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Abstract: To quantify the properties of protic ionic liquids
(PILs) as acid-base reaction media, potentiometric titrations
were carried out in a neat PIL, ethylammonium nitrate (EAN).
A linear relationship was found between the 14 pK, values of
12 compounds in EAN and in water. In other words, the
pK, value in EAN was found to be roughly one unit greater
than that in water regardless of the charge and hydrophobicity
of the compounds. It is possible that this could be explained by
the stronger acidity of HNO; in EAN than that of H;O" in
water and not by the difference in the solvation state of the ions.
The pH value in EAN ranges from —1 to 9 on the pH scale
based on the pH value in water.

P rotic ionic liquids (PILs) function as H' carriers and/or
reservoirs for dissociable hydrogen ions (H') and have
several industrial applications, for example in fuel cell
electrolytes. In some PILs, protons are considered to be
transferred through a proton-hopping mechanism.! For
organic syntheses, PILs exhibit the desirable properties of
ionic liquids, such as a negligible volatility and thermal and
chemical stability. In addition, PILs themselves can act as the
catalyst in acid-catalyzed reactions, where the Brgnsted/
Lewis acidity of the PILs determines the reaction pathway
and the catalytic activity.?! However, few reported studies
have addressed the acid-base properties of PILs.

Acid-base reactions are of general interest across the field
of chemistry because the reactant is reversibly charged or can
be neutralized by H" association or dissociation, drastically
changing its reactivity or behavior. Thus the acid-base
properties of PILs have attracted attention as a key character-
istic of the compounds.”! Although there are certain studies
evaluating experimentally the acid-base equilibria in ionic
liquids, it remains difficult to compare directly the pH value
in a PIL with that in water. This is mainly due to the wide
pH range, from acidic to basic, caused by autoprotolysis,
a unique equilibrium in amphoteric solvents such as PILs. To
determine the pH value particularly in H"-deficient solutions,
the autoprotolysis constant have been already determined in
some PILs.P™
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The purpose of this study is to establish a pH scale that is
universally applicable to protic solvents, both molecular and
ionic. To do this, we determined 14 acid dissociation constants
of 12 compounds in the neat PIL ethylammonium nitrate
(EAN) by means of potentiometric titrations with a hydrogen
electrode. EAN was described first in 1914 and is considered
a typical PIL whose physicochemical properties are the most
widely understood. Many thorough investigations, from the
macroscopic’” to the molecular level, 'Y indicated that EAN
provides water-like solvation conditions. As an acid-base
medium, its autoprotolysis constant was experimentally
determined by us®”! and by Letellier et al.®! In the present
study, we investigate the pH scale in EAN with respect to the
unified pH scale based on water. This enables us to compare
the pH values, or the H" activity, directly between EAN and
water.

Figure 1 shows the potentiometric titration curve of acetic
acid (AcOH) titrated with propylamine in EAN as the
solvent. The dotted line is the calculated curve for the
titration of acetic acid with NaOH in water evaluated by using
the value of pK,=4.76. Clearly, the experimental titration
curve is systematically shifted towards higher pH values. In
addition, a less sharp jump in the pH value was detected at the
neutralization point than that in water. These facts indicate
that acetic acid behaves as a weak acid. A least-squares
analysis was done to obtain the pK,value (K,=[AcO7]-
[H*]/[AcOH]) of 5.45 (30 =0.03, Hamilton R factor =0.5%),
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Figure 1. Typical potentiometric titration curve in EAN as the solvent,
in which acetic acid is titrated with propylamine as the base. Titrations
were carried out three times. The solid line is the calculated titration
curve obtained using the pK,**" value determined in this work. The
dashed line is the theoretical titration curve of the same acid when the
solvent is water titrating with NaOH.
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which is 0.69 logarithmic units greater than that in water. The
solid line is the calculated curve based on the finally obtained
pK,value. As all experimental points were sufficiently
reproducible, the acid dissociation equilibrium of acetic acid
in EAN can be clearly described by a single equilibrium
constant. Even though physicochemically predictable, this is
experimentally confirmed by tracing the acid-base equilibria
through the potentiometric titration.

Next, 14 pK, values of the 12 compounds were obtained
and listed in Table S1 in the Supporting Information. In all
cases, the titration curves can be satisfactorily explained by
one (or two) acid dissociation constants. In Figure 2, the

Figure 2. Relationship between acid dissociation constants in EAN
(PK,AY) and in water (pK,"). 1=acetic acid; 2 =chloroacetic acid;

3 =dichloroacetic acid; 4 =trichloroacetic acid; 5=benzoic acid; 6,
and 6, = phthalic acid; 7=glycin; 8 =-alanine; 9=-alanine;

10 =adenine; 11, and 11, = phosphoric acid; 12 =trifluoroethylamine.
See the text for the grouping of the symbols. The line indicates where
pK,EAN =pK, Y +1.

pK,F*N value (pK, in EAN) is plotted against pK," (pK, in
water), where pK, is classified into three groups. Group 1
(indicated by squares in Figure 2) reflects the dissociation of
a neutral compound (HA—H'+ A™; HA =CH;COOH,
CH,CICOOH, CHCLCOOH, CCL,COOH, phthalic acid,
benzoic acid, and H;PO,). The empty symbols correspond
to compounds having an aromatic ring, presumably hydro-
phobic. Group 2 (denoted by circles) reflects the dissociation
of a monoanion (HA™—H" 4 A?"; HA™ =hydrogen phtha-
late and H,PO,"). Group 3 (triangles) indicate the dissocia-
tion of a cation, which includes the conjugate acid of the
zwitterion (HB*—H" 4 B or B*; B = adenine, CF;CH,NH,;
B* =glycin, a-alanine, f-alanine, respectively). When the
charge on the compounds decreases by acid dissociation, the
compounds of group 1 are ionized, those of group 2 become
more negatively charged, and those of group 3 lose their
positive charge. If the cation and anion are preferentially
solvated by different species in an EAN, unlike in water, the
pK, value would be expected to show a significant change
depending on the group, because the charge on the species
differs from each other. In contrast, Figure 2 shows that all
experimental pK,**N versus pK,V points roughly fall on one
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straight line, without a systematic deviation among the
groups. This suggests that the pK, increase in EAN is
mainly due to the stronger acidity of EAN compared to that
of water, while the effect of solvation is negligible. For further
discussion, please refer to the Supporting Information.

The line in Figure 2 indicates where pK,**~ =pK," + 1.
Therefore, the pK, value in EAN is likely to be greater by one
unit. A few exceptions should be pointed out, that is, the
pK, values of zwitterions are shifted slightly to higher values,
and the larger pK, values tend to shift to lower values. As
a result, EAN is one pHunit more acidic than water
(corresponding to ten times greater activity). This could be
explained by the fact that HNOj is the probable form of the
solvated H* in EAN, which behaves as a strong acid in water.

With regard to base dissociation constants (pKy), the
value is given through pK,+ pK,=pK.p Where K,p is the
autoprotolysis constant (pK,p = —logK ,p). If we assume that
pKap =14 in water and pK,p =10 in EAN (9.83 in fact)!®! for
simplicity, the fact that the pK,®*" value is always one unit
greater than pK," suggests that the pK,**" value is five units
smaller than the pK," value. This means that the basicity of
EAN is 5 pH units weaker, or the activity of C,H;NH, (the
probable active base in EAN) is weakened to 1/100000 of that
of OH™ in water. As C,H;NH, acts as a H* acceptor in a base
dissociation reaction in EAN, this is acceptable because
C,H,NH, is a weak base (pK, = 10.63) in water. In conclusion,
EAN is a solvent with stronger acidity and weaker basicity
than water.

A common pH axis is convenient means to consider the
ionization behavior of a certain acid (or base) in EAN.I?
Figure 3 shows the pH windows of EAN and water lying on

EAN
0 5|PKa 10
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Figure 3. The pH value windows of EAN (upper) and water (lower) on
the water-based pH scale. The blank and shadowed areas represent
the acidic and basic regions, respectively. The arrows indicate the

pK, values in each solvent.

the water-based pH scale. The blank and shadowed areas
represent acidic and basic regions, respectively. The scale on
the EAN window is the pH value that is available only in
EAN; in other words, the pK,F*" values are unique in EAN.
The arrows indicate that pK," =4.76 for acetic acid in water
and pK,**N =5.45 in EAN. The shift in the pK, value could be
explained by the arrangement of the EAN pH window on the
water-based pH scale (see also a gas-based “unified pH
scale”!). It is worth noting that the pK,"*N value is within
the basic region, which indicates acetic acid acts as a slightly
weak acid in EAN, like phenol in water, for example.
Considered from another standpoint, the pH window char-
acterizes the acid-base nature of the solvent. Under neutral
conditions, the pH value of EAN is pK,p/2=5, at the
midpoint of the window. This point, however, corresponds
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to pH =4 on the water-based pH scale, which is mildly acidic.
Therefore, EAN can be classified as an acidic solvent, whose
acidity is 3 pH units higher than that of water.

This study demonstrates that the potentiometrically
determined pK, value in a PIL is linearly related to that in
water over a wide pHrange. Accordingly, we align the
pH window of EAN with the water-based pH scale. The pH
window may help refine the conditions for using a PIL for
acid-catalyzed reactions and estimate the active species under
a given set of conditions. The respective edge values of the
window are shown to be governed by the acidity of HNO; and
the basicity of the C,H;NH, unit of EAN. Therefore, the acid-
base properties of PILs can be tuned by choosing appropriate
constituent ions. Although the stronger acidity of EAN
compared to that of water could be attributable to the
stronger H' activity in EAN than that in H;O", the true
solvation state and the structure of H" in EAN should be
assessed at the molecular level, a discussion which is still
ongoing even in water.['¥]

Experimental Section

EAN was prepared from aqueous ethylamine and nitric acid.l'! The
water content determined by a Karl Fisher method was 80-200 ppm.
This amount of water hardly affects acid—base equilibria in an EAN—
water mixture, even if it seems non-negligible in a concentration unit
(a few tens mmoldm?)."™! Other chemicals of analytical grade
(>99%) were used without further purification. Potentiometric
titrations were carried out with the electromotive force (emf)
measurements by using the electrochemical cell represented as:

Ag/AgCl|0.1MmNaCl (aq) || EAN || sample EANsolution | Pt (H,)

where the double bars correspond to a liquid junction with a 4 G
glass filter. The cell gave a satisfactorily stable emf within 5-10 min.
The emf E shows the Nernstian response as:

E=E,+RT/FIn([H]mol™" dm™)

where E| is the practical standard potential of the cell. Through-
out this Communication, pH = —log ([H"] mol ' dm?) is used. E, was
determined by a separate titration in advance. The value is =234 mV
with a daily fluctuation of a few millivolts. At the same time, the
autoprotolysis constant K ,p=[HNO;][C,HsNH,] was also deter-
mined, which was confirmed to have a negligible fluctuation. Detailed
experimental and calibration procedures are available in the Sup-
porting Information.
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