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A B S T R A C T

In pure ethylammonium nitrate (EAN), which is a protic ionic liquid (pIL), multiple crystallization pathways
are extracted by simultaneous X-ray diffraction and differential scanning calorimetry (DSC) measurements.
Multiple pathways for crystallization are selected by minimum temperatures in a pure EAN crystal. In an EAN
– water system, phase equilibria are determined precisely by in situ observations made by using simultane-
ous measurements. Electrochemical instabilities induced by proton transfer are observed at 70 < x < 90 mol%
H2O [Chem. Phys. 475 (2016) 119.]. Complicated phase diagrams indicate water-mediated anomalies as a
crossover point from pIL-dominant to water-dominant regions.

© 2017.

1. Introduction

Low melting ionic liquids (ILs) have a big impact on conventional
physical chemistry [1,2] and enlarge the possibilities of green chem-
istry [3,4]. Not only the pure ILs but also the IL-based mixtures have
been widely investigated with regards to fundamental solubility and
liquid-liquid phase equilibria [5–10]. Based on the solution properties,
cost-cutting for industrial applications is done by diluting the ILs. For
instance, the electrochemical properties of electric double-layer capac-
itors [11] and CO2 capture at ambient temperature and pressure [12]
are improved in binary systems rather than in pure ILs.

Proton transfer in protic ionic liquids (pILs) was characterized
based on the Walden rule and compared with other solution systems
[13]. Proton transfer of various types of pILs was investigated with
respect to the free-energy level, which is related to the glass-transi-
tion temperature [14]. The intermediate electrochemical gap of the
pILs suggests that proton transfer is described by a Grotthuss-type ex-
change mechanism [15]. On the other hand, the liquid structure of eth-
ylammonium nitrate (EAN) as one of pILs was precisely estimated
by neutron diffraction and empirical potential structure refinement
(EPSR), where EAN was partially deuterated to obtain H-D contrast
in neutrons [16]. A sponge-like nanostructure was visualized in the
simulation box. Conversely, the crystal structure provides a molecular
interaction, which is indicated by positional and orientational orders
in the unit cell. The crystal structures of pILs are modified, reflect-
ing the proton anomalies in spite of the simple molecular system. For
EAN crystal, molecular array of NO3 is modulated in unit cell. The

⁎ Corresponding author.
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modulation is derived from –NH3 of the cation, where the proton-me-
diated interaction develops over the medium range [17]. The space
group of EAN crystals is monoclinic, P21/c. Based on the structural
features of pILs, their properties for applications are summarized in
recent literature [18,19].

The thermodynamic properties were investigated systematically
not only in pure EAN but also in EAN-water systems [20]. Fur-
thermore, very recently, electrochemical proton anomalies in mix-
tures were reported [21]. Water-mediated electrochemical anomalies
were clarified by pH oscillations and AC impedance spectroscopy
in the water-rich region. Particularly in pH measurements, rhythmic
pH oscillations in the EAN-H2O mixtures were detected only at
70 < x < 90 mol% H2O [21]. Moreover, the specific mode of collec-
tive proton transfer was observed in the high-frequency region on the
AC impedance spectra. With decreasing temperature, the conductiv-
ity decreases gradually; this is reflected by the suppression of ther-
mally activated proton transfer. In the EAN-water system [22], the
liquid structure was also investigated in the same manner as for the
pure system. Data analysis of EPSR can reveal anisotropic probabil-
ity distributions of molecule in the first nearest neighbor. In addi-
tion, simulations indicate that water distributes within the sponge-like
structure of EAN. A water-mediated network such as cation-water
and anion-water was reconstructed in the snapshot. Not only in pILs
but also in aprotic ionic liquids (apILs), electrochemical anomalies
were induced by adding water [23,24]. The apIL is N, N-di-
ethyl-N-methyl-N-(2-methoxyethyl)ammonium tetrafluoroborate,
[DEME][BF4]. In the water-rich region of [DEME]-H2O system,
rhythmic oscillations of pH appeared. Moreover, it was found that, in
the [DEME][BF4]-H2O, water-mediated anomalous conducting mode
at the specific frequency was detected by AC impedance spectroscopy
[25]. Electrochemical instability of [DEME][BF4]-water has a relation

http://dx.doi.org/10.1016/j.molliq.2017.05.150
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with medium-range order, which is detected by prepeaks in the X-ray
diffraction patterns [26].

In this study, multiple pathways of crystallization of pure EAN are
detected by simultaneous X-ray diffraction and differential scanning
calorimetry (DSC) measurements. In the EAN-water system, phase di-
agrams both upon cooling and heating are determined by in situ ob-
servations. In the water-rich region, crystallization temperatures are
widely distributed, even at the same cooling rate, and solid phases are
not identified uniquely in each thermal cycle.

2. Experimental section

Hydrophilic EAN (98%, Kanto Chemical Co.) was selected for the
sample of pIL because of its simple molecular structure, and distilled
water (Kanto Chemical Co.) was used as additive. Mixtures were pre-
pared inside a glove box through which helium gas is flowed and in
which relative humidity was suppressed below 10% using silica gel.

In situ X-ray diffraction and DSC (SmartLab, Rigaku Co.) can
probe microscopic and macroscopic phase changes. Simultaneous
measurements of X-ray diffraction and DSC can determine compli-
cated phase diagrams more precisely by removing ambiguity. For liq-
uid materials, a vertical goniometer was indispensable to hold the sam-
ple stage horizontal. A one-dimensional detector (D/teX, Rigaku Co.)
was integrated into the diffractometer for rapid scanning. The inci-
dent wavelength of X-ray was Cu Kα (λ = 1.542 Å). Dry nitrogen gas
was flowed through the DSC attachment. The temperature range of
the simultaneous measurements was 50 to − 100 °C, and the cool-
ing and heating rates were 5 °C/min. Crystal structure was analyzed
by a combination of FOX[27] and Conograph[28]. First, possible lat

tice parameters were calculated by Conograph, following which
global optimization by FOX identified the space group.

3. Results and discussion

3.1. Multiple crystallization pathways of pure ethylammonium nitrate

Simultaneous X-ray and DSC measurements form a quite power-
ful method to determine complicated phase diagrams. For instance, in
pure EAN, the temperature dependence of X-ray diffraction patterns
and DSC thermographs is obtained by using cooling or heating rates
of 5 °C/min (Fig. 1). The open circles in Fig. 1 reveal Bragg reflec-
tions from Al, from which the sample container was made. The small
peak shown by the open square in Fig. 1 represents scattering from the
inner shroud of DSC. Upon cooling, we easily detect crystallization
(α phase) from by the appearance of sharp Bragg reflections and an
exothermal peak on the DSC thermal trace. The crystallization tem-
perature (TC1) is found to be − 14.8 °C. The α-phase crystal structure is
not identified to be P21/c, which is determined by single-crystal X-ray
diffraction method [17]. One of possible space groups of the α phase
is found to be triclinic (P ), as listed in Table 1 and Supporting In-
formation (Fig. S1). Upon further cooling, a quite small exothermal
peak appears at − 66 °C (TC2). The X-ray diffraction pattern, however,
changes little. Here we call the minor modified phase below TC2 the α′
phase.

Upon heating, crystal-crystal phase transition occurs at − 51 °C
(TC3) with exothermal peak on the DSC trace. Moreover, the X-ray
diffraction pattern above TC3 differs significantly from that of the α′
phase. Therefore, the α′ phase (green curves) transforms to the new
phase (β′ phase; red curves in Fig. 1). The crystal structure of the β′

Fig. 1. X-ray diffraction patterns and DSC thermal traces obtained by simultaneous measurements. TC1, TC2, TC3, Tm1, and Tm2 are the crystallization temperatures of EAN and HNO3,
crystal-crystal phase transition temperature, melting points of HNO3 and EAN, respectively. The blue curves represent X-ray diffraction patterns in the liquid state. α and α′ phases
are shown by the green curves, whereas β and β′ phases are shown by the red curves. Open circles indicate Bragg refractions from Al, from which the sample container is made. Open
squares correspond to the peak scattered from the inner shroud of DSC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Crystallographic data of low-temperature phases. Upper and lower values are α′ and β′phases, respectively.

T (°C) Space group a (Å) b (Å) c (Å) α (°) β (°) γ (°) Z ρ (g/cm3) wR (%) R (%)

− 90.2 P 7.521 9.653 11.479 111.6 100.4 98.0 6 1.427 9.9 11.8
− 28.6 P21/c 9.785 11.447 9.857 90 112.9 90 8 1.412 8.4 9.5
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phase is determined to be monoclinic P21/c, which is exactly the same
as the previously reported crystal structure (Table 1 and Fig. S1) [17].
The density of the α′ phase in this study is comparable for that of the
β′ phase at low temperature [17]. For comparison, the liquid density of
pure EAN at room temperature is 1.216 g/cm3[18,20].

Upon increasing temperature, a weak endothermal peak appears
at − 41 °C (Tm1) with no change of X-ray diffraction pattern. This
means that pure EAN crystal does not melt at Tm1. In a previous study
dealing with heating [17], the weak peak at − 42 °C was reported
to be related to the melting point of HNO3. In general, pure HNO3
crystallizes at − 41.6 °C [29]. The crystal structure of pure HNO3 is
monoclinic P21/a and has a unit cell with dimensions a = 16.230 Å,
b = 8.570 Å, c = 6.310 Å, with β = 90.0°, Z = 16. A weak endother-
mal peak at Tm1 implies that a small volume for the HNO3 crystal
melted in the nonmelting EAN crystal (β′ → β). If we extend this
small amount of melting into cooling process, the small exothermal
peak upon cooling means a small amount of HNO3 crystallization at
TC2 (α → α′). Also, enthalpy changes both of weak peaks are compara-
ble. Here, we assume that the small exothermal and endothermal peaks
correspond to crystallization and melting of HNO3, respectively. Den-
sity functional theory (DFT) calculations raise the possibility of par-
tial crystallization of HNO3 in pure EAN crystal [21,30]. Theoreti-
cally, the proton-capture tendency is described as the hydrogen of the
part of –NH3 being attracted to the NO3

− anion. High-quality DFT
calculations visualize the hydrogen-bonding network of pILs in the
simulation box [26]. Based on the above assumption and DFT cal-
culations, the new crystal phase (β′ phase) at TC3 < T < Tm1 is distin-
guished from the β phase by the appearance and disappearance of the
partial HNO3 crystal. Above β′-β phase transition temperature (Tm1),
the EAN crystal without the HNO3 crystal (β phase) melts at 12 °C
(Tm2), as shown in Fig. 1. Another experimental fact to aid in the inter-
pretation of the appearance of the HNO3 crystal is that the supercooled
effect (ΔT ≡ Tm – TC) of EAN coincides with that of HNO3 inside the
EAN crystal: Tm2 – TC1 ≅ Tm1 – TC2.

Multiple crystallization pathways [31] and crystal polymorphs [32]
have been reported in apILs. The crystal flexibility is attributed to the
variety of molecular conformations. In this study, multiple crystalliza-
tion pathways, which differ from apILs, are detected in pure EAN.
Firstly, to clarify the partial crystallization of HNO3, the minimum
temperature (Tmin) in the thermal cycle is set above TC2 (TC2 < Tmin).
Quite different DSC traces are obtained (Fig. 2(a)) when Tmin is
− 53 °C, which is higher than TC2 in Fig. 1. Judging from the lack of
an exothermal peak below TC1, no HNO3 crystal forms upon cooling.
Upon heating, no crystal-crystal phase transition (α′ → β′) occurs, nei-
ther (Fig. 2(a)). Secondary, by the detail measurements, a bifurcation
point (TB) to the β′ phase was found to be − 82 °C. For instance, the
DSC trace of Tmin = − 80 °C (TB < Tmin < TC2) is shown in Fig. 2(b).
A small exothermal peak at TC2 and a small endothermal peak at Tm1
were observed, although α′–β′ phase transition at TC3 was suppressed
completely. Once Tmin was set below TB, the β′ phase was always in-
duced upon heating. TB is regarded as the switching temperature to
the thermodynamically stabilized phase. However, at TB, the simul-
taneous measurements cannot detect any state changes. The bifurca-
tion point against α′ or β′ phase still remains unclear. Combined with
the complicated phase behaviors in Fig. 1, the multiple crystallization
pathways are illustrated schematically in Fig. 3. The presence of mul-
tiple crystallization pathways in pure EAN implies that the EAN crys-
tal stability is sensitive to bifurcation point and partial HNO3 crystal-
lization inside the EAN crystal.

Fig. 2. DSC thermographs at the minimum temperatures of a) − 53 °C
(TC2 < Tmin < TC1); b) − 80 °C (TB < Tmin < TC2). TB reveals a bifurcation point to the β′
phase (see text).

3.2. Phase equilibria of ethylammonium nitrate-water system

The water-additive effect for solidification was examined to clarify
the water-mediated proton anomalies [21]. Simultaneous X-ray dif-
fraction and DSC measurements allowed the water-concentration de-
pendence of X-ray diffraction patterns to be obtained. Fig. 4 shows
X-ray diffraction patterns of the EAN-water system at − 90 °C. Open
circles and closed triangles in the figure correspond to the ideal scat-
tered angles (2θ) of Bragg reflections of Al and ice crystals, respec-
tively. Open squares indicate the peak scattered from the inner shroud
of DSC. For comparison, X-ray diffraction patterns of the α′ and β′
phases of pure EAN are plotted in the lower part of Fig. 4. In par-
ticular, the β‘phase is assigned by the Bragg peak near 2θ = 10°. Be-
low 71 mol% H2O (= xE), the α′ phase always appears at each ther-
mal cycle. Considering the preferred orientation on the Debye rings,
no new crystal structure forms below 71 mol%. Therefore, we con-
firm that additive water is not involved in the EAN crystal. In fact,
the volume of the α phase unit cell is almost independent of water
concentration. Moreover, ice crystals do not form in EAN crystals
below 71 mol%, which means that water molecules excluded by the
EAN crystal cannot transform to ice crystals. 71 mol% corresponds
to the molecular ratio of EAN: water = 2: 5. A molecular complex
of two pairs of cations and anions and 5 water molecules means
that each water molecule is bounded to the hydrogen sites NH3
and/or the oxygen sites of NO3

−. A few water molecules should be
bounded to cation and/or anion [29,30]. Previous studies reported that
nanoconfined water inside ILs does not crystallize in the water-poor
region [7,8]. The ILs are [DEME][BF4] [7] and 1-butyl-3-methylim-
idazolium nitrate, [C4mim][NO3] [8]. In [C4mim][NO3]–D2O system,
the average size of the confined water is estimated to be 20–30 Å by
complementary use of small-angle X-ray scattering and small-angle
neutron scattering [35]. Nanosized confined water cannot achieve to
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Fig. 3. Schematic illustration of multiple crystallization pathways in pure EAN.

the critical size of the crystal nucleation of ice. In the case of the
EAN-water system, water molecules could be confined on nanoscale
below 71 mol% H2O. At low temperature, the confined water be-
comes amorphous ice (AI) due to no Bragg reflections of crystal
ice (Fig. 4). Here, we define amorphous ice as AI separately from
amorphous phase of EAN (A). Once the water concentration exceeds
71 mol% H2O, solidification changes drastically. For instance, amor-
phous of EAN (A phase), AI phase, α′ crystal, β′ crystal, or ice crys-
tal (I phase) appears randomly at each thermal cycle (Fig. 4). At fix-
ing water concentration (85.0 mol%), thermal cycle dependence of so-
lidifications was examined with the same cooling rate (5 °C/min) in
Fig. S2. In fact, random occurrence of the solid phases was observed
using the same sample. Therefore, in the phase diagrams, unknown
phase (U) is depicted as the random solidification. A similar phase be-
havior occurs in [DEME][BF4]-H2O system [31]. [DEME][BF4]-H2O
in the water-rich region is characterized by random appearances of
solid phases: A phase, crystal phase (C phase), I phase, or their mix-
tures. In [DEME][BF4]-H2O, random solidification originates from
specific fluctuations, which may be induced by a hierarchical liq-
uid structure under competitive interactions: attractive or repulsive in-
teractions occur at the meso- and nanoscales [36]. Above 93 mol%
(= xI), typical X-ray diffraction patterns of ice crystal are obtained
upon cooling, while avoiding α′ and β′ crystals of EAN. 93 mol% in-
dicates that coordination number of water molecules is 13 per EAN.
DFT calculation of anionic water cluster (NO3

− − (H2O)n) was calcu-
lated [37]. Hydration mediated hydrogen bonding network is stabi-
lized at n = 9. It is considered that NH3 of EAN is capable to cap-
ture 3 water molecules. When the coordination number of water mol-
ecules achieves to 12, both cation and anion are fully occupied by
water molecules. Cations are isolated from anions under the water-

dominant condition. In a previous study [21], anomalous pH oscilla-
tions were suppressed at almost the same water-concentration region.

Simultaneous X-ray diffraction and DSC measurements can de-
termine complicated phase diagrams upon cooling and heating, re-
spectively (Figs. 5(a) and 5(b)). The cooling and heating rates were
fixed at 5 °C/min. As mentioned earlier, the α-α′ phase transition upon
cooling occurs simply below 71 mol% H2O in the same manner as
for the pure EAN system. Even in the mixed system, proton-trans-
fer-driven HNO3 crystallization is not disturbed by adding water be-
low 71 mol%. Although we cannot probe AI phase on the thermal
trace upon cooling below 71 mol%, no Bragg reflections of crystal ice
implies that excluded water could be amorphized as mentioned ear-
lier. When there is no Bragg reflection of crystal ice, AI phase is de-
noted in Figs. 5(a) and 5(b). Conversely, ice crystal (I phase) is pre-
ferred above 93 mol% H2O. At 93%, solidification temperature is low-
est and crystallization is suppressed completely. The water concentra-
tion denoted as xI is regarded as a typical crossover point. With the in-
creasing water concentration at xI < x, pH of the mixtures approaches
neutral values [21]. Thus, bulk water-like mixtures (93% ≤ x) promote
ice crystallization. In other systems, ice crystals appear in the wa-
ter-rich region [8]. Upon heating, in addition to the I phase, a small
amount of cold crystallization occurs at TCC (Fig. 5(b)), accompa-
nied by a few Bragg reflections with broad peak profiles (Fig. S3).
Thus, the crystal is distorted and the crystal domains inside the I phase
are small. The crystal structure determined is not the α, α′, β, or β′
phases of EAN due to the few Bragg reflections. Here, the coexis-
tence of crystals is denoted as the (I + C) phase in Fig. 5(b). Note that
the distorted EAN crystal partially forms even in the water-rich re-
gion. Moreover, it was found that the disordered EAN crystal trans-
forms at TC3 by distinct changes of the X-ray diffraction pattern (Fig.
S3) and DSC trace. With resembling the α′-β′ phase transition,
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Fig. 4. Water-concentration dependence of X-ray diffraction patterns at − 90 °C. Closed
triangles and open circles reveal ideal scattered angles of crystal ice and Al, respec-
tively. Open square indicates the peak from the inner shroud of DSC. Numbers of the
figure reveal water concentration (x mol% H2O).

the disordered EAN crystal could be stabilized at TC3. In contrast,
at 71 ≤ x ≤ 93 mol% (U phase: gray regions in Figs. 5(a) and (b)),
complicated phase behavior occurs. For instance, transition tempera-
tures change at each thermal cycle. Also, upon cooling, α′, β′, I, or
A + AI phase appears at random (Fig. 4 and Fig. S2). In case of co-
existence of I phase and A phase of EAN at the minimum temper-
ature, cold crystallization of amorphized EAN occurred upon heat-
ing. Cold crystallization temperature (TCC) is determined by appear-
ance of new Bragg reflections and the exothermal peak. There is a
little discrepancy of water concentration region between structural
anomaly (71 ≤ x ≤ 93 mol% H2O) and electrochemical anomaly [21]
(70 < x < 90 mol% H2O). At low temperature (− 90 °C), both density
of EAN and water change and proton might be frozen in the solid
state. In electrochemical measurements at 5 °C, proton conducting
mode in the liquid state is induced under electric field. The static and
dynamic properties of proton cause a little discrepancy of the water
concentration regions.

3.3. Enthalpy changes in ethylammonium nitrate-water system

In the simultaneous measurements, enthalpy is calculated from
the DSC traces. Except for the complicated phase changes at
71 ≤ x ≤ 93 mol%, the enthalpy difference ΔHobs observed between
the liquid and solid states is plotted on the water-concentration scale
(Fig. 6). With increasing water concentration, ΔHobs decreases monot-
onically. Next, using pure EAN with ΔHEAN, we define the ideal en

Fig. 5. Phase diagrams for a) cooling; b) heating. “L” indicates the liquid state. α, α′,
β, β′, I, and C indicate the crystal phases. AI and U revel amorphous ice and unknown
phases representing random solidification, respectively. xE (= 71%) and xI (= 93%) re-
veal the specific water concentrations.

Fig. 6. Enthalpy difference ΔH between liquid and solid states as a function of water
concentration x. The blue line indicates the first term of Eq. (1) (see text). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

thalpy ΔHideal as follows:

Here, we assume that EAN and water crystalize separately and
that ΔHideal is given by superposition of the enthalpies of EAN and
water, without permitting molecular mixing of EAN and water in
the crystal state. The experimental facts, which support the above as

(1)
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sumption, are as follows; (i) the crystal structure of the mixtures x < xE
was equivalent to that of pure EAN (Fig. 4), and (ii) the volume of
unit cell was almost constant at x < xE. Moreover, Bragg reflections
of ice crystal were not observed at x < xE. The absence of ice crys-
tal at the water concentration region means that the second term of
Eq. (1), ΔHwater, becomes nearly zero. In Fig. 6, the blue line rep-
resents the first term in Eq. (1) and the observed ΔHobs coincides
with the line. Thus, the agreement suggests that, below 71 mol%, no
mixing occurred in the crystal state and the excluded water could be
amorphized by the nanoconfined water. This phenomenon is also seen
in [C4mim][NO3]-water system [8]. This result indirectly supports
the conclusion that, at x < 71%, water is confined inside sponge-like
nanostructures [22]. Both nanoconfined water and local proton trans-
fer in the acidic solutions disturb ice crystallization. In contrast, above
93 mol%, ΔHobs is not described by the simple ΔHwater in Eq. (1). One
of reasons for this is that, upon heating, incomplete cold crystallization
and crystal-crystal phase transition of EAN occurs in addition to the
I phase (Fig. 5(b) and Fig. S3). The crystal structure is not identified
by the small number of Bragg reflections. Moreover, the Bragg peaks
become weak and much broader. We suggest that the undetermined C
phase at xI < x partly contains water molecules, and that this phase is
distorted by these interstitial water molecules.

3.4. Electrochemical anomalies vs. liquid and crystal structures

A significant finding of the structural properties in the EAN-water
system is that the water-concentration region where random solidifi-
cation in Fig. 4 and Fig. S3 occurs almost agrees with that determined
by previously obtained electrochemical anomalies [21]. The electro-
chemical anomalies in EAN-water are distinguished on the water-con

centration scale by (i) proton behavior, (ii) EAN and water in the
liquid state, and (iii) solidifications of EAN and ice (Fig. 7). Below
xE, nanoconfined water becomes amorphous ice (AI). The absence
of crystal ice (I) means that water molecules are isolated inside the
sponge-like structure of EAN and the confined water cannot achieve
the critical size required for crystal nucleation. At the same time, EAN
crystallizes stably by excluding water, where the crystal structure of
the EAN is the same as that of pure EAN. Above xI, crystal ice (I)
forms, where water is percolated over the whole liquid. Inversely,
EAN is confined in the bulk water at room temperature and EAN is
amorphized upon cooling. Upon heating, partial cold crystallization
of non-crystal part was observed. Crystal ice (I) and distorted crystal
EAN (C) coexist. In between the water-poor and water-rich regions
(xE ≤ x ≤ xI), the complex types of solidification, such as amorphous
EAN (A), amorphous ice (AI), EAN crystal (C), ice crystal (I), or
their mixtures, are reflected in the free-energy landscape [38], which
is characterized by a number of potential-energy minima. A competi-
tive interaction is induced as a crossover region from EAN-rich to wa-
ter-rich regions. The water-concentration region in the unstable liquid
and the uncertainty of solidification type corresponds to the pH oscil-
lation reflecting an electrochemical nonequilibrium steady state [21].
Here, we deduce that the anomalous pH oscillations are caused by
water-assisted collective proton transfer. The collective proton motion
may be realized by the correlated confined water. In this water-con-
centration region, the confined water molecules are correlated with
each other. Thus, the free-energy landscape may be further modulated
by collective proton transfer through the correlated confined water. By
assuming the water morphology at each region, all experimental re-
sults are explained systematically.

Fig. 7. Schematic illustration of water morphology on the water-concentration scale and related to proton behavior and crystal structure. The specific water concentrations xE and xI
are denoted in Fig. 6. Electrochemical anomalies occur nearly at xE ≤ x ≤ xI[21]. C, I, A, and AI in the solid indicate crystal, ice crystal, amorphous EAN, and amorphous ice phases,
respectively.



UN
CO

RR
EC

TE
D

PR
OOF

Journal of Molecular Liquids xxx (2017) xxx-xxx 7

4. Conclusion

Multiple crystallization pathways are detected in pure EAN as one
of pILs. Even in a simple molecular system, the crystal pathways of
EAN depend on a bifurcation point. The bifurcation point is a char-
acteristic temperature for appearance of the stable β′ phase upon heat-
ing. The multiple crystallization pathways in pILs differ from those
in apILs. The water-additive effect for EAN appears clearly in the
phase diagrams. The water-concentration region of phase instabilities
(71 ≤ x ≤ 93) almost coincides with that determined by electrochemi-
cal instabilities in a previous study. The unstable phase behavior in the
phase diagrams is described by two points: (i) no reproducible types
of solidification, and (ii) widely spread solidifying temperatures.
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