospheric pressure chemical ion-
ization (APCI-Orbitrap) (+) were: m/z = 202.1807 (C;;H24NO3), m/
z = 142.1590 (CgHyoN*). The detected NMR shifts are listed
below:

'H NMR (400 MHz, CDCl3) 8: 3.73 - 3.51 (br m, 4H), 3.43 - 3.37
(br m, 2H), 3.13 (s, 3H), 2.22 - 2.11 (br m, 4H), 1.80 (s, 3H), 1.70 -
1.60 (br m, 2H), 1.40 - 1.27 (m, J = 36 Hz, 2H), 0.91 (t, ] = 8 Hz, 3H).

13C NMR (101 MHz, CDCls) 8: 176.6, 77.4, 63.9, 63.7, 48.1, 25.7,
25.4,21.5,19.7, 13.6.

Water content in as synthesized ILA was 4.44 wt% as deter-
mined by Karl Fisher (KF) coulometric titration (C20, Mettler
Toledo).

Synthesis of ILE. A general synthesis procedure was taken from
[59,60]. Detailed four-step synthesis of 1-poly(ethylene-glycol)-1-
methyl-pyrrolidinium acetate (ILE) is shown in Scheme 2.

The first step (reaction 2) was preparation of compound B by
tosylation reaction. A solution of alcohol (15 g, 0.043 mol),
trimethylamine (8.67 g, 0.086 mol) and 4-dimethylaminopyridine
(0.3 g, 0.025 mol) in chloroform (100 mL) was cooled to 0 °C (ice
bath). Tosylchloride (12.26 g, 0.064 mol) diluted in chloroform
(100 mL) was added dropwise and the solution was allowed to
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Scheme 2. Synthesis of [MPEG,MPyr]AcO (ILE).

warm to room temperature under stirring for 12 hrs. Saturated
NaHCO; (50 mL) was added and the solution was extracted,
washed with H,O (100 mL), dried over Na,SO,4, and filtered. The
solvent was removed under vacuum (rotary evaporator), and the
crude product was purified by flash chromatography starting with
cyclohexane/ethyl acetate (80/20) in order to eliminate the excess
of 4-toluenesulfonyl chloride followed by dichloromethane/MeOH
(90/10) to recover the pure tosylated alcohol (compound B) as a
colorless oil: 17.73 g (82 % yield). The product was identified by
H, 3C NMR and mass spectrometry. APCI (+) HRMS: major m/
Z =495.2262 (C22H3901OS+).

'H NMR (400 MHz, CDCl3) 6 7.79 - 7.75 (d, ] = 8 Hz, 2H), 7.34 -
7.29 (d, ] = 12, 2H), 4.16 - 4.10 (br m, 2H), 3.67 - 3.64 (br m, 2H),
3.63 - 3.57 (br m, 19H), 3.56 - 3.54 (br m, 4H), 3.53 - 3.50 (br m,
2H), 3.35 (s, 3H), 2.42 (s, 3H).

13C NMR (101 MHz, CDCl3) 6 144.9, 133.1, 129.9, 128.0, 72.0,
70.8, 70.6, 69.3, 68.7, 59.1, 21.7.

The next step was the synthesis of compound C by nucleophilic
substitution (3). Tosylated alcohol (17.73 g, 0.035 mol) was diluted
in dry acetone (100 mL) and placed in a round bottom flask
equipped with a refrigerating apparatus. Potassium iodide
(11.62 g, 0.07 mol) was added and the system was placed in dark
(aluminum foil). The solution was refluxed for 24 hrs. Resulting
mixture was filtered through Celite, diluted with H,O (100 mL),
and extracted twice with CH,Cl,. Organic layer was dried over Na,-
SOy, filtered, and the solvent was evaporated under vacuum to give
the iodide compound (12.62 g, 75 %) as a yellowish viscous oil
(compound C) which was used without further purification. The
later was identified by 'H, *C NMR and mass spectrometry. APCI
(+) HRMS: major m/z = 451.1189 (C;5H3,071").
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'H NMR (400 MHz, CDCl5) 6 3.73 - 3.67 (br m, 2H), 3.64 - 3.56
(br m, 21H), 3.52 - 3.47 (br m, 2H), 3.32 (s, 3H), 3.23 - 3.18 (br m,
2H).

13C NMR (101 MHz, CDCl5) § 71.9, 71.9, 70.6, 70.6, 70.2, 59.0,
3.0.

Synthesis of compound D was made using quaternization
reaction (reaction (4)). lodide compound (12.62 g, 0,027 mol) and
1-methylpyrrolidine (2.52 g, 0,03 mol) were diluted in a round bot-
tom flask and dissolved in toluene (100 mL). The mixture was stir-
red at 70 °C for 48 h. Two separated liquid layers were observed.
The resulting mPEG,MePyrl salt was separated from toluene phase
and washed with toluene (3 x 20 mlL) and diethyl ether
(3 x 20 mL). The residual product was successfully identified by
H, 3C NMR and mass spectrometry as compound D. MALDI-TOF
(matrix HCCA) (+) MS: major m/z = 408.29 (C0H4,;NO7). MALDI-
TOF (matrix DHB) (-) MS: m/z = 126.90 (I").

'H NMR (400 MHz, CDCl3) 6 3.99 - 3.85 (br m, 6H), 3.84 - 3.75
(br m, 2H), 3.69 - 3.63 (br m, 2H), 3.63 - 3.54 (br m, 19H), 3.53 -
3.47 (br m, 2H), 3.34 (s, 3H), 3.30 (s, 3H), 2.34 - 2.15 (br m, 4H).

13C NMR (101 MHz, CDCls) 6 72.0, 70.6, 70.3, 65.8, 65.5, 63.3,
59.1, 49.4, 21.6.

Finally, ILE was obtained by anion exchange via reaction (5)
(Scheme 5.2). Anion exchange reaction was realized as mentioned
above for [BMPyr]AcO. Aqueous solution of mPEG,MePyrl (6.17 g,
0,011 mol) was passed through a chromatography column packed
with 40 g Amberlyst A-26 hydroxide (OH~ form) dropwise.
Equimolar amount of acetic acid (0.65 g, 0,011 mol) was added
to the resulting solution. Neutral pH was controlled with pH meter
Mettler Toledo. The water was carefully removed under vacuum
using rotary vapor at 60 °C during for few hours. Absence of resid-
ual iodide was controlled by AgNO5 test. The product was identi-
fied as [mPEG,MPyr]AcO (compound ILE) and by 'H, '*C NMR
and mass spectrometry. APCI (+) HRMS: major m/z = 468.3149
(C2H4sNOg). Water content in as synthesized ILE was 2.73 wt%
as determined by Karl Fisher coulometric titration.

'H NMR (400 MHz, CDCl3) 6 3.97 - 3.87 (br, 4H), 3.86 - 3.76 (br
m, 2H), 3.72 - 3.63 (br m, 2H), 3.61 - 3.50 (br m, 23H), 3.49 - 3.43
(br m, 2H), 3.32 - 3.26 (m, 3H), 3.20 (s, 3H), 2.25 - 2.05 (br m, 4H),
1.85 (s, 3H).

13C NMR (101 MHz, CDCl3) 6 177.2, 77.2, 70.5, 70.4, 70.2, 70.1,
65.6, 65.1, 63.0, 59.0, 48.3, 25.4, 21.4.

2.1.3. RTIL identification

Mass-spectral analysis of the compounds B, C and ILE by
MALDI-TOF mass-spectrometry was complicated by very close
molecular mass values for some fragments and the composition
of the initial alcohol (mPEG,OH). Firstly, mass analysis of the initial
mPEG,OH revealed that it exists as an extended population of
monomers (-CH,-CH,-0-),, where n is in the range 4 < n < 14, with
the difference of the molecular masses 44.0262 Da. Products B
(mPEG,0Ts) and € (mPEG,4I) (scheme 2) differs hence by
0.0829 Da, hence, their distinguishing difficult. Thus, we provided
an analysis by high resolution mass spectrometry (HRMS) with
atmospheric pressure chemical ionization (APCI-Orbitrap), which
allowed to identify correctly the formed reaction products.

2.2. Water - RTIL mixtures

Water-RTIL mixtures in a very large range of water concentra-
tion were studied both in the experiments and by modelling. For
the experimental characterization the mixtures were prepared
gravimetrically using freshly prepared Milli-Q water (18.2
MQ-cm™!) and “as synthetized” ILs in ratios shown in Tables 1
(a) and (b).
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Table 1
Composition of water - RTIL mixtures studied experimentally or by modeling (marked
by *).

(a) ILA - H,0 mixtures

Mass fraction of H,0 in Molar Molar fraction of n(H;0) /n
ILA, ®(H»0), % fraction of  water, y(H>0) (ILA)

ILA
0* 1* 0* 0*
4.44 0.658 0.342 0.519
6.25 0.573 0.427 0.744
8.22* 0.500* 0.500* 1.000*
8.23 0.500 0.500 1.001
12.05 0.396 0.604 1.530
14.96 0.337 0.663 1.964
15.19* 0.333* 0.667* 2.000*
16.92 0.305 0.695 2.274
20.87 0.253 0.747 2.945
24.70 0.215 0.785 3.663
31.46 0.163 0.837 5.126
35.92 0.138 0.862 6.259
41.77 0.111 0.889 8.010
46.17 0.095 0.905 9.578
50.00* 0.082* 0.918* 11.167*
51.45 0.078 0.922 11.834
54.63 0.069 0.931 13.446
56.41 0.065 0.935 14.451
64.92 0.046 0.954 20.665
74.84 0.029 0.971 33.216
84.11 0.017 0.983 59.108
94.78 0.005 0.995 202.754
100 0 1 -
(b) ILE - H,0 mixtures
Mass fraction of H,0 in Molar Molar fraction of n(H20) / n
ILE, ®(H»0), % fraction of  water, %(H,0) (ILE)

ILE
0* 1* 0* 0*
2.73 0.574 0.426 0.742
4.30* 0.462* 0.538* 1.166*
4.55 0.447 0.553 1.237
5.04 0.421 0.579 1.377
6.25 0.336 0.634 1.730
8.24* 0.300* 0.700* 2.330*
8.43 0.295 0.705 2.388
9.53 0.268 0.732 2.733
11.47 0,229 0.771 3.361
12.93 0.206 0.794 3.853
15.09 0,178 0.822 4.611
17.96 0.150 0.850 5.680
20.90 0.127 0.873 6.855
21.22* 0.125* 0.875* 6.988*
23.43 0.112 0.888 7.939
26.36 0.097 0.903 9.316
26.42* 0.097* 0.903* 9.287 *
28.29 0.089 0.911 10.235
30.94 0.079 0.921 11.624
32.82 0.073 0.927 12.675
37.08 0,061 0.939 15.290
40.00* 0.055* 0.945* 17.296*
45.77 0,044 0.956 21.897
50.00* 0.037* 0.963* 25.944*
54.59 0.031 0.969 31.189
64.66 0.021 0.979 47.469
74.66 0.013 0.987 76.441
84.86 0.007 0.993 145.419
95.20 0.002 0.998 514.565
96.97 0.001 0.999 830.308
98.98 4.000 - 0.9996 2517.629
100 104 1 -

0

o - mass fraction, %; - molar fraction.

2.3. Electrochemical characterization

The ionic conductivity of RTILs and of their aqueous mixtures
was measured by the electrochemical impedance spectroscopy



D. Kurchavov, U. Rustambek, M. Haddad et al.

(EIS) method using a Solartron Modulab potentiostat with ECS soft-
ware interface in home-made dip-type conductivity cell having a
cell constant of 3.78 + 0.05 cm ™! with two parallel platinum elec-
trodes at 10 mV amplitude vs E,. within the frequency range
100 MHz - 100 Hz. The cell constant was determined by measuring
the impedance of 0.01 M KCl aqueous solution (& = 1.408 mS-cm ™!
at 25°°C). All the measurements were conducted at least 5 times in
a Faraday cage and at temperature 25 + 0.2 °C.

Electrochemical potential windows (EPWs) of RTILs were inves-
tigated by cyclic voltammetry (CV) method using a Solartron
Modulab potentiostat with ECS software interface in home-made
three-electrode system. Glassy carbon disk (S = 0.0314 cm?), Pt-
wires and pseudo-AgCl/Ag electrode were used as working, coun-
ter and reference electrodes respectively. Pseudo-reference Ag/
AgCl electrode was calibrated using 0.01 M Ks[Fe(CN)g]. This cali-
bration solution was selected because of the previously reported
instability of ferrocene and its analogous in RTILs [61]. The poten-
tials of oxidation/reduction pair of K3[Fe(CN)s] were determined by
CYCliC Voltammetry das V(FellI/FeII) =-0.54V and V(FellI/FelI)= -0.395V
in ILA and ILE respectively (see supplementary information
Fig. S1). The measurements were conducted with the scan rate of
50 mVs~.

2.4. Chemical characterization by vibrational spectroscopy

Raman spectra were recorded with a Renishaw Confocal Raman
Microscope InVia using red laser (HeNe, 633 nm, 17 mW power).
The samples were deposited as a droplet (approximately 15 pl)
on a support (Si-plate) and covered by a transparent microscope
glass cover. Laser beam was focused on the liquid phase between
the Si-plate and glass. The focus was reached using a microscope
objective Leica of x 50 magnification and numerical aperture
(NA) of 0.75. The exposure time was 10 s and 25 spectra were
recorded for each sample.

Attenuated Total Reflection Fourier Transform Infrared (ATR-
FTIR) spectra were recorded using Thermo Scientific Nicolet 6700
FTIR spectrometer equipped with a mercury cadmium telluride
detector cooled at 77 K by liquid nitrogen. The ATR accessory
was a horizontal ZnSe crystal coated with diamond
(A = 2.54 mm?) with single reflection and an angle of incidence
of 45° (Smart Miracle from PIKE). The spectra were recorded with
resolution 2 cm~! and were averaged from 64 scans in order to
minimize duration of the contact of samples with air and corrected
by corresponding refractive index. Although some absorption of
moisture from the air is possible during the measurement, we
assume that its effect can be neglected if compared with the initial
water content which was several wt. % even for the less concen-
trated in water samples (see Table 1). A droplet of the sample
was placed on the diamond ATR crystal and the measurement
started immediately, five spectra were recorded for each concen-
tration. OMNIC software was used for the data collection and treat-
ment. Further deconvolution of the spectra has been done using
OriginPro 2018b using the following base line correction parame-
ters: constant Y = 0; number of peaks: 4; fitting function: Gaussian;
any other parameters were floating; R-square was higher than
0.999 for all fitted spectra.

2.5. MD modeling methodology

Gauss-View 6 was used for visualization [62] together with
Gaussian 16 [63] for calculations in junction with the Antechamber
module [64,65] to assign the Restrained Electrostatic Potential
(RESP) charges for each atom. As the protocol requires, Gaussian
structure optimizations were carried out at Hartree Fock level of
theory with the standard 6-31* basis, as required by the RESP pro-
tocol [66].
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We performed different simulations of one hundred pairs of IL
cations and acetate anions, and an appropriate number of water
molecules were added to reproduce desirable water concentra-
tions. The molar water fractions ¥ (H,O)were 0.500, 0.667, 0.918
for ILA and 0.538, 0.700,0.875, 0.903, 0.954, and 0.963 for ILE. More
detailed description of each mixture can be seen in Supplemen-
tary information, Table S1. The starting configuration were cre-
ated with the PACKMOL package [67].

The MD simulations were carried out with the LAMMPS pack-
age [68,69]. The equilibration, 1 ns long or even more, was com-
pleted at ambient conditions (T = 298.15 K) in a canonical
ensemble NVT with volume reflecting the real densities values
found experimentally. Production runs, in a microcanonical
ensemble NVE, were performed for at least 1 ns. The total energy
drift AE | Eor Was checked to be smaller than 1076,

Structural characterization was realized through the observa-
tion of radial distribution function, G(r), of the distance between
the selected species. Its definition for the two o and B atoms types
is given by the following formula:

1 NN
Gup(r) = —+ o(rij—r 6
w0lr) = gy (2 301 (6)
where the (...) indicates the usual ensemble average, and §(x) is
the Dirac delta function, rj is the distance between an i- and j-
atoms whereas N is the number of atom for the specie i in the sam-
ple box. Hydrogen bonds can be considered as strong if the dis-
tance between the oxygen of RTIL and hydrogen of water (O(IL)--
H(H,0)) is less than 2 A, while weak hydrogen bonds are character-
ized by O(IL)---H(H,0) distances up to 3 A [70].

3. Results
3.1. Electrochemical potential window

To the best of our knowledge, although, some works with
mPEG,-N-methylpyrrolidinium ILs were carried out [55], the
experimental electrochemical stability of this cation, especially
with acetate anion, has never been studied. Fig. 1 shows voltam-
mograms of as synthesized ILA and ILE (molar fraction of water
0.342 and 0.426 in ILA and ILE respectively). Determined from
these polarization curves the electrochemical potential windows

0.5 mA-cm-2

20 45 1.0 05 00 05 10 15 20

E, V (vs. Fe'"'/Fe'")

Fig. 1. Cyclic voltammograms recorded on glassy carbon disk electrode of “as
synthetized” ILA and ILE, as indicated. Arrows indicate potential scanning direction
starting from the blue one. Scan rate 50 mVs~'. Electrochemical potential window
is also shown by dash lines; the limits are determined at 0.1 mA-cm 2 current
density cut off. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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are: EPW=2.26 V for ILE and EPW~2.88 V for ILA. Especially, for ILE
the EPW is narrowed at cathodic (negative) potentials. Such a dif-
ference in the EPW of two ionic liquids can be explained by the
lower electrochemical stability of etheric bonds in substituted tail
compared to the alkyl group because of their electrochemical
reduction [71]. Similar effects have been previously reported for
phosphonium and piperidinium cations [16,72-74]. The difference
between the oxidation potentials of ILA and ILE remains unclear.

3.2. Specific conductivity

Specific conductivity of the electrolytes is one of their key-
properties for the electrochemical applications. In some works, it
has been shown that dilution of ILs by conventional electrolytes
increases conductivity [12,17,75]. Fig. 2 represents specific con-
ductivity (o, mS-cm™!) of water - ILA and water - ILE mixtures as
a function of the water content (molar fraction). As it can be seen
from the figure, the conductivity of the ILA is systematically higher
than that of the ILE, which can be explained by a shorter length of
the substituted tail resulting in higher ionic mobility. Another
hypothesis explaining this difference can be that a relatively
high-donor and low-acceptor numbers of etheric group can result
in agglomeration of the cations by the electron - ion pairs thus
reducing ionic conductivity, as was observed for (triglyme): LiX
(X = CF5S03, BFg, ClOg, and AsFg) systems [76]. The conductivity
increases with the water content and has a maximum of
27.9 + 0.1 mS-cm™! at ¢ (H,0) = 0.971. On the contrary, for the
ILE the maximum of specific conductivity is observed at %
(H,0) = 0.987 with the only at 11.0 + 0.1 mS-cm~! which is more
than two times lower than for the ILA. Conductivity growth with
dilution can be explained by three factors: a) viscosity decrease
which leads to a higher mobility of ions; b) formation of water
clusters which allow ions to move freely [77,78] and c) decrease
of cations agglomeration because of their coordination with water
molecules [76]. Since, ILA and ILE have the same anion (acetate),
the substituted chains at nitrogen atoms play a crucial role in the
conductivity evolution. Sharp decrease of conductivity at very high
water contents is similar to the expected for diluted aqueous solu-
tions in which only isolated hydrated ions ensure conductivity, so
less is the fraction of ions, lower conductivity. One could consider

n(H,0)/n(IL)
23 4

Fig. 2. Specific conductivity of water-ILA and water-ILE mixtures, o, as a function
of molar water content y(H,0). Vertical lines show fractions for some selected
molar ratios between water molecules and IL molecules n(H,0)/n(IL) as indicated.
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hence that starting from the concentration corresponding to the
maximal conductivity, the interactions between IL ions could be
neglected if compared with the interactions with water molecules.

The difference between the two ILs becomes even more visible
if not the molar fraction but the ratio between the number of water
molecules and the number of the IL ions pairs, n(H,0)/n(IL), is con-
sidered as it is indicated on the top axis. It is clear in this consider-
ation that not only the maximal conductivity is significantly higher
for ILA but also the maximum is achieved for about 4-5 times
smaller number of water molecules per one molecule of IL (33
for the ILA and 145 for the ILE) which indicates very different
water availability for the structure typical for that observed in
aqueous solutions (water with isolated solvated ions).

3.3. Raman spectroscopy of water-RTIL mixtures

Fig. 3 displays typical Raman spectra of water-RTIL mixtures for
ILA (a) and ILE (b) as a function of water content. The detailed attri-
bution of the peak positions can be found in Supplementary infor-
mation (Table S2). As it can be seen from Fig. 3 (a), the Raman
peaks at 637, 906, 1325, 1387 cm™! shift to higher wavenumbers
with increasing of water content. These peaks are usually attribu-
ted to acetate anion vibrations [79]. The band nearby 905 cm™! on
the spectra of the ILA (a) and the ILE (b), containing 0.342 and
0.426 water molar fraction respectively, consists of two peaks
attributed to pyrrolidinium ring [80] and acetate anion which are
not distinguishable. Growth of the water content leads to the for-
mation of a shoulder and then to the bifurcation of the peak. The
second peak nearby 914 cm~' appears at x(H,0) = 0.747 and
(H,0) = 0.794 for the ILA and the ILE respectively. These observa-
tions indicate that water molecules strongly interact with acetic
group in both ionic liquids, which is coherent with the previously
reported results [81-83]. For the ILE (Fig. 3 b), the spectra evidence
not only the interactions of water with the anion, but the form of
the broad band, ascribed to the stretching of C—O—C group in
PEG chain (770-867 cm™!) also evolves. If the band maximum
was nearby 826 cm~! at the lowest concentration of water its posi-
tion moves with dilution resulting to the maximum peak position
shift up to nearby 850 cm™'. This can be attributed to the interac-
tion between water and PEG via etheric group, leading to confor-
mation changes in the etheric group and PEG chain [84,85]. One
could also note in the figure, that a relative height of etheric band,
if compared for instance with the neighboring acetate band at
905 cm !, increases with dilution by water. This suggests stronger
polarizability of C—0—C group which could for instance result
from the bond length increase by the interactions between etheric
oxygens and water.

3.4. ATR-FTIR spectra of water-RTIL mixtures.

Fig. 4 (a, b) displays ATR-FTIR spectra of ILA and ILE within the
range of 750-3800 cm . All the peaks attributions are shown in
the supplementary information (Table S3). It is obvious from
Fig. 4 that the higher the water content is, the higher the O—H
absorbance peaks (3000-3700 cm™!) and the lower the peaks cor-
responding to the ILs absorbance are. Similar to Raman spectra,
positions of some peaks change with dilution. As can be seen from
Fig. 4 b, peaks nearby 1379 cm~' and 1583 cm! suffer blue and
red shifts respectively. These peaks are attributed to C—O and
C—H vibrations of acetic groups [82,86]. It should also be noted
that on the spectra of the ILE these shifts are also observed. Less
intensive peaks, attributed to acetic groups nearby 906 cm™!,
1004 cm~', 1323 cm™! and 904 cm™', 1325 cm™! for ILA and ILE
respectively (indicated in Fig. 4), are also shifted. For water - ILE
mixtures, the positions of the peaks around 1107 cm™! and



D. Kurchavov, U. Rustambek, M. Haddad et al. Journal of Molecular Liquids 367 (2022) 120564

(a) 905 cm! (b)
3 S
3 0.785 s
(7]
c S
S Q
g 0.69 £
0.663
0.604
0.427
T T T T 0342 T - T T T
600 900 1200 1500 600 900 1200 1500
Raman shift, cm™" Raman shift, cm™

Fig. 3. Typical Raman spectra of water mixtures with ILA (a) and ILE (b) with different molar fractions of water (as indicated at right of each spectrum). All noted bands
positions in (a) are attributed to vibrations of AcO~ anion. In (b), the peaks with similar positions are also ascribed to AcO and the broad band near 826 cm™ is attributed to
C—O0—C vibrations of etheric groups in mPEG.
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Fig. 4. Evolution of ATR-FTIR spectra for water - IL mixtures for ILA (a, b) and ILE (c, d) as a function of water content, with zoom on COO~ (b) and -C—O0—C- (d) regions.
Shown water molar fractions % (H,0) are: (a, b) 0.342, 0.427, 0.500, 0.605, 0.663, 0.695, 0.747, 0.786, 0.837, 0.862, 0.889, 0.905, 0.922, 0.931, 0.954, 0.971, 0.983, 0.995, 1 (pure
water); (c): 0.426, 0.553, 0.579, 0.634, 0.705, 0.732, 0.794, 0.873, 0.888, 0.903, 0.911, 0.939, 0.956, 0.969, 0.979, 0.987, 0.993, 0.998, 0.999, 0.9996, (pure water);(d): 0.426,
0.705, 0.794, 0.850, 0.873, 0.903, 0.911, 0.925.
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Fig. 5. Representation of models ILA containing % (H>0) = 0.918 (n(H,0) / n(ILA) ~ 11) - (a); ILE model representation y(H,0) = 0.903 (n(H20) / n(ILE) ~ 9) - (b).

1248 cm™!, attributed to C—O—C etheric group [52], also shift with
dilution (Fig. 4 d).

3.5. Radial distribution function for hydrogen bonds in water - RTILs
mixtures from MD simulation

Fig. 5 represents the example of typical configurations of ILs
molecules with the closest water molecules, extracted from the
MD calculations for the models with approximate water molar
fraction y(H,0) = 0.918 for ILA and ¥ (H»0) = 0.903 for ILE. The
closest distances between the water hydrogen atoms and acetate
hydrogen atoms are indicated. Oxygen atoms numbering in etheric
groups is also shown (the distance for 04---H,O0 is indicated). The
shortest distances between water H-atoms and O atoms of the IL
are also indicated. Normally a distance between O and H atoms
smaller than 3 A is attributed to the formation of a hydrogen bond
[70]. The results shown in Fig. 5a-b thus indicate the formation of
H-bonds between water and acetate anion and also etheric oxy-
gens in case of the ILE. In the model with the ILA, water clusters
are formed at this concentration. In contrast, the model with the
ILE shows only some embryos of water-clusters formations.

These extracted structures are however only illustrative, a more
quantitative description of H-bonding can be obtained analyzing
the radial distribution function (RDF), G(r). The G(r) graphs (see
Figs. 6, 7) describe the probability of finding a hydrogen atom of
a water molecule at a distance r (measured in A) from the selected

oxygen. Due to dynamical movement, liquids do not maintain a
constant structure, so at large distances the molecules are indepen-
dent and the distribution returns to the bulk density (G(r) = 1).
However, at short distances the first peak indicates the first coor-
dination sphere, so the existence of a specific interaction between
atoms, e.g. H-bonds between acetate anion, O,cetate, and water
hydrogen atom Hy,o, is revealed by a specific peak at short dis-
tance in the radial distribution function G(O,cetate/Hwater)- Fig. 6
(@) and (b) represent the G(roacetate..Hwater) fOr the distance
between the acetate oxygen and water hydrogen in the ILA and
the ILE mixtures with different water contents. They are character-
ized by two peaks nearby 1.65 A and 2.97 A. It is clear from the fig-
ure that the intensity of both peaks decreases with dilution,
indicating that the probability to find a water molecule H-
bonded with an acetate anion rapidly decreases for both ILs with
increasing water concentration. As a consequence, the probability
to find a water molecule not H-bonded with an acetate anion
increases.

The G(rocetheric)--H(water)), representing the length distribution
between the etheric oxygen and the hydrogen of water also revealed
two peaks but nearby 1.92 A and 4.90 A (see an example on Fig. 7, on
the schematic representation only the attribution of the peak at
~1.92 A is shown). It can be seen from the figure that the effect of
the dilution on the probability that water molecule added to the
mixture will be H-bonded with the selected etheric oxygen (04)
increases with dilution.
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The effect of water content in the mixture on the height of the
peak in the G(r) functions, describing the probability of H-bonding
between H-atom from water with O atom of the selected group, is
presented in Fig. 8 (for the acetate groups of the ILA and the ILE)
and Fig. 9 (for different etheric oxygen atoms of the ILE). Compar-
ing Fig. 8 and Fig. 9 suggests that upon dilution the probability to
find a water molecule H-bonded with acetate decrease for both ILs,
however the probability that it is H-bonded to the etheric oxygen
increases. This can be interpreted as for the ILA, which does not
contain etheric oxygen in the cation, “free” water clusters are
expected to appear rapidly. This “free” water is not expected
immediately for the ILE because although the probability of water
bonding with acetate decreases, in place of being “free”, water
molecules can be H-bonded to etheric oxygen atoms of the PEGy-
lated cation.

Interestingly, different etheric oxygen atoms show different
intensities of the first peak (Fig. 9), indicating different probability
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Fig. 8. Evolution of the intensities of the first two peaks of RDF for the distances
THO.-O(acetate) Detween the hydrogen from water and the oxygen from the acetate
anion as a function of water molar fraction in water mixtures with ILA (a) and ILE
(b). Vertical dash lines indicate selected molar ratios of water to ILs, n(H,0) / n(ILA)
and n(H,0) / n(ILE), as indicated.
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Fig. 9. Evolution of the peak intensity of G(ryo-...o(etheric)) at THoH.O(etheric) = 1.93 A
for ILE-H,0 mixtures with selected H,0 molar fractions x(H,0). Vertical dash lines
indicate some selected molar ratios of H,O to ILE: n(H,O) / n(ILE).

of H-bonding between this oxygen and water. At concentration 7,
(H,0) = 0.538 the highest intensity of the RDF characterizing the
length of Hiwater)*O(etheric) bonds is observed for 01 and O3 (count-
ing from N*). This is the minimal studied water content, at which
the probability of H-bonding between water molecules and acetic
group is also the highest (Fig. 8 b). Thus, it can be assumed that a
significant fraction of water is confined between acetate and ethe-
ric oxygens (Oq, O3), forming AcO---HOH:-O(etheric) S€gregations,
which are sterically the closest to acetate. This is also supported
by the fact that the RDF intensities of HO-H---O1(etheric) does
not change significantly with water fraction in the mixture (Fig. 9).

Another interesting observation is a rapid increase of the RDF
intensities.

O(etheric):-H-OH for all other oxygens (02 - O6) for water frac-
tions x(H,0) = 0.875 and higher. This might indicate the start of
“free” water - clusters formation.

Thereby, in function of the water content in the water - ILE mix-
tures, the water state in the liquid can be attributed to one of the
structures described below. Within the first concentration region
(x(H20) = 0.442 - 0.702) water molecules are supposed to be
strongly H-bonded to acetate moieties (AcO---HOH---OAc). In the sec-
ond concentration range (% (H,0) = 0.702 - 0.872) the mixture is
characterized by the existence of hydrogen bonds AcO---HOH and
O(ethericy:-*HOH. Water clusters are expected to be present and to con-
tinuously grow in the water - ILE mixtures with water content
(H,0) = 0.872 and higher. For the water - ILA mixtures the second
concentration range (with water bonded to etheric oxygen) is
impossible, growth of water clusters is expected hence at much
lower water content. All of these conclusions were supported by
dynamic boxes, in which the appearance water-clusters was clearly
observed for significantly lower water contents in mixtures with the
ILA than with the ILE (supplementary information Table S4).

4. Discussion

4.1. Effect of water content on molecular structure of water-RTIL
mixtures for aliphatic and etheric substituted [MPyr]*AcO~ RTILs

In order to understand water state in various solutions, the lit-
erature suggests to explore the evolution of infrared spectra in the
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region of O—H vibrations (3000-3700 cm™!) [44,87-90]. Fig. 10
compares the spectra of pure water with the spectra of water-ILA
and water-ILE mixtures in the close to 1:1 water to IL molar ratio
(molar water fraction x(H,0) = 0.427 and y(H,0) = 0.426 for ILA
and ILE respectively). For both mixtures the peak’s width at half-
height is smaller than for pure water, which evidences that water
molecules are separated from each other [87]. Additionally, in the
water-ILE mixture but not in water-ILA mixture an additional
shoulder appears at nearby 3757 cm™! (Fig. 10). This additional
vibration peak at 3757 cm™! can be tentatively explained by the
suggested from the MD simulation structures in which water is
confined between acetate and etheric oxygens (O, or Os3), forming
AcO---HOH:+-O(etheric) segregations, which are sterically the closest
to acetate (see section 3.5).

To quantify the evolution of the molecular structure, the spectra
of all mixtures were reproducibly decomposed into four single
Gaussian functions (A, B, C, D), as illustrated on the examples
shown in Fig. 11 a, b. Unfortunately, there is no unique model
describing the water band decomposition in solutions, in different
works it is decomposed into 3,4 [91,92]; 5 or 6 bands [44,90,93]. In
theory, hydrogen bonding should decrease vibrational mobility of
H-atom, so the vibration frequency modifications and peak split-
ting can be expected. Although the decomposition of water band
into individual components and attribution of their vibration
wavenumbers requires multiple “a priori” even for pure water
[92], in the present work we have chosen an empirical four-
component decomposition which fitted well for all the studied
spectra.

Peaks A and B in Fig. 11 correlate with the positions attributed
in the literature to a “network water” (continuous water cluster)
and an “intermediate water” (finite clusters), respectively [93].
According to other work [94], peak A can be considered as repre-
senting the O—H vibration of water phase not interacting with IL
anions, while peak B can be associated with the OH-vibration of
the water molecules interacting with the RTIL anions. In both inter-
pretations ([93,94]) it seems that comparing contributions of peaks
A and B for different water contents one can evaluate the evolution
of the water state in the mixture. Relatively high peak B could indi-
cate that water molecules are mostly associated with ion pairs of IL
or representing solvation shell, whereas high peak A represents
water molecules which interact with other water molecules.

The signals at high frequencies (peaks C, D) could be attributed
to “dangling” OH groups of “multimers” (dimers and trimers) [93].
The contribution of peak D is however near 0 for all water contents

ILA/H,0

Normalized absorbance

2700 3000 3300 3600 3900
Wavenumbers, cm™

Fig. 10. FTIR spectra of ILA (% (H20) = 0.427) - black, ILE ((H20) = 0.426) - blue,
and pure H,0 - dash red line. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Typical decomposed FTIR spectrum of ILA containing (¢ (H,0) = 0.427) - a, ILE containing (x(H,0) = 0.705) - b.

in the ILA - water mixtures. In contrast, for the mixtures contain-
ing the ILE, its contribution becomes stronger. In coherence with
the results of MD simulation suggesting interaction between ethe-
ric oxygen and water molecules (section 3.5) and with the system-
atic shifts of C—O—C Raman and infrared peak positions with
addition of water to ILE, peak D for the ILE was assigned to weak
H- bonds between water molecules and etheric oxygens of the
PEG-cations.

Fig. 12 displays the results of the decomposition of water bands,
in which the area fraction of each peak (A, B, C and D) is shown as a
function of molar water fraction in the water mixtures with ILA
(Fig. 12 a) and ILE (Fig. 12 b). Additional top x-axis represents
the ratio between the molar concentrations of water and ILs, which
is useful to compare experimental and modelling results. As can be
seen from the figure, at least 2 regions can be noticed for ILA. At
water molar fractions below y(H,0) = 0.747, corresponding to
the ratio of n(H,0) / n(ILA) = 3, the contributions of all the peak
areas A-D do not change and are very different from the contribu-
tions detected for pure water (¥ (H>0) = 1). This indicates similar
water state for all water-ILA mixtures where not more than 2
water molecules per one acetate ion are present (n(H,O0) / n
(ILA) = 2) and probably even for the first water molecule at the sec-
ond sphere bounded to these.

AcO-HOH structures (n(H,0) / n(ILA) = 3). This is coherent with
formation of hydrogen bonds considering acetate anion as mon-
odentate (for the ratio n(H,0) / n(ILA) = 1) or bidentate (for the
ratio n(H,0) / n(ILA) = 2) Lewis base. Similar results were already
reported for imidazolium-based acetate ILs [41]. For higher water
concentrations the peak A contribution becomes visibly higher
and stays more or less constant up to enough big water contents.
In this domain, the acetate ions are expected to be already satu-
rated by water so they cannot form new H-bonds. This should lead
to water clustering in which the interaction between water and
acetate should pass through more than one sphere (AcO---H-OH---
HOH---OH;) making the behavior of water molecules far from the
acetate similar to that in “free” water. Finally, for molar water frac-
tions y(H,0) greater than 0.85 the peak A strongly increases and
peak B decreases, both rapidly reaching the contributions similar
to the measured in pure water, indicating that the mixture can
be considered as an aqueous solution with a percolating water
cluster and isolated hydrated organic ions.

It seems hence that the evolution of the IR peaks contributions
reflects the evolution of the water structure in the mixture: bound
water for molar ratios of water and ILA up to 2, water clusters for
ratios starting from 3 to 4 and transition to isolated IL ions in

(a) n(H,0) / n(ILA) ¢,

0.2 0:4 0?6 0.l8 1.0
Molar fraction of water , x(H,0)

n(H,0) / n(ILE)
(b) : s

1
1
I
I
I
I
I
L Peak B+ |
I
]
|
|
|

(R | —————— | Y

I Ty SAp R I

Peak A

Peak C
Peak D

0.2 0.4 0.6 0.8 1.0
Molar fraction of water

Fig. 12. Ratio of area of decomposed bands to total area as a function of water
content for ILA - a, ILE - b.
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aqueous solution for water molar fractions higher than 0.85. These
speculations are supported by the discussed in section 3.5. evolu-
tion of the RDF for the Hy20-Oacetate distance (Fig. 8 a, b), showing
significant loss of the probability to find a H-atom in the vicinity of
O(acetate) with dilution.

Application of a similar approach to the water-ILE mixtures
reveals some interesting observations. The increase of the contri-
bution of the peak A starts only after the molar ratios n(H,0) / n
(ILE) higher than 7, indicating that the formation of water clusters
in the ILE requires significantly higher water content. Interestingly,
in the domain of molar ratios n(H,O) / n(ILE) between 3 and 7 the
contribution of the peak D, attributed to the presence of
AcO---HOH:--O(ethericy Structures, increases about twice times and
after this it decreases to zero. This is coherent with the idea that
once the acetate anion is saturated with water, the excess water
molecules are still bounded with IL, in this case with the cation
via etheric oxygen. Such a bonding reduces the probability of water
clustering, and hence “free” water phase formation and its
mobility.

MD simulations illustrate different possible structures expected
for selected water contents in the ILA and the ILE as can be seen in
dynamic boxes and RDF results (see supplementary information
Table 4S). Indeed, both, the first water pockets and the percolating
water clusters appear at higher water contents for water-ILE
mixtures.

To sum up, based on the experimental and theoretical (MD sim-
ulation) results obtained in this work, Table 2 represents probable
water molecules organization in the water-ILs solutions.

4.2. Molecular structure of water-RTIL mixtures and their conductivity

The proposed speculative model of water organization in mix-
tures with the ILA and the ILE fits well with the observed in
Fig. 2 specific conductivity evolution. Indeed, the conductivity
increase with water content starts earlier and grows quicker for
the ILA than for the ILE. The switch to the conductivity decrease
with water addition also arrives earlier and the decrease is much

Table 2
Water organization in water - IL mixtures with ILA (a) and ILE (b).

(a) ILA- H,0

n(H,0) / n (ILA) =R
(molar fraction, x)

Liquid structure

R<2 IL + isolated water molecules H-bonded to AcO~
(x(H20) < 0.69)
2<R<3 IL + isolated H,0 molecules H-bonded to AcO

(0.69 < % directly or via only one water molecule
(H,0) < 0.74)
3<R<33 IL + isolated H,0 molecules H-bonded to AcO~

0.74 < x(H,0) < 0.97
X!
+ “free” water clusters in IL

33 <R Percolating H,O cluster + isolated IL ions
(x(H20) < 0.97)

(b) ILE- H,0

n (H,0) / n (ILE) = R (molar Liquid structure

fraction, )

R<3 IL + isolated water molecules H-bonded
(x(H20) < 0.75) to AcO™

3<R<7-8 IL + isolated water molecules H-bonded

(0.75 < %(H,0) < 0.86)
to AcO™ and PEG
9<R< 145 IL + isolated water molecules H-bonded
(0.90 < %(H,0) < 0.99)
to AcO™ and PEG
+ “free” water clusters in IL
R < 145 Percolating H,O cluster + isolated IL ions

(x(H20) < 0.99)
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sharper for the ILA than for the ILE. At water to IL molar ratios
lower than 3 for ILA and lower than 7 for the ILE, all water mole-
cules can be H-bonded to IL cations and anions. lonic mobility is
therefore limited and conductivity variation is expected to be very
small. For higher water to IL ratios “free” water pockets start to
appear, which are more mobile, less viscous and that can also
transport acetate ions. This is expected to increase conductivity.
Finally, at water to IL ratios of 33 (and higher) for the ILA and
145 (and higher) for the ILE, the solutions can be considered as
diluted aqueous solutions in which hydrated IL anions ensure the
charge transport.

The origin of the difference between the water behavior in mix-
tures with the ILE and the ILA can be explained by the water coor-
dination with etheric oxygen atoms. The latter was confirmed by
the growth of the peak D fraction in the infrared spectra for water
to ILE molar ratios between 3 and 7 (Fig. 12) and by the calculated
increase of the probability of H-bonds between water and etheric
oxygen (Fig. 9). Considering bidentate acetate anion, for molar
water to IL ratios up to 2 (% (H,0) = 0.500-0.667) water molecules
should be strongly bonded to acetate moieties (AcO---HOH) in both
IL. At ratios between 2 and 3 (¥ (H,0O) = 0.667-0.750) the water
molecules in ILA can be bound to acetate only in the second coor-
dination sphere (AcO---HOH---O(H,0)). Thus, starting from this
moment, the increase of the water fraction should rapidly result
in the formation of H-bonds between multiple water molecules,
thus creating “free” water. In contrast, in the ILE, even if acetate
anions are saturated, up to five additional water molecules can
be strongly coordinated by the cation via etheric oxygen atoms
(HOH---O(etheric))- As a result, in the ILE water pockets are not
expected up to molecular water fractions x(H,0) = 0.82-0.85. Sim-
ilarly, much higher number of water molecules will be necessary to
isolate hydrated ions of ILE and make the behavior of the H,O-IL
mixture similar to that of a diluted aqueous solution.

5. Conclusions

This work illustrates in detail the interactions between water
and cations of ionic liquid in water miscible ionic liquids within
a wide range of water concentrations. Two new water miscible
acetate-based ionic liquids with aliphatic substituted and etheric
substituted cation ([BMPyr]AcO and [mPEG,MPyr]AcO) were pro-
posed and synthetized. Electrochemical potential window of as
prepared electrolytes was established as 2.88 V for [BMPyr]AcO
and 2.26 V for [mPEG,MPyr]AcO. Molecular state of water in water
- IL mixtures in a wide concentration range was characterized with
the help of ATR-FTIR spectroscopy and MD modeling and was cor-
related with specific conductivity. The results demonstrated that
water molecules can strongly interact not only with acetate anions
but also with etheric-substituted MPyr cations. Molecular organi-
zation of the electrolyte and its conductivity strongly depend on
the water content and this dependence differs between ILs with
aliphatic and etheric substituted cation. More in details:

1) For molecular ratios between water and ionic liquid n(H,0) /
n(IL) < 3 both ATR-FTIR spectra evolution with water dilution and
MD simulations indicate strong preferential H-bonding of water
molecules to acetate anion. In this concentration range the conduc-
tivity of the electrolyte does not vary significantly with water
content.

2) For molecular ratios between water and ionic liquid n(H,0)/n
(IL) greater than 3 both infrared spectra and MD simulations sug-
gest different molecular structure evolution for ionic liquids with
etheric substituted and aliphatic substituted cation.

In the mixtures with [mMPEG,MPyr]|AcO, the water molecules
stay coordinated by oxygen atoms of etheric groups in the cation
which can create H-bonds with up to 5-6 molecules. These H-
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bonds are initially less probable than water-acetate H-bonds, how-
ever, their relative probability increases with dilution. As a result,
water pockets do not form up to n(H,O) / n(ILE) = 7-8. This is
coherent with a very insignificant conductivity increase with dilu-
tion of [mMPEG,MPyr]AcO within this concentration domain.

In contrast, in the mixtures of water with aliphatic substituted
[BMPyr]AcO, the probability of H-bonding between water mole-
cules (HOH---Og20)) increases and the probability of H-bonding
between water and acetate (HOH---OAc) decreases with dilution.
This is expected to result in the formation of water clusters starting
from n(H,O)/n(IL) = 3. This correlates with the experimentally
observed conductivity growth with dilution in this concentrations
range.

Water clusters form hence at significantly higher water con-
tents in [MPEG,MPyr]AcO than in [BMPyr]AcO because of water-
cation interactions.

3) Once “free” water phase with water-water hydrogen bonds is
formed, it very rapidly grows in both ILs, which is expected to
decrease viscosity and hence increase conductivity. In the formed
water clusters, the charge transfer is ensured only by hydrated ions
(mainly acetate anions because of their relatively higher mobility if
compared to the cation), which should lead to the observed con-
ductivity decrease at high dilutions. Transition from the conductiv-
ity increase with water (behavior expected for slightly water
diluted IL) to the conductivity decrease with dilution (behavior
typical for diluted aqueous solutions with H,O fraction increase)
occurs at molar water to IL ratios n(H,0) / n(IL) = 33 for aliphatic
substituted [BMPyr]AcO and at n(H,0) / n(IL) = 145 for [mMPEG,-
MPyr]AcO.

Finally, etheric substitution in IL cation can significantly modify
molecular structure of water - IL mixtures and this structure per-
manence versus dilution.
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