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Room temperature imidazolium-based ionic liquids (ILs) often present super-acidity, which can be
characterized by the free energy of solvation of protons in ILs, A¢,G°(H).. It can be derived from the
consensus value of the free energy of solvation of protons in water if the free energy of transfer of
protons from water to the ILs, AG°(H"), is determined. However, the experimental determination of the
free energy of transfer of protons relies on extra-thermodynamic hypotheses, as protons cannot be
transferred from one solvent to another without a counterion. Here we propose to measure the Hammett
acidity functions, which relies on the protonation equilibrium of specific pH-reporters, for the first time by
Raman spectroscopy directly in acidic solution of 2,6-dichloro-4-nitroaniline in three 1-alkyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ILs. We demonstrated that the AG°(H*) obtained by
Raman spectroscopy and UV-visible spectroscopy were identical in the same 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyllimide. Also, when the butyl substituent is replaced by a
longer alkyl chain such as an octyl chain, the acidity in the IL is lowered. The free energies of solvation are

Received 29th September 2023, calculated in four ILs from Raman spectroscopy data recorded directly in the acidic solutions. These

Accepted 2nd January 2024 values confirmed that the protons are less solvated in ILs than in water, hence their acidity. Raman
spectroscopy also enables determination of the solvation number of the proton in imidazolium-based
bis(trifluoromethylsulfonyllimide ILs. The benefits of implementing Raman spectroscopy to determine the

Hammett acidity function in ILs using a non-colored pH-reporter and in colored media are also discussed.
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Introduction

Second-generation ionic liquids (ILs) are organic salts that are
often molten at room temperature (by definition their fusion
temperature must be below 100 °C). ILs are composed of large
and asymmetric cations (e.g. disubstituted imidazoliums,
Fig. 1A) often coupled with poorly coordinating anions (e.g
the bis(trifluoromethane)sulfonimide anion, NTf, ", Fig. 1A)."™*
Since the 1980s, these imidazolium-based ILs have replaced the
first-generation ILs, built with chloroaluminates and that were
extensively studied in the 1960s and 1970s. Indeed, the first-
generation ILs were water and air sensitive, which is not the
case for the second-generation.” In the last two decades, the
latter have been identified as interesting alternative solvents to
conventional volatile organic compounds (VOCs, largely used
as molecular solvents) due to their very low vapor pressure, low
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1 Electronic supplementary information (ESI) available: Fig. S1-S3, Tables S1-S6,
synthesis of the ionic liquids, preparation of the solutions, Hammett acidity
function in the three synthesised ionic liquids. See DOI: https://doi.org/10.1039/
d3cp04741e
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flammability, high electrical conductivity and large electroche-
mical window.>® One of the most interesting characteristics of
ILs is that their physico-chemical properties, such as their
viscosity or their acidity, can be controlled according to their
constitutive ions, in opposition to classic molecular solvents.*”
ILs have been used in various applications, for instance as
electrolytes for batteries, fuel cells and solar cells, or as solvents
for catalytic processes and liquid-liquid separation.? Actually,
for many chemical applications, the level of acidity achievable
in the ILs, which is much higher than the acidity accessible in
water for instance (i.e. negative pH), turns out to be critical in
terms of reactivity, and yet difficult to predict.

The fundamental level of acidity accessible in ILs is related
to the activity of protons, hence to the free energy of solvation
of protons in these solvents, Ay, G°(H").5° Data of free energy
of solvation for the proton in non-aqueous solvents, and
especially ILs, are still missing because their experimental
evaluation is not straightforward." Yet, according to the Hess
law shown in Fig. 1B, A,,G°(H') data for non-aqueous solvents
can be derived from the consensus value in water, taken as the
solvent of reference, with a free energy of solvation for protons
of —1112.5 kJ mol " (—265.9 kcal mol *)."° The key point is
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Fig.1 (A) Molecular structure of 1-alkyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide ionic liquids, where Y is the alkyl substi-
tuent that can be an ethyl, n-butyl of n-octyl group in this study. (B) Hess
cycle enabling to derive the free energy of solvation of the proton in an
ionic liquid from the free energy of solvation of the proton in water by
determining the free energy of transfer of the proton between the ionic
liquid and water. (C) Correlation between the pH scales in an ionic liquid
and water, enabling to use the pH-scale developed in water as a universal
pH scale.

estimating the free energy of transfer, A\G°(H"), corresponding
to the transfer of protons from water to the non-aqueous
solvents like ILs. Indeed, AG°(H") is related to the activity
coefficient of transfer, I'(H"), defined as the ratio of the relative
activities of the solvated protons in water, a(H")w, and in the IL,
a(H"y (eqn (1)).% By definition, the cologarithm of I'(H") also
expresses the shift between the relative acidity (pH) scales in
both solvents as shown in Fig. 1C."

0 H+) — a(H")w _ +
4,G°(H )_RTln(a(HﬂIL) RTInI'(H™) (1)

The difficulty in estimating the energy of transfer of protons,
either experimentally or by computation, relies in that the proton
carries a positive charge and therefore cannot be transferred
from one solvent to another without a counter-anion, which
itself is experiencing a change in solvation during the transfer.
As a consequence, the experimental estimation of I'(H') or
AG°(H") relies on extra-thermodynamic assumptions.®™>**
Hammett and Deyrupt proposed the Hammett acidity function,
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H,, defined by eqn (2), based on the protonation equilibrium of a
colored pH-reporter, chosen so that the transfer activity coeffi-
cients of the basic (R) and the acid forms (HR") of the pH-
reporter are equal.”® The extra-thermodynamic hypothesis
proposed by Hammett postulates that both forms are actually
experiencing the same change of solvation from water to the
non-aqueous solvent. While the method was proposed to
measure the acidity of concentrated solutions of sulfuric and
perchloric acids in water using nitroanilines by UV-Vis spectro-
scopy, the approach was extended and has become the reference
method to measure the acidity in non-aqueous solvents, includ-
ing ILs.">'*" In eqn (2), (pKar)w is the pK, of the pH-reporter
couple (HR'/R) determined in water, while the ratio of relative
activities of the acidic and basic forms of the pH-reporter are to
be experimentally determined in diluted solution in the non-
aqueous solvent. Since the acidity constant for an acid-
base couple in one solvent is defined by eqn (3), we can
demonstrate that the value of the H, is equivalent to the pH
value of the solution in the non-aqueous solvent, expressed
in the scale of pH developed in water (Fig. 1C), if we hypothe-
size that the activity coefficient of transfer of the acidic
form of the pH-reporter (HR') is identical to the activity
coefficient of transfer of the basic form of the pH-reporter
(R), as shown in eqn (4). The Hammett acidity function
extrapolated for a standard solution of H' in non-aqueous
molecular solvents (a(H');, = 1) enables estimation of the
I'(H") (eqn (5.5

Hy = (pKaRr)w — log (%) IL @
a(R)a(H")
Ka = a(HR™) ©)

H) = lim
a(H)y —1

(Ho) = —logI",(H). (5)

However, the method initially proposed by Hammett suffers
from a few limitations, especially in ILs, mainly due to the
choice of colored nitroanilines as pH-reporter. Indeed, the
nitroaniline conjugated n-system may induce specific interac-
tions with the aromatic rings of the IL’s cations, hence invali-
dating the extra-thermodynamic hypothesis. Also, different
colored pH-reporters followed by UV-Vis spectroscopy led to a
shifted value of H, indicating the presence of ion pairs in ILs
and leading to the experimental measurement of an apparent
acidity function, as suggested by Bruckenstein."”"® Comple-
mentary techniques to UV-Vis spectroscopy have been proposed
to extend the Hammett method to non-colored pH-reporters,
such as NMR measurements using mesityl oxide, or IR mea-
surements using pyridine or acetonitrile, but they are often
limited to qualitative acidity analyses.'*>"

In this paper, we proposed to study the acidity of three
imidazolium-based ILs ([BMIm]NTf,], [EMIm][NTf,] and
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[OMIm][NTf,]) by Raman spectroscopy using the 2,6-dichloro-4-
nitroaniline as a pH-reporter in comparison to data obtained by
UV-Vis spectroscopy. This approach was never attempted
before, even though Raman spectroscopy offers more flexibility
to meet the extra-thermodynamic hypotheses than UV-Vis
spectroscopy, as we described in this paper. The data obtained
enables us to discuss the influence of a longer alkyl chain
(octyl) on the imidazolium cations on the acidity experienced in
the corresponding IL.

Material and methods
Materials

All chemicals, either purchased or synthesized, were transferred
and handled under dry conditions (atmosphere water content
below 3 ppm) in an argon-filled glovebox. Bis(trifluoromethane-
sulfonyl)imide (HNTf,, 99%, TCI Chemicals) and 2,6-dichloro-4-
nitroaniline (96%, SigmaAldrich) were purchased and transferred
in the glovebox without further purification. N-Methylimidazole
(MIm, Sigma Aldrich, 99%) was distilled once under vacuum
(1072 mbar) on KOH (Sigma Aldrich). 1-Bromoethane, 1-
bromobutane and 1-bromooctane (TCI Chemicals, >99%), ethyl
acetate (AE, Fisher Chemical, >99.8%), acetonitrile (AN, Fisher
Chemical, >99.9%) were distilled twice in the open air on P,0O5
(VWR Chemicals, >82%). The 1-bromooctane was distilled under
reduced pressure due to its high boiling temperature. Dichloro-
methane (DCM, Acros Organics, >99.8%) and methanol
(MeOH, Fisher Chemical, >99.8%) were once distilled at atmo-
spheric pressure. Deionized water was distilled three times on
quartz. Commercial 1-butyl-3-methylimidazolium Bis(trifluorome-
thanesulfonyl)imide ([BMIm]NTf,], 98%, TCI Chemicals) was
dried under vacuum (10~ > mbar) at 50 °C for 36 hours before
being transferred in the glovebox. Three imidazolium-based ionic
liquids were synthesized (as described in the ESIt) to study the
influence of the hydrophobicity on the acidity of the medium with
the same anion: 1-ethyl-3-methylimidazolium bis(trifluoro-
methanesulfonyl)imide ([EMIm][NTf,]), 1-butyl-3-methylimida-
zolium Dbis(trifluoromethanesulfonyl)imide ([BMIm][NTf,], to
be compared with the commercial product), and 1-methyl-3-oc-
tylimidazolium bis(trifluoromethanesulfonyl)imide ((OMIm]|NTY,]).

Solutions

For each ionic liquid studied in this paper, a series of acidic
solution of HNTf, in the ionic liquid (either [BMIm][NTf,],
[EMIm][NTf,] or [OMIm][NTf,]) were prepared by dissolving
the right amount of HNTY, directly in the ionic liquid or in a
solution of the pH-reporter in the ionic liquid. The preparation
of all solutions studied in this paper is detailed in the ESL ¥

Methods

Raman spectra were obtained directly in the ionic liquid
solutions kept under argon atmosphere using a Labram 300
Raman spectrometer (Horiba) interfaced with a 532 nm DPSS
laser (input power on the sample 40 mW) and with a 90° angle
objective. The spectra were recorded in the Raman wavelength
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shift ranging from 200 to 3600 cm™ " with an acquisition time
typically of a few seconds. Since the addition of HNTf, in the
solution led to the observation of a fluorescent background, the
Raman spectra were baseline corrected using a polynomial of
the 4th order in the entire range of Raman wavelength shift.
The data processing is further described in the ESL ¥

Molecular absorption spectra in the ultraviolet-visible
(UV-Vis spectroscopy) were obtained using a Lambda 25 UV-Vis
spectrophotometer (PerkinElmer) in the wavelength region
between 300 and 700 nm. The spectra were obtained using a
TrayCell (Hellma Analytics) with a 10x factor mirror.

Determining the Hammett acidity function

It has been proposed that the determination of the Hammett
acidity functions can be used to determine the Brgnsted acidity
of ionic liquids,* but only a few literature studies report Hy
values for ILs. The H, value of a solution of pH-reporter can be
calculated from eqn (2), knowing that the pK, of the 2,6-
dichloro-4-nitroaniline in water is —3.32° and by estimating
the degree of protonation of uncharged 2,6-dichloro-4-nitro-
aniline (xg). Indeed, for diluted solutions, the relative activity of
a solute equals its molar concentration, in which case the ratio
of relative activities in eqn (2) can be estimated from spectro-
scopic data as described in eqn (6), where xi is the molar
fraction of the basic form of the pH-reporter (R), (1 — xg) is the
molar fraction of the acidic form of the pH-reporter, I is
the intensity measured for the solution, Iz is the intensity
measured for the solution for which all pH-reporter molecules
are in the basic form, and Ig- is the intensity measured for the
solution for which all pH-reporter molecules are in the acidic
form. Eqn (2) can therefore be rewritten as eqn (7).

a(HR*)ilfoi IR*I
a(R) o XR 7171HR+

(6)

Hoy = (pKAﬁR)W—log([ITlI:]ﬂ)IL: 332+ log( 1 foR> 7)

Results and discussion

Raman spectra of [BMIm][NTf,] and solution of 2,6-dichloro-4-
nitroaniline

Typical Raman spectra obtained for the pure ionic liquid
[BMIm][NTf,] and the solution of the pH-reporter 2,6-di-
chloro-4-nitroaniline in [BMIm|[NTf,] are shown in Fig. 2. In
that range of wavelength shifts, the ionic liquid contributes
to the spectrum by both its cation (BMIm") and anion (NTf, ).
The main contributions of the imidazolium are located at
1026 cm ™' (attributed to the stretching of the CN and the
bending of the CNC from the aromatic ring), 1341 cm ™"
(attributed to the in phase stretching of the CN-Cyjiyis) and
1421 em ™' (attributed to the asymmetric stretching of the CNC
from the aromatic ring and the in phase bending of the CN-
Caikyis)- The main contributions of the bistriflimide are located
at 743 cm™' (symmetric stretching of the SNS), 1138 cm ™"
(attributed to the in plane symmetric stretching of the OSO)

This journal is © the Owner Societies 2024


https://doi.org/10.1039/D3CP04741E

Published on 04 January 2024. Downloaded on 12/7/2025 2:18:03 PM.

(b)

Paper

T T ©° w\ - — o| —

o hond [\ o < <t Ual o

< wy (=3 — o [5e) [3e] <

~ ) = — o Srg s
-~
=
<
N’
~
=

17 (©)
gz U ]

)
~—
=
B
=
=
g
<
=4

_.A/\,/j ©
=N\ : |

T T

800 1000 1200 1400 1600

Wavenumber, @ (cm'l)

Fig. 2 (a) Raman spectrum obtained for the pure [BMIm][NTf,], (b) Raman
spectrum obtained for the solution of the pH-reporter 2,6-dichloro-4-
nitroaniline in [BMIm][NTf,] with a concentration of 51.17 mM, and
(c) Raman spectrum of the pH-reporter 2,6-dichloro-4-nitroaniline in
[BMIM][NTf,] obtained by subtracting the spectrum (a) from spectrum
(b). Dotted lines indicate the main Raman bands for the pH-reporter 2,6-
dichloro-4-nitroaniline in red and the [BMIM][NTf,] in green.

and 1244 cm ' (attributed to the symmetric stretching of
the CF3).>* All observed Raman bands associated to the bistri-
flimide anions are sensitive to the addition of HNTf,, acting as
a strong acid in [BMIm][NTf,]. The Raman bands of the bistri-
flimide experience a shift in position upon protonation as
discussed in the next section and shown in Fig. 3A.

When the pH reporter 2,6-dichloro-4-nitroaniline is added to
the [BMIm][NTY,], additional signals are observed at 1359 cm ™"
(attributed to the symmetric stretching of the nitro substituent)
and at 851 cm™ " (attributed to the elongation of the CN bonding
the nitro substituent to the aromatic carbon) as shown in Fig. 2.
Both signals tend to disappear when the pH reporter is proto-
nated. While only the Raman band at 851 cm ™' appears as
isolated from any contribution from the solvent, the band at
1359 cm™ " is five times higher in intensity and is readily isolated
by decomposing the spectrum with two Voigt profiles (hybrid
Gaussian-Lorentzian profiles) between 1320 and 1380 cm ™" (see
Fig. 4). That band will be followed to derive the value of the
Hammett acidity function by Raman spectroscopy.

Solvation number of protons in [BMIm][NTf,]

As shown in Fig. 3A, upon protonation of the amine of the
pH-reporter following the addition of HNTf, (a strong acid) in
the medium, the band at 743 and 1244 cm ™! of the IL are red-
shifted to 766 and 1255 cm~' respectively, and to a lesser
extent, the band at 1138 cm ™' is blue-shifted to 1135 cm ™.
The molar fraction of free NTf,  anion in regards to the total
amount of bistriflimide (either from the ionic liquid or the
added HNTTf,) can be determined by following the intensities of
the Raman band at 743 cm ™' (associated to the deprotonated
bistriflimide) and 766 cm ™' (associated to the bistriflimide
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acid) and knowing that the bistriflimide acid is 1.11 more
Raman active than the bistriflimide anion. As shown in
Fig. 3B, the molar fraction of free NTf,  decreases linearly
when the molar fraction of HNTf, in the medium increases,
with a unitary slope of —0.99 + 0.02. This behavior is consistent
with a solvation number for protons of one. Indeed, when one
proton is added to the medium through the dissociation of
HNTf,, it only consumes one NTf, . Would the solvation of
proton involve two NTf, , the slope would be —2 as drawn in
Fig. 3B. That result indicates that the ionic liquid as solvent
stabilizes the proton to a lower extent than water, in which the
proton is coordinated by 6 molecules of water in the first sphere
of solvation (although the molecules of water fast rearrange
themselves).”® As a consequence, the proton would have a
greater ability to react with bases in [BMIm][NTf,] that is less
solvating, which is consistent with the super-acidity experi-
enced in ionic liquids.

Hammett acidity function in commercial [BMIm][NTf,] by
Raman spectroscopy

The Raman spectra recorded for the solutions of 2,6-dichloro-4-
nitroaniline (51.17 mM) in the [BMIm][NTf,] when the concen-
tration of HNTI, is increased are presented in Fig. 4A. The
intensity of the Raman band of the basic form of the 2,6-
dichloro-4-nitroaniline decreased as the quantity of HNTf,
increased. Indeed, as the strong acid HNTf, dissolved in the
ionic liquid, acidic protons are liberated in the solution, and
can react with the basic form of the pH-reporter (R). However, a
small amount of these protons will also react with basic
impurities present in the ionic liquids. Indeed, imidazolium-
based ionic liquids often contain residues of unreacted pre-
cursors, such as imidazole or halide (either chloride or bro-
mide), as well as traces of solvent, such as water, all of which act
as basic impurities in ionic liquids. Fig. 4B shows the evolution
of the ratio of the molar fraction of the acidic form (1 — xg) and
basic form (xz) of the pH-reporter as a function of the added
concentration of HNTf, (Cy,) in the [BMIm][NTf,]. According to
eqn (8), where xy is the molar fraction of the basic form of the
pH-reporter, K, r is the acidity constant for the pH-reporter in
the considered solvent, Cy, is the concentration of the added
strong acid (here HNTf,) and Ciy,p, is the concentration of basic
impurities in the ionic liquid, a straight line was drawn through
the experimental data. The slope of the straight line enables to
estimate the acidity constant of the 2,6-dichloro-4-nitroaniline
to be 15 £ 1, which corresponds to a pKj, value of 1.17 £ 0.03.
The intercept enables to estimate the concentration of basic
impurities in the concentrated solution of 2,6-dichloro-4-
nitroaniline in [BMIm][NTf,] to 15 + 6 mM. The experimental
data corresponding to the solution with a concentration of
HNTf, of 13.8 was discarded (in red in Fig. 4B), since that
concentration did not suffice to neutralize all basic impurities.

l—XRi 1

= T (G = Cin) )

Finally, the values of H, calculated from the Raman spectra
as a function of the cologarithm of the HNTf, concentration,
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the Raman bands associated with the protonated HNTf,. (B) Evolution of the free NTF,™ as determined by Raman spectroscopy versus the molar fraction
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Fig. 4 (A) Raman spectra obtained for the solutions containing 51.17 mM of the pH-reporter 2,6-dichloro-4-nitroaniline in the commercial
[BMIM]INTf,], with increasing amounts of HNTf,. Experimental data are shown as grey circles, Voigt-fitted data are shown as plain lines. (B) Evolution
of the ratio of the molar fraction of the acidic (1 — xg) and basic (xg) forms of the 2,6-dichloro-4-nitroaniline calculated from the Raman spectra as a
function of the added concentration of HNTf, (Cia). (C) Hg values calculated from Raman data as a function of the cologarithm of the concentration of

HNTf,, corrected for the basic impurities (Ci, ).

corrected to take the neutralization of the basic impurities into
account, are shown in Fig. 4C. The values follow a linear model,
with a unitary slope as proposed by the Hammett acidity
function (eqn (7)). The intercept, extrapolated for a standard
solution of proton (ay: = 1, log ay-+ = 0), is equal to Hy = —5.2 +
0.2. The negative value obtained here indicates that, for an
identical chemical potential for the proton, the relative activity
of the proton in the [BMIm][NTf,] is higher than the relative
activity of the proton in water. In other word, for an identical
amount of proton in [BMIm][NTf,] or in water, the proportion
of reactive proton will be higher in [BMIm][NTf,] than in water.
The value of Hj corresponds to a free energy of transfer for
protons AG° of 30 + 1 kJ mol !, which is positive,

2940 | Phys. Chem. Chem. Phys., 2024, 26, 2936-2944

demonstrating that the protons are less solvated in the
[BMIm]|[NTf,] than they are in water.

Hammett acidity function in commercial [BMIm][NTf,] by
UV-Vis spectroscopy

We confronted the values obtained for the Hammett acidity
function derived from Raman data, with data derived from UV-
Vis spectroscopy (method of reference). The UV-Vis spectra
recorded for the diluted solutions of 2,6-dichloro-4-nitro-
aniline (531.3 uM) in [BMIm][NTf,] when the concentration of
HNTf, is increased are presented in Fig. 5A. UV-Vis data were
obtained for the diluted solutions of pH-reporter to avoid
the saturation of the signal of the 2,6-dichloro-4-nitroaniline.

This journal is © the Owner Societies 2024


https://doi.org/10.1039/D3CP04741E

Published on 04 January 2024. Downloaded on 12/7/2025 2:18:03 PM.

Paper

The intensity of the absorption band of the basic form of the
2,6-dichloro-4-nitroaniline decreased as the quantity of HNTf,
increased. Fig. 5B shows the evolution of the ratio of the molar
fraction of the acidic form (1 — xg) and basic form (xg) of the pH-
reporter as a function of the added concentration of HNTT, (Cya)
in the [BMIm][NTf,]. Here again, a straight line was drawn
through the experimental data, the concentration of basic impu-
rities in the [BMIm][NTf,] was determined to be 15 + 2 mM, and
the acidity constant of the 2,6-dichloro-4-nitroaniline in the
[BMIm][NTf,] was determined to be 12 + 1, which correspond
to a pK, value of 1.08 + 0.04. The experimental data corres-
ponding to the solution with a concentration of HNTf, of 6.5 was
discarded (in red in Fig. 5B), since that concentration did not
suffice to neutralize all basic impurities. The values of H,
calculated from the UV-Vis spectra as a function of the cologa-
rithm of the HNTf, concentration, again corrected to take the
neutralization of the basic impurities into account, are shown in
Fig. 5C. The H{ value of —5.3 + 0.3 was extrapolated for a
standard solution of proton (ay+ = 1, log ay+ = 0). This value
corresponds to a free energy of transfer for protons A.G° of 30
2 k] mol ™, which is statistically equivalent of the value derived
from Raman data. This result demonstrates that the Hammett
acidity function can be measured by Raman spectroscopy,
directly in the ionic liquid, and even if it requires a 100 time
more concentrated solution of the pH-reporter. The concen-
tration of pH-reporter in the range between 0.5 to 50 mM does
not significantly impact the estimated value of the activity
coefficient of transfer of protons in [BMIm][NTf,]. Actually, even
at a concentration of 50 mM, the pH-reporters are surrounded by
molecules of solvent that are present in excess (~ 70 equivalent)
compared to the nitroanilines, preventing m-stacking interac-
tions between the pH-reporters.

Hammett acidity function in synthetized [EMIm][NTf,],
[BMIm][NTf,] and [OMIm][NTf,] by Raman spectroscopy

The values of the Hammett acidity function, H,, were also
calculated from the Raman spectra of acidic solutions of the
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pH-reporter 2,6-dichloro-4-nitroaniline in the three synthesized
ionic liquids: [EMIm][NTf,], [BMIm][NTf,] and [OMIm][NTf,],
with a different alkyl substituent on the imidazolium, respec-
tively ethyl, butyl and octyl, but all sharing the same bistriflimide
anion coordinating the protons. The H, values calculated as a
function of the cologarithm of the HNTf, concentration, are
shown in Fig. 6. The spectra, the determination of the basic
impurities and the individual Hammett plot are shown in ESIL.{
The derived pK, value for the HR'/R couple, the intercepts, Hy
extrapolated for a standard solution of proton, as well as the
corresponding free energy of transfer of protons are summarized
in Table 1. As shown in Fig. 6, the values obtained for the H,
versus the cologarithm of the strong acid concentration follow a
linear function with a unitary slope, but different Hy values are
obtained for the three ILs. Both [EMIm][NTf,] and [BMIm][NT{,]
are characterized with the same statistic value of Hy (—4.65 + 0.2
in average), while the [OMIm][NTf,] is characterized with a less
negative value (—4.4 £ 0.1), indicating that the [OMIm][NTf,] is
actually less acidic than the two others ILs. Actually, this
indicates that the Hammett acidity function is very sensitive,
as a shift of 0.2 of H, corresponds to a change of free energy of
only 0.3 kcal mol™' (~1.1 k] mol™"). Yet, that shift is to be
related to a change of solvation in the solvent. Indeed, this shift
cannot be associated with the basic behavior of the pH-reporter,
as the concentration of the pH-reporter for the solutions in
the [OMIm]|[NTf,] is lower compared to the concentration of
pH-reporter for the solutions in either the [BMIm][NTY,] or the
[EMIm][NTf,]. Likewise, the shift of H, cannot be linked to the
presence of basic impurities. While the [OMIm][NTf,] is more
viscous than the [BMIm|[NTf,] or the [EMIm][NTf,], due to the
octyl chain that confers an oily texture to the solvent (which may
require a longer purification process to remove the non-reacted
precursors such as imidazole or water), the concentration of
basic impurities was determined to be lower in [OMIm|[NTf,]
than in the other ILs. Actually, we suggest that the lower acidity
measured in the [OMIm][NTf,] is the consequence of the hydro-
phobic ion pairing® following the destabilization of the free

=
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Fig. 5 (A) UV-Vis spectra of the solutions containing 531.5 uM of the pH-reporter 2,6-dichloro-4-nitroaniline in the commercial [BMIm][NTf,], with
increasing amounts of HNTf,. Experimental data are shown as grey circles, Gaussian-fitted data are shown as plain lines. (B) Evolution of the ratio of the
molar fraction of the acidic (1 — xg) and basic (xg) forms of the 2,6-dichloro-4-nitroaniline calculated from the UV-Vis spectra as a function of the added
concentration of HNTf, (Cua). (C) Ho values calculated from UV-Vis data as a function of the cologarithm of the concentration of HNTf,, corrected for the

basic impurities (Cj,)-
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Fig. 6 Hq values obtained from Raman data for the synthetized ILs as a
function of the cologarithm of the concentration of HNTf,, corrected for
the basic impurities (Cj;, ). (Blue dots) data obtained for [BMImIINTf,] by
Raman spectroscopy with [Rlg = 74.22 mM, (green dots) data obtained for
[EMIM]INTf,] by Raman spectroscopy with [R]lg = 79.17 mM, (red dots) data
obtained for [OMIm][NTf,] by Raman spectroscopy with [Rlg = 65.87 mM.
The linear regressions are shown as dashed lines.

charged proton, which is therefore more stabilized by ion pairing
with the NTf, . Indeed, the [OMIm][NTf,] is more hydrophobic
than the other ILs due to the octyl substituent on the imidazo-
lium. However, in terms of energy, the experimental shifts
observed are low and the free energies of transfer for protons
from water to these ILs are similar as shown in Table 1. The
similarity indicates that the solvation of protons is not promi-
nently sensitive to the molecular structure of the imidazolium
cation, even though the presence of a long alkyl chain on the
cation decreases slightly the acidity experienced in the medium.

Discussion

For the first time, we demonstrated that the Hammett acidity
function can be determined in non-protic imidazolium-based
ILs by Raman spectroscopy instead of UV-Vis spectroscopy,
using the same nitroaniline pH-reporter. This result is particu-
larly interesting as Raman spectroscopy (based on the inelastic
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scattering of monochromatic light by vibrating molecule) is not
limited to the use of colored pH-reporters, therefore extending
the range of pH-reporters that might be deployed for estimating
the Hammett acidity function in ILs beyond the nitroanilines,
as initially proposed by Hammett and Deyrup as pH-reporter.
Actually, in aromatic imidazolium-based ILs, n-stacking between
the imidazolium and the nitroanilines are likely to occur, which
may invalidate the extra-thermodynamic assumption behind the
Hammett acidity function (i.e. that both forms of the pH-reporter,
R and HR', are experiencing an identical change of solvation
when transferred from water to the ionic liquid). Raman spectro-
scopy offers the possibility to work with non-aromatic bulky
pH-reporter, where the charge will be less accessible to the solvent
molecules, better meeting the extra-thermodynamic require-
ments. Besides, Raman spectroscopy will also enable studying
the acidity of colored mediums, which is less straightforward by
UV-Vis spectroscopy, hence allowing, for instance, in situ kinetics
measurements of the acidity evolution during a chemical process
producing or consuming protons.

Raman spectroscopy also offers the capability to inform on
the coordination of the protons by the anions of the ILs, which
is not feasible with UV-Vis spectroscopy. In this study, we
measured that the solvent number for the proton in 1-alkyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide ILs is
one. As a consequence, the protons in these ILs will demon-
strate a greater ability to react with bases than protons in water
(solvent number of 6), which translates into the more acidic
behavior of these ILs in comparison to most molecular sol-
vents. This also corroborates with the positive values obtained
for the pK, g determined in the four ILs studied here. All pK,
values associated to the pH-reporter 2,6-dichloro-4-nitroaniline
were higher than the pK,r value in water (—3.32), indicating
that the 2,6-dichloro-4-nitroaniline is less acidic in the ILs than
in water, due to the solvent leveling effect and possible ion
pairing that have been suggested in ILs.** However, resolving
the contribution of the solvent leveling effect and the ion
pairing effect on the pK,r values is not straightforward and
would require to study a series of homologues pH-reporters in
various ILs. Also, variation of temperature of a few degrees can
lead to a variation of the pK, for a weak acid, such as the 2,6-
dichloro-4-nitroanilinium, as a weak acid tends to dissociate
more if the thermal vibration energy increases.>

The Hammett acidity functions calculated for the synthe-
tized ILs by Raman spectroscopy are shifted to less negative
values compared to the Hammett acidity function calculated
for the commercial [BMIm][NTf,], as shown in Fig. 6. Only the

Table 1 Summary of the pK, obtained for the pH-reporter 2,6-dichloro-4-nitroaniline couple (HR*/R), the HS values obtained by Raman spectroscopy
and the corresponding A.G°(H") at 298 K. The free energy of solvation of protons in the ionic liquids, A, G°(H*) were calculated taking the consensus
value of —1112.5 kJ mol™ for the free energy of solvation of protons in water at 298 K. [Rlg is the concentration of pH-reporter in the solutions

AG°(HY) AsoryG°(H")
Solvent Data set pK,(HR'/R) HJ (k] mol™ ") (k] mol ™)
[BMIm][NTf,] Commercial IL, [R], = 51.17 mM 1.17 + 0.03 —5.2 £ 0.2 30+1 —1083
[BMIm][NTf,] Synthetized IL, [R], = 74.22 mM 1.66 + 0.06 —4.7 £0.2 27 +1 -1086
[EMIm][NTE,]| Synthetized, [R], = 79.17 mM 1.64 + 0.03 —4.6 + 0.1 26.2 + 0.6 ~1086
[OMIm][NTH,] Synthetized, [R], = 65.87 mM 1.76 + 0.02 —4.4+0.1 25.1 + 0.6 ~1087
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solvents (with their intrinsic concentration of basic impurities)
are different between these series of data, the pH-reporter and
the HNTTf, were identical. Therefore, the shift observed between
the synthetized ILs and the commercial [BMIm][NTf,] must be
related to the solvent and may have several origins. First, the
shift might be due to the presence of a higher amount of basic
impurities in the synthesized ILs than in the commercial
[BMIm][NTf,], which is not likely as the global concentration
of basic impurities was determined to be lower or similar in the
synthesized ILs and in the commercial [BMIm][NTf,]. Second,
the shift of H, can also be related to the amount of pH-reporter,
which is added in the ILs as the basic form. Indeed, the
concentration of pH-reporter are slightly higher in the synthe-
tized ILs than in the commercial [BMIm][NTf,]. However, this is
dubious as the amount of pH-reporter did not influence the
value of H, determined in the same commercial [BMIm][NTf,]
either by UV-Vis spectroscopy or Raman spectroscopy, even
if the pH-reporter concentration was 100 times higher for
solutions analyzed by Raman spectroscopy. Also, the amount
of pH-indicator in the synthesized [OMIm][NTf,] was lower
than the concentration of pH-reporter in the other synthetized
ILs. As discussed above, the shift of H, values observed for the
synthesized [OMIm][NTf,] is more likely due to hydrophobic
ion pairing. Indeed, the formation of ion pairs between the
protons and the basic form of the pH-reporter can induce a
positive shift of the H, values as described by Bruckenstein
when several pH-reporters are used in the same medium.'®
Actually, ion pairing can be the cause of the experimental shift
observed for the commercial and the synthetized [BMIm][NTf,].
The ILs are identical and so is the pH-reporter, but the nature
of the basic impurities happened to be different. The commer-
cial [BMIm][NTf,] contained water as the basic impurities,
while the basic impurity in our synthesized ILs was residual
imidazole (as was shown by NMR). Since the basicity of
imidazole is higher than the basicity of water in the IL, by
leveling effect, the presence of imidazole in the ILs may induce
some ion pairing, leading to an apparent Hammett acidity
function. Finally, the Hammett acidity function is sensitive to
temperature fluctuation, as the H, values are equivalent to the
pH in the ILs, expressed as the corresponding pH that an
aqueous solution would exhibit. Indeed, according to the
Henderson Hasselbalch equation, an increase of pH can be
caused by an increase of pK, due to thermal fluctuation
between measurements.

Despite the slight shift observed for the Hammett acidity
functions determined for the commercial and synthetized ILs,
the free energy of transfer for the protons, AG°(H'), from
water to the ILs was estimated to be in the range between
25 and 30 k] mol " (7 to 8 kecal mol "), which is higher than the
energy of transfer experienced by the protons in protic molecular
solvents (e.g. methanol, ethanol) and closer to the free energy of
transfer experienced by proton in non-protic molecular solvents
(e.g. dimethyl sulfoxide).”'** The values obtained for the activity
coefficient of transfer by Raman spectroscopy are in agreement
with previous data derived from UV-Vis and electrochemical mea-
surements in [BMIm]|[NTf,].*>"” From the consensus value of the
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free energy of solvation for protons in water (—1112.5 k] mol~" or
—265.9 keal mol™"), the free energy of solvation for protons in
the ILs 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-
imide ILs ranges from —1083 to —1087 kJ mol * (or from —258.7 to
—259.9 kecal mol™") for the commercial [BMIm][NTf,] and the
[OMIm][NTf,] respectively.

Conclusions

In this article, the determination of the Hammett acidity
functions and the free energy of solvation of protons in ionic
liquids was successfully implemented using, for the first time,
Raman spectroscopy. We demonstrated that the data obtained
by Raman spectroscopy led to an identical value of free energy
of transfer of protons from water to the studied ILs to the value
obtained using the UV-Visible spectroscopy, which is the refer-
ence method. We demonstrated that the amount of nitroani-
line pH-reporter does not influence the value of the free energy
of transfer, if present at a concentration below 50 mM in the
ILs. We determined that the free energy of solvation of protons
in three 1-alkyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imides were very close to each other, between —258.7
to —259.9 kcal mol ', indicating that the protons are less
solvated in ILs than in water by an energy of 6 to 7 keal mol ',
which is why these ILs are super-acidic media. We also show
that the method is very sensitive, and a shift of free energy of
transfer as low as 0.6 kcal mol ™' can be measured, enabling us
to describe that while the energy of solvation of protons is not
prominently sensitive to the molecular structure of the imida-
zolium cation, the [OMIm][NTf,] was less acidic than its two
other counterparts, which is believed to originate from hydro-
phobic ion pairing between the charged proton and the bistri-
flimide anion. The successful use of Raman spectroscopy to
derive the Hammett acidity function in ILs paves the way to the
analysis of new mediums, such as colored solutions, which is
not possible in UV-Vis spectroscopy. Raman spectroscopy also
enables extension of the range of molecular pH-reporters
beyond the nitroanilines, better meeting the extra-thermo-
dynamic requirement, as nitroanilines might develop more
specific interactions in the ILs than in molecular solvents. Also,
Raman spectroscopy offers the possibility to determine the
solvation number of the protons, which is equal to one in these
ILs, as described in this paper.
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