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A B S T R A C T

In this study, the proton behaviors of protic ionic liquid (pIL) and pseudo-protic ionic liquid (psIL)–water solu-
tions were investigated using pH measurements. Propylammonium nitrate (PAN) as a representative pIL was
characterized based on the water concentration dependence of the pH values. Above 60 mol% H2O, pH increased
by increasing the water concentration. Furthermore, 1-ethylimidazolium nitrate [C2Him][NO3] as a psIL was a
weakly acidic. The pH values of [C2Him][NO3]–H2O were not affected by the water content. Two different pIL
and psIL provided different proton behaviors in the water-mediated circumstance.

1. Introduction

Ionic liquids (ILs) are electrochemically stable and have been used
in electrochemical applications [1–5]. The ILs are classified into aprotic
ionic liquids (apILs) and protic ionic liquids (pILs) [6]. Particularly, the
pILs were distinguished by introducing the difference in pKa value,
ΔpKa [7–10]. Regarding ΔpKa, ionicity was quantified using diffusion
coefficients and determined by pulsed-gradient spin-echo NMR
[11–16]. Furthermore, ionicity was modified using the effective cation
and anion sizes [14].

The hydrogen-bonding network of the pILs was examined using den-
sity functional theory (DFT) calculations and Raman spectroscopy [17].
The pILs reported were ethylammonium nitrate, EAN, propylammo-
nium nitrate, PAN, and butylammonium nitrate. Hydrogen bonding
were derived from O–H⋯N → O−⋯H–N+. Using NMR spectroscopy,
hydrogen bond dynamics of the pILs was examined combined with DFT
[18,19]. Strong hydrogen bonds appeared in the pILs. Conversely,
“pseudo-protic ionic liquid (psIL)” was discovered, and was defined in
the previous paper [20]. The psIL evaluated was 1-methylimidazolium
acetate, [C1Him][OAc], which has low ΔpKa. Moreover, the proton dy-
namics of [C1Him][OAc] was also investigated using molecular dynam-
ics (MD) simulations [21]. The high ionic conductivity of [C1Him]
[OAc] was explained by Grotthuss-like proton conduction. Addition-
ally, the electrochemical properties were examined using deuterated
acetate [22].

Proton anomalies in ILs were enhanced by water additives. For in-
stance, as an apIL, rhythmic pH oscillations appeared with the lapse of
time in N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium tetrafluo-
roborate, [DEME][BF4], and water system [23–25]. Despite the same

apILs, an entirely different pH behavior was observed in the imida-
zolium IL–water system. The water concentration dependence of pH
was observed using 1-butyl-3-methylimidazolium tetrafluoroborate,
[C4mim][BF4], and the water system [26]. However, no pH oscillation
was observed for [C4mim][BF4]–water [24]. Pure EAN was acidic be-
cause of the strong hydrogen bonding [27,28]. Low-temperature crystal
polymorphs and multiple pathways of pure EAN [29] and PAN [30]
supported the proton-induced anomalies. Moreover, EAN–H2O pro-
vided distinct rhythmic fluctuations of pH in the water-rich region [28].

In this study, we investigated pH of the water-mediated pIL and
psILs. Two different types of pIL and psILs demonstrated entirely differ-
ent proton behaviors in the water-mediated circumstance. pH in the
psILs was not influenced by the water concentration.

2. Materials and methods

2.1. Materials

Hydrophilic PAN (99.9%), [C1Him][NO3] (99.8%), and 1-
ethylimidazolium nitrate [C2Him][NO3] (99.9%) were obtained from
IoLiTec, Co. [C2Him][NO3] is also regarded as the psIL in the same
manner with [C1Him][NO3]. Vacuum drying was carried out for a week
using a diaphragm type dry vacuum pump (DTU-20. ULVAC Co.),
where a clean vacuum state was obtained without contaminations. Dis-
tilled water (Kanto Chemical Co.) was used for water additive.

Molecular structures of the pIL and psILs are shown in Fig. 1. Be-
cause the pIL and psILs are hydrophilic, the pIL and psILs were mixed
with water under a helium purge in a glove box to exclude atmospheric
humidity.
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Fig. 1. Molecular structures of PAN, [C1Him][NO3], and [C2Him][NO3], calcu-
lated by DFT and DFT/PCM. N0, H0, O0, N1, C2, H2, N3, and H3 represent the
atomic descriptions of the [CnHim]+ cations. Hydrogen positions are varied de-
pending on the calculation types (see text).

2.2. Phase diagram determinations

The phase diagram of the psIL and water mixtures was obtained by
the visual cloud-point determinations [31,32]. The mixtures were
cooled from 80 °C to −80 °C using a conventional water bath and
ethanol bath (Yamato Scientific Co., BE200). The temperature was
monitored by a Pt100 (Netsushin Co.), and the cooling rate was 1.5 °C/
min.

2.3. pH measurements

For pH measurements, a semiconductor pH sensor (ISFET 0040-
10D, Horiba Co.) was used. The pH values were calibrated using stan-
dard pH solutions: KH3(C2O4)2·2H2O (pH = 1.68), C6H4(COOK)
(COOH) (pH = 4.01), and KH2PO4 + Na2HPO4 (pH = 6.86) (Horiba
Co.). The semiconductor pH meter was placed in a metal container con-
tinuously flushed with helium gas to reduce atmospheric moisture [28].
Inside the container, the pH sensor was immersed in the sample. Every
2 s, the pH values were stored in a computer by fixing temperature
(5 °C). An ethanol bath (BB301, Yamato Scientific Co.) was used for the
pH measurements to control the temperature within 0.1 °C.

2.4. Density functional theory calculations

DFT calculations were performed to investigate the interaction
among cations, anions, and water molecules. Proton shifting of the opti-
mized molecular complex was visualized by DFT. The proton shifting
was changed by the water molecule. All DFT calculations were per-
formed using the Lee–Yang–Parr correlation (B3LYP) 6–31++G(d, p)
basis set [33,34] and the Firefly (PC-GAMESS) package [35,36]. The sol-
vation effects were investigated by the polarized continuum model
(PCM) [37]. In the PCM, a cavity surrounded by solvent and a contin-
uum dielectric medium is assumed, and the solute is placed in the cav-
ity. In addition, natural bond orbital (NBO) population analysis can es-
timate atomic charges in molecules [38]. Donor-acceptor behaviors
were demonstrated using the NBO analysis (NBO 7.0.10). In this study,
the PCM and NBO calculations with water as solvent were carried out.

3. Results and discussion

3.1. Water concentration dependence of pH in the PAN–water system

The liquid structures of EAN–H2O and PAN–H2O were determined
by small- and wide-angle X-ray scattering (SWAXS) [39]. In the SWAXS
patterns of pure systems, the pre-peak position of PAN, indicating that a
larger nano-heterogeneity was developed in PAN. Moreover, the pre-

peak position of EAN–H2O was nearly constant over the entire region of
water concentration, while that of PAN–H2O changed depending on the
water concentration. In fact, the pre-peak shifting of PAN–H2O was in-
duced above 60 mol%. On the mesoscopic scale, the molecular correla-
tions and proton network of EAN were not affected in any water con-
centrations, while the water additive in PAN disturbed the nano-
heterogeneity of the mixtures in the water rich region.

pH values of PAN–H2O at 5 °C were plotted on the water concentra-
tion scale (Fig. 2). The water concentration dependence of pH in
PAN–H2O resembled that in EAN–H2O [28]. Below 50 mol%, the pH of
PAN–H2O was nearly constant, although an increment of pH occurred
at 60 mol%. Above 90 mol%, a drastic increasing pH to neutral was
predominantly observed by increasing the water concentration. The
proton behavior of PAN–H2O was separated in three water concentra-
tion regions: (i) x < 60 mol%, constant pH, (ii) 60 < x < 90 mol%,
gradual increasing pH, and (iii) 90 mol% < x, rapid increment of pH.
The pH in the regions (ii) and (iii) corresponds to the pre-peak shifting
on the SWAXS patterns [39]. Therefore, the proton behavior in
PAN–H2O is related to the nano-heterogeneity. The pH values of
PAN–H2O were lower than those of EAN–H2O. In the PAN–H2O, the
protons are located preferentially around the [NO3]– anions (Fig. 1).

To understand the pH variation in the IL–water solutions, DFT and
DFT/PCM simulations were performed. By NBO analyses, nitrogen
atom changes from −0.5501e (ion pair) to −0.7162e (transition state)
indicated the hydrogen bonding states in acetate-based pILs [40]. By
NBO analyses, nitrogen atom changes from −0.5501e (ion pair) to
−0.7162e (transition state) indicated the hydrogen bonding states in ac-
etate-based pILs [40]. Using NBO population analysis, the calculation
results in EAN, PAN, and their water complexes are obtained as shown
in Fig. S1. In both systems, they are stabilized by water media of DFT/
PCM. Focusing on the NBO charge of nitrogen of the cations, the calcu-
lated N charge in the pure PAN cation is −0.898e (transition state),
while that in the pure EAN cation is −0.902e (transition state). More
importantly, in the water media (DFT/PCM), the N charge in the PAN
cation changes to −0.789e (ion pair). Focusing on PAN in DFT and DFT/
PCM (Fig. S1), C3H7-NH2 (off-proton) and C3H7-NH3

+ (on-proton) cor-
respond to transition state and ion pair, respectively. Compared with
other atoms, the NBO charge of nitrogen of the cations is directly con-
nected with acidic or neutral in the pIL-water system.

3.2. Water concentration dependences of pH in [C1Him][NO3]– and
[C2Him][NO3]–water systems

Fig. 3 displays the phase diagrams of [C1Him][NO3]– and
[C2Him][NO3]–H2O. At room temperature, pure [C1Him][NO3] is in
solid state. Crystallization temperature of pure [C1Him][NO3] was 66
℃. With increasing water concentration, the crystallization tempera-
tures of [C1Him][NO3]–H2O decreased gradually (Fig. 3). The mini-
mum crystallization temperature appeared at 80 mol%. Above
80 mol%, the crystallization temperatures became higher. Below
50 mol%, [C1Him][NO3]–H2O was a solid state at room temperature.
Thus, at room temperature, the pH values in the liquid state were ob-
servable above 60.0 mol%. On the other hand, pure [C2Him][NO3]having a longer alkyl chain crystallized at −3.8 °C. The minimum crys-
tallization temperature in [C2Him][NO3]–x mol% H2O was found to be
−75 °C (Fig. 3). In [C2Him][NO3]–H2O, crystallization was not ob-
served above 5 °C (Fig. 3); therefore, the pH could be measured at 5 °C
over the entire water concentration. Furthermore, phase diagrams in
Fig. 3 indicate ion pairing on the water-mediate circumstance. Com-
pared with [C1Him][NO3]–H2O, the ion pairing strength between the
cation and anion became weaker in [C2Him][NO3]–H2O.

To compare the pH values of [CnHim][NO3]–H2O (n = 1 and 2), the
pH values are exhibited in Fig. 4. In [CnHim][NO3]–x mol% H2O (n = 1
and 2), the pH values as a function of x were measured at 5 °C. In
[C1Him][NO3]–H2O, pH indicated weakly acidic (pH = 3.1–3.2). In
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Fig. 2. Water concentration dependence of pH in the PAN–H2O system at 5 °C. The observed pH values changed in the water-rich region.

contrast, the pH values of [C2Him][NO3]–H2O were close to neutral.
Therefore, it is deduced that the alkyl chain length of cations con-
tributes to proton activity relating with the “superionic” behavior of the
psILs. Next, we focus the pH-invariant on the x scale (Fig. 4). This ten-
dency of concentration-invariant pH was not observed in other
[C4mim][BF4] [26], [DEME][BF4] [23], and EAN [28] (Fig. 6). This
means that the proton state of the psILs is not influenced by the coordi-
nation numbers of the water molecules. Considering little water con-
centration dependences of the psILs in Fig. 4, the intrinsic proton be-
haviors [20,22] of the psILs could not be influenced by the water cir-
cumstances. The x mol%-invariant pH of the psILs could be connected
with the “superionic” behavior, which is explained by Markov chain
models [41]. Markov chains are stochastic models, describing possible
events of the reacting species.

3.3. Time dependences of pH in pIL and psILs

Time dependences of pH in PAN–80.0 mol% H2O were measured at
a fixed temperature (Fig. 5(a)). The temperature was set to be 5 °C to re-
duce the thermal effect. Pure PAN crystallized at −36 °C (TC1) [30];
therefore, at 5 °C, PAN–80.0 mol% H2O cannot freeze at all. When the
temperature reached 5 °C, time started to be counted. Compared with
the EAN–x mol% H2O system [28], the rhythmic pH oscillations were
suppressed in PAN–80.0 mol% H2O (Fig. 5(a)). Here, we predict the dif-

ferent time dependences between EAN- and PAN-water systems from a
viewpoint from their nano-heterogeneities in the water-rich region
[39]. The pre-peak position of EAN–H2O was nearly constant over the
entire region of water concentration, while that of PAN–H2O changed
depending on the water concentration. In fact, the pre-peak shifting of
PAN–H2O was induced above 60 mol%. On the mesoscopic scale, the
specific proton network in PAN–H2O was disturbed by the nano-
heterogeneity of the mixtures in the water rich region. Therefore, the
rhythmic pH oscillation was not induced in PAN-H2O.

Fig. 5(b) and 5(c) displays time dependences of pH in
[C1Him][NO3]–80.0 mol% H2O and [C2Him][NO3]–80.0 mol% H2O,
respectively. The mixtures were a liquid state at 5 °C (Fig. 3). Rhyth-
mic pH oscillations were not observed for [C1Him][NO3]–H2O and
[C2Him][NO3]–H2O. The time-invariant pH indicates that the mix-
tures are equilibrated at the early stage. Since the pH oscillations in
EAN-H2O [28] were suppressed in [C1Him][NO3]–H2O and
[C2Him][NO3]–H2O, the specific proton fluctuations among the mole-
cules did not occur in the psILs.

3.4. pH variation in apIL–, pIL–, and psIL–water systems

Hydrophilic [C4mim][BF4] as an apIL is well resolved in water. The
pH values of [C4mim][BF4]–H2O have been previously reported [26].
The water concentration dependence of pH in [C4mim][BF4]–H2O is

3
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Fig. 3. Phase diagrams of [C1Him][NO3]– and [C2Him][NO3]–H2O. Crystallization temperatures of [C1Him][NO3] were higher than those of [C2Him][NO3].

Fig. 4. Water concentration dependences of pH in the [C1Him][NO3]– and
[C2Him][NO3]–H2O systems (5 °C). The pH values were almost constant on the
water concentration.

schematically illustrated in Fig. 6. Pure [C4mim][BF4] exhibited strong
acidity. When [C4mim][BF4] was diluted gradually with water, the pH
became weakly acidic. Once the pH reached 3.5, a constant pH was ob-
served up to 90 wt% H2O (99.1 mol% H2O). Above 90 wt% H2O, the
pH drastically increased up to 7. Regarding water concentration, the pH
of [C4mim][BF4]–H2O was divided into three regions (Fig. 6). Con-
versely, no rhythmic pH oscillation was observed for [C2mim][BF4]
–90 mol% H2O and [C4mim][BF4]–90 mol% H2O [24]. In contrast,
[DEME][BF4] as another apIL provided the water-induced complex pH
behaviors (Fig. 6) [24]. The [DEME]+ cation possesses the ether bond,

which is an electronegative part [41]. Furthermore, pure [DEME][BF4]was found to be weakly acidic. More importantly, in the water-poor re-
gion, the pH shifted to the base region. However, above 50 mol%, the
pH became gradually acidic and the minimum value of pH appeared at
90 mol%. As shown in Fig. 6, the pH of [DEME][BF4]–H2O was sensi-
tive to the water concentration. Molecular aggregations could be modi-
fied by the coordination number of water molecules. Moreover, rhyth-
mic pH oscillations were observed in the water-rich region [24]. One
possible reason is that the [DEME]+ cation has a proton capture site,
which is the ether bond. Because the [BF4]– anion can also capture pro-
tons, a proton in the water-mediated circumstance could fluctuate be-
tween cation and anion. Both on time and water concentration scales,
the complex pH behaviors of [DEME][BF4]–H2O were derived from the
proton fluctuations, which are activated by the water additive.

PAN is a typical pIL, which is strongly acidic. Despite water dilution,
the strong acidic feature was maintained up to 50 mol% (Fig. 2). The
water additive cannot disturb the proton activity in PAN–H2O mixtures
below 50 mol%. At 60–90 mol%, the pH value of PAN–H2O gradually
increased as a crossover of pIL-like with water-like regimes. Above
90 mol%, the protic circumstance collapsed, and the pH value shifted
drastically up to 7. In contrast, psILs exhibited an entirely different wa-
ter concentration dependence of pH (Fig. 4). For instance, pure
[C2Him][NO3] exhibited pH ∼ 5. Over the entire water concentration,
[C2Him][NO3]–H2O was nearly neutral (pH = 5–6). As mentioned, for
pure [C1Him][OAc] [20], neutral molecules in psIL are related to fast
proton conduction, which is explained by the Grotthuss mechanism.
The Grotthuss mechanism is known as a proton jumping model. The
model was introduced to explain high diffusion rate of the proton under
an electric field.

3.5. Ab initio calculations in pIL– and psIL–water systems

Hydrogen bonding was expressed by the bonding length between
the atoms. As shown in Fig. 1, the hydrogen bonding states were en-
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Fig. 5. Time evolution of pH for (a) PAN–80.0 mol% H2O, (b) [C1Him][NO3]
–80.0 mol% H2O, and (c) [C2Him][NO3]–80.0 mol% H2O by fixing tempera-
ture (5 °C). Just after reaching 5 °C, the time was counted. pH fluctuations as
seen in EAN-H2O [28] were not observed on the time scale. Time-invariant pH
values suggest that the mixtures were equilibrated at the early stage.

Fig. 6. Schematic representing water concentration dependences of pH. Water-
driven pH variation of the apIL–, pIL–, and psIL–water systems.
[DEME][BF4]–H2O indicates the complicated water concentration dependence
of pH. The pH values of psILs were almost constant on the water concentration.

tirely different at each other. Conventional DFT calculations suggest a
pure system without water. Solvation effect is taken into account in
PCM. Therefore, in DFT/PCM, calculation results indicate molecular in-
teractions in the water-rich region. By the geometrical relations of the
optimized molecular structures using DFT and DFT/PCM, we estimated
hydrogen bonding nature in the pIL–, and psIL–water systems.

For instance, the DFT and DFT/PCM calculations in the PAN–water
system predicted the bonding distances of N0⋯H0–O0, and
N0–H0⋯O0 (Table 1). In pure PAN, N0⋯H0, and H0–O0 were found to
be 1.557 Å and 1.059 Å, respectively (Table 1). The NBO charge of N0
becomes −0.8980e (transition state) as the proton donor site. Clearly,
the proton is captured by the [NO3]– anion. The DFT calculation of pure
PAN corresponds to the low pH value. When one water molecule is in-
serted in the DFT calculation, the water concentration is equivalent to
50 mol% H2O. By adding the water molecule, the N0-H0 distance
(1.751 Å) becomes longer. Compared with the N0–H0 distance in pure
PAN (1.557 Å), the 12.5% extension was simulated in the one PAN and
one H2O system. Moreover, the NBO charge of N0 is −0.9192e (transi-
tion state). In contrast, the DFT/PCM surrounded by the water mole-
cules provides no proton transfer (Table 1). The N0-H0 distance of
1.054 Å corresponds to 32.3% reduction from the N0-H0 distance in
pure PAN. Furthermore, the NBO charge of −0.78992e (ion pair) was
obtained by DFT/PCM. The short N0-H0 distance and −0.78992e (ion
pair) are connected with the large pH values in the water-rich region.

As another pIL, triethylammonium, [TEA]+, a cation-based pIL was
examined by DFT and MD [18,19,43]. For [TEA][X], the anion (X) de-
pendence of proton − acceptor distances was connected with the acid-
ity. In the MD simulations, the molecular distances and orientational
orders were analyzed.

Next, we focus the psILs using the DFT and DFT/PCM calculations.
In the case of [CnHim]+ cations (n = 1 and 2), two proton capture sites
are considered as shown in Fig. 7. Two proton donor sites at N3–H3 and
C2–H2 are defined as Type I and Type II, respectively. Since the pH val-
ues of [C1Him][NO3]–H2O were observed only above 60 mol% (Fig. 4),
[C2Him][NO3]–H2O is calculated for a comparison. For instance, in the
DFT calculation of Type I, [C2im] without proton (off-proton) is ex-
pressed by N3⋯H3 of 1.567 Å, and H3–O of 1.049 Å (Table 1). In the
same manner with PAN, proton of [C2im] (off-proton) shifted close to
the [NO3]– anion. Nevertheless, the NBO charge of N3 of [C2im] (-
0.5552e as ion pair) is different extensively from that of PAN. The less
negative charge of N3 implies the nearly neutral pH of pure
[C2Him][NO3]. Similarly, the Type II of [C2Him][NO3] was calculated
by DFT. It should be noticed that [C2Him]+ (on-proton) is preferred in
Type II (Fig. 7). Although the proton is captured by the cation, the NBO
charge of N3 in Type II was evaluated to be −0.5402e (ion pair). Both in
Type I and Type II, the NBO charges are comparable in pure
[C2Him][NO3]. If we add one water molecule, the proton returns to the
cation and the ionic [C2Him]+ cation with proton (on-proton) is
formed. In Type I with one water molecule, the N3–H3 distance was

Table 1
Bonging lengths of hydrogen bonding in the ionic couples. N0, H0, O0, C2,
H2, N3, H3, and O are provided in Fig. 1. The calculated bonding lengths de-
pended extensively on the calculation types.

PAN [C2Him][NO3]

Type I Type II

N0–H0
(Å)

H0–O0
(Å)

N3–H3
(Å)

H3–O
(Å)

C2–H2
(Å)

H2–O
(Å)

DFT No
water

1.557 1.059 1.567 1.049 1.118 1.718

One
water

1.751 1.029 1.125 1.415 1.094 1.945

DFT/
PCM

1.054 1.726 1.048 1.708 1.088 2.113
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Fig. 7. DFT and DFT/PCM calculations of PAN and [C2Him][NO3] with/with-
out water. NBO charges are displayed in the figure. Two proton donor sites
(Type I and Type 2) are considered in [C2Him]+. The NBO charges of N0 in PAN
changed by the calculation types, while the NBO charges of N3 in
[C2Him][NO3] were comparable in the different calculations.

1.125 Å. 28.2% reduction from the pure [C2Him][NO3] (1.567 Å) was
induced by one water molecule. However, the NBO charges both in
Type I and Type II do not change a lot (Fig. 7). This tendency also ap-
pears in the DFT/PCM calculations, which represents the behaviors in
the water-rich region. In Type I and Type II, almost constant values of
the N3 NBO charges in DFT and DFT/PCM can explain the x-invariant
pH values in the [C2Him][NO3]–H2O system (Fig. 4). Focusing on the
N3–H3 distance of Type I in the DFT/PCM calculations (1.048 Å),
33.1% reduction from pure [C2Him][NO3] (1.567 Å) was obtained. The
N3–H3 distances in DFT and DFT/PCM cannot explain the water con-
centration-invariant pH of [C2Him][NO3]–H2O. Therefore, the NBO
charges of N3 have a relationship with the observed pH values of
[C2Him][NO3]–H2O.

Next. we focus “superionic” behavior of the psILs. Here, we predict
that two possible cation states such as [C2im] (off-proton) and
[C2Him]+ (on-proton) could be realized in the [C2Him][NO3]–H2O sys-
tem. The coexistence of the cationic two states causes various proton
states. If the proton almost fluctuates freely among several sites, the
“superionic” behavior in the psILs could be interpreted by the mixing
state of Types I and II.

4. Conclusions

Water-driven proton behaviors were examined using pIL and psILs.
Pure PAN is a typical pIL, and the proton activity below 50 mol% was
not affected by water additives. Above 60 mol%, pH of PAN increased
with increasing the water concentration. The psILs exhibited a different
pH behavior on the water concentration scale. [C2Him][NO3]–H2O was
found to be weakly acidic, and the water concentration-invariant pH of
[C2Him][NO3]–H2O indicates that the proton activity was not influ-
enced by the water additive. With including the apILs, pH as a function
of water concentration categorizes the proton varieties of IL–water so-
lutions. The proton variety of the ILs is represented on the pH as a func-
tion of water concentration. In near future, hydrogen positions in the
unit cells of crystal pILs and psILs could be determined using neutron
diffraction.
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