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A B S T R A C T

Multiple crystal pathways and crystal polymorphs were observed in protic ionic liquids (pILs), which are liq-
uid or solid at room temperature. The pILs studied were methylammonium nitrate (MAN), dimethylammo-
nium nitrate (DAN), ethylammonium nitrate (EAN), and propylammonium nitrate (PAN). MAN and DAN
solidified as plastic crystals at room temperature, whereas EAN and PAN are liquids at room temperature.
Solid MAN and DAN indicated crystal polymorphs. In spite of its simple molecular structure, complicated
phase behaviors such as multiple crystal pathways and crystal polymorphs were observed in liquid EAN at
low temperature [Abe et al., J. Mol. Liq. 241 (2017) 301]. Liquid PAN also possesses low-temperature anom-
alies in analogy with liquid EAN. Proton fluctuations, which disturb the crystal nucleation of liquid pILs at
room temperature, cause multiple crystal pathways via a non-equilibrium state.

© 2018.

1. Introduction

Multiple pathways of protein folding are explained by the free en-
ergy landscape as a non-equilibrium state [1–5]. Generally, protein
kinetic properties are described by many basins and saddle points in
the potential energy [6]. Also, the free energy landscape has been ap-
plied to protein folding/unfolding under high pressure [7] and has con-
tributed to new applications in biotechnology and medicine.

The fundamental science of ionic liquids (ILs) has been inves-
tigated, and they have been used in industrial applications [8–12].
ILs consist simply of a cation and an anion. Recently, the cage en-
ergy landscape of ILs was calculated and compared with inorganic
and organic salts [13]. The ILs are interpreted as both ionic and or-
ganic in nature, expressed by their cage energy landscape. From an
electrochemical viewpoint, ILs are classified into aprotic ionic liquids
(apILs) and protic ionic liquids (pILs) [14–19]. Recently, though hy-
drogen bonding and proton transfer, the pILs were further character-
ized by introducing ionicity combined with density functional theory
(DFT) calculations [20,21]. Low-frequency infrared spectroscopy pro-
vides direct information on the hydrogen bond stretching frequency.

Liquid structures of pILs were determined by neutron diffraction
using partially or fully deuterated pILs. The contrast between H and
D during neutron diffraction is effective to distinguish the local struc-
tures in the liquid state. For instance, ethylammonium nitrate (EAN)
[22] and propylammonium nitrate (PAN) [23] possess sponge-like
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nanostructures at room temperature, where the liquid structures were
visualized using empirical potential structure refinement. Geometri-
cally, the sponge phase was found to be a bicontinuous nanostruc-
ture. In contrast, methylammonium nitrate (MAN) and dimethylam-
monium nitrate (DAN) are solids at room temperature. The phase tran-
sitions of MAN [24], DAN [25], EAN [26], and PAN [27] were de-
termined by X-ray diffraction or Raman spectroscopy. It is known
that the crystal polymorphs of pILs occur intrinsically [24]. The crys-
tal polymorphs were caused by positional and rotational order/disor-
der, accompanying with changing the molecular conformations and
the molecular packing. Furthermore, in spite of the simple molec-
ular structure of EAN, multiple crystal pathways were observed by
simultaneous X-ray diffraction and differential scanning calorimetry
(DSC) measurements [28]. The complicated phase behaviors of EAN
depended extensively on the minimum temperature, Tmin, and bifurca-
tion temperature, TB. The crystal polymorphs are due to a non-equilib-
rium state, which could originate from proton transfer of the pILs.

In this study, we classify the pILs on the basis of their phase behav-
iors by simultaneous X-ray diffraction and DSC measurements. The
solid pILs did not have multiple crystal pathways, although multiple
pathways of crystallizations appeared at low temperature in the liquid
pILs. Proton transfer influences the non-equilibrium property of the
liquid pILs.

2. Experimental section

pILs used in this study were solid MAN, solid DAN, and liquid
PAN (Kanto Chem. Co.), as shown in Fig. 1. The hydrophilic pILs
were put on an Al sample pan for DSC inside a glove box, under a he
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Fig. 1. Molecular structures of methylammonium nitrate (MAN), dimethylammonium nitrate (DAN), ethylammonium nitrate (EAN), and propylammonium nitrate (PAN). MAN and
DAN are solids state at room temperature. EAN and PAN crystallize below room temperature.

lium atmosphere. The relative humidity was suppressed below 10%
using silica gel.

Simultaneous X-ray diffraction and DSC measurements were car-
ried out using a vertical goniometer (SmartLab Rigaku Co.), with an
attached DSC. Simultaneous measurements of X-ray diffraction and
DSC can distinguish complicated multiple crystal pathways precisely.
For liquid materials, a vertical goniometer is indispensable to fit to the
horizontal sample stage. A one-dimensional detector (D/teX, Rigaku
Co.) was integrated into the diffractometer for rapid scanning. The
X-ray incident wavelength was Cu Kα (λ= 1.542Å). Dry nitrogen gas
flowed through the DSC attachment. The temperature range of the si-
multaneous measurements was 150°C to −100°C, and the cooling and
heating rates were 5°C/min. The crystal structure was analyzed by
a combination of FOX [29] and Conograph [30]. Firstly, Conograph
was used to calculate possible lattice parameters and space groups, fol-
lowing which global optimization by FOX identified the space group.

3. Results and discussion

3.1. Crystal polymorphs of solid MAN and solid DAN

Fig. 2(a) and 2(b) reveal the thermal traces of MAN and DAN, re-
spectively. As reported previously [24,25], upon cooling, MAN crys-
tallized at 102°C (TC1). The crystal (phase I) was distorted like a plas-
tic crystal, and below TC1, it was represented by only a few Bragg re-
flections. The crystal structure was analyzed previously and found to
be cubic [24]. Upon decreasing the temperature furthermore, a crys-
tal-crystal phase transition occurred with a large exothermal peak (Fig.
2(a)) and an increase in the number of Bragg reflections at 56 °C (TC2).
Here, the new crystal was named, phase II. The crystal structure of
phase II was found to be Pnma (Table 1), which was exactly the same
as previously reported [24]. Upon heating, an inverse phase transition
from phase II to phase I was observed at 81°C. The plastic phase I
melted at 110°C, and the crystal polymorph of MAN is regarded as a
typical order-disorder (plastic) phase transition.

Fig. 2. DSC thermal traces of (a) MAN and (b) DAN. Phase I and phase II were formed
at TC1 and TC2 upon cooling, respectively. In the case of DAN, an additional crys-
tal-crystal phase transition occurred at TC3. Tm denotes melting point.

Crystal polymorphs of DAN were also observed by simultaneous
measurements of X-ray diffraction and DSC. Fig. 2(b) indicates the
DSC traces both upon cooling and heating. In contrast to MAN, DAN
had three crystal phases. Upon cooling, TC1 and TC2 were found to
be 50°C and 5°C, respectively. At TC1, Bragg reflections of phase I
indicate that DAN also transformed to a plastic phase (Fig. 3). Only

Table 1
Crystallographic data of MAN, DAN, EAN, and PAN.

a b c β Z ρ (g/cm3) R Rw

MAN Pnma 10.4079(14) 6.5701(8) 6.4038(9) 90 4 1.427 0.0292 0.0576
DAN Pna21 9.9552 9.7684 5.7191 90 4 1.291
EAN P21/c 9.7872(3) 11.4041(4) 9.8847(3) 113.110(2) 8 1.415 0.040 0.1215

PAN a b c α β γ Z ρ (g/cm3) R Rw

I P 5.0467 9.8818 12.373 106.58 96.591 100.98 4 1.406 0.046 0.080
II C2/c 8.0194 9.8641 29.946 90 95.142 90 16 1.375 0.1267 0.1114



UN
CO

RR
EC

TE
D

PR
OO

F

Journal of Molecular Liquids xxx (2018) xxx-xxx 3

Fig. 3. X-ray diffraction patterns of DAN. Phase transitions occurred obviously at TC1,
TC2, and TC3. Open circles and open square reveal Bragg reflections of an Al sample pan
and the inner shroud of DSC, respectively.

by several Bragg reflections of the phase, crystal structure was not
determined. Enthalpy change, ΔH, from liquid to the plastic phase
(phase I) was found to be 7.3kJ/mol. On the other hand, below TC2,
weak Bragg reflections appeared additionally with vanishing orienta-
tional disorder of the plastic crystal (Fig. 3). The crystal structure of
phase II was found to be orthorhombic (Pna21 with Z = 4), which is
the same crystal structure as previously analyzed (Table 1) [25]. ΔH
from phase I to phase II was 2.4kJ/mol. Phase III appeared clearly
at −27°C, with changing positions and intensities of the Bragg reflec

tions (Fig. 3). The phase transition temperature of phase III is denoted
as TC3, which had not been reported previously. Apparent appearance
and disappearance of Bragg reflections indicate the new crystal struc-
ture, although ΔH from phase II and phase III was small (0.20 kJ/mol).
The crystal structure of phase III could not be determined because
of strong preferred orientations of the Debye rings. To determine the
space group of the phase III, a single crystal structural analysis is in-
dispensable. Upon heating, phase III changed to the coexistent phase
I and phase II at TC3 (27 °C). The observed Bragg reflections were ex-
plained by superposition of those of phase I and phase II as shown
in Fig. 3, although some discrepancies were seen due to the preferred
orientation of the Debye rings. Coexistence of phase I and phase II
implies that partially rotational disorder occurred in TC3 < T < Tm upon
heating. The crystal phases melted at 78°C (Tm). Both solid MAN and
solid DAN are characterized by crystal polymorphs, although they did
not have multiple crystal pathways such as liquid EAN [28].

3.2. Crystal polymorphs and multiple crystal pathways of liquid PAN

To distinguish liquid pILs from solid ones, the phase behavior of
liquid PAN was examined by simultaneous measurements of X-ray
diffraction and DSC with constant cooling and heating rates of 5°C/
min. Liquid PAN at room temperature indicated complicated crystal
polymorphs in the same manner as those of liquid EAN [28]. At TC1
(−36°C), phase I appeared upon cooling (Fig. 4). Phase I was not a
plastic crystal because it exhibited a lot of Bragg reflections. As far
as we know, the crystal structure of PAN had not yet been resolved
by X-ray diffraction. The crystal structure of phase I was determined
to be triclinic (P , Z = 4), as listed in Table 1. ΔH at TC1 was 6.3kJ/
mol. By further cooling, quite a small exothermal peak (ΔH = 60J/
mol) at −62°C (TC2) was detected in the DSC thermograph, although
the X-ray diffraction pattern only changed a little. The phenomenon
of PAN at TC2 was almost the same as that of EAN, where TC2 of
EAN was −62°C [28]. In EAN, it was interpreted that an HNO3 crys-
tal was also partially formed in phase I [28]. In general, pure HNO3

Fig. 4. X-ray diffraction patterns and DSC thermal traces of PAN. Cold crystallization upon heating occurred at TCC. The green curves denotes phase II above TCC. Open circles
reveal Bragg reflections of an Al sample pan. Open square indicates scattering 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.)
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crystallizes at −41.6°C and the crystal structure of pure HNO3 is mon-
oclinic P21/a [29]. The coexistence of phase I and HNO3 is identified
as phase I′. When the minimum temperature (Tmin) was −100 °C, cold
crystallization occurred at −55°C (TCC) upon heating (Fig. 4). ΔH at
TCC upon heating was estimated to be 2.8kJ/mol. The green curves in
Fig. 4 reveal a new crystal (phase II'), above TCC. At Tm1 (−39°C),
a partial crystal of HNO3 melted with a small endothermal peak, and
phase II' changed to phase II, with minor changes in the X-ray diffrac-
tion pattern. ΔH at Tm1 was −136J/mol. The crystal structure of phase
II was monoclinic (Table 1), with a possible space group of C2/c or
C2/m as identified by global optimization of FOX. At 5.5 °C (Tm2),
melting occurred with the endothermal peak (−9.9kJ/mol) and disap-
pearance of the Bragg reflection.

More importantly, we observed multiple crystal pathways of PAN
in a non-equilibrium state. In the case of EAN [28], the multiple crys-
tal pathways were characterized by a bifurcation point (TB). The crys-
tal pathways of PAN depended extensively on Tmin. The cold crystal-
lization upon heating disappeared when Tmin was higher than −74°C
(TB < Tmin) (Fig. 5(a)). Upon cooling, ΔH at TC1 and TC2 were 6.2kJ/
mol and 20J/mol, respectively. While, upon heating, ΔH at Tm1 and
Tm2 without cold crystallization were − 78J/mol and − 6.6kJ/mol, re-
spectively. In contrast, if we set Tmin below −74°C (Tmin < TB), cold
crystallization always appeared upon heating (Fig. 5(b)). As shown
in Fig. 4, if the cold crystallization exist, ΔH (−9.9kJ/mol) at Tm2
upon heating become smaller. Certainly, heat balance was satisfied
with or without cold crystallization. The specific bifurcation tempera-
ture (TB) plays a role in the phase switching of PAN as well as EAN
[28]. However, at TB, no changes in the X-ray diffraction pattern and
DSC thermograph were obtained. The multiple crystal pathways of
PAN are schematically summarized in Fig. 6. We confirm that the TB
value suggests a degree of non-equilibrium states. Another significant

Fig. 5. DSC thermal traces of (a) TB < Tmin, and of (b) Tmin < TB. The bifurcation temper-
ature (TB) clearly controls the crystal pathway.

Fig. 6. Schematic of the multiple crystal pathways of PAN. The bifurcation temperature
(TB) clearly exists by systematic experiments.

point of TB is that the TB values are different in pure EAN and PAN
even at the same cooling rate of 5°C/min. For instance, TB of EAN
was found to be −82°C [28]. We deduce that in EAN (TB = −82°C)
and PAN (TB = −74°C), the different temperatures of the phase switch-
ing are relating to the different sponge-like nanostructures [22,23]. It
was reported that the nano-heterogeneity of PAN developed slightly
larger than that of EAN.

3.3. Proton dynamics, nano-heterogeneity, and non-equilibrium state

Two types of pILs can be classified by their protons and the de-
grees of freedom of cationic conformers. Some molecular confor-
mations of MAN prefer to crystallize at room temperature within a
charged network. The proton of –NH3 is bound to the oxygen of a
NO3

− anion with a distance of 1.994Å in the unit cell [24]. In the
case of DAN, two protons from –NH2 are captured geometrically by
the NO3

− anion as shown in Fig. 1. Conformations of the DAN cation
could be restricted by an interaction between the protons of –NH2 and
the NO3

− anion. The unit cells of solid pILs were small because of a
simple interaction (Table 1). On the other hand, liquid EAN and liq-
uid PAN have some degrees of freedom in their cationic conforma-
tions. We deduce that proton dynamic fluctuations between –NH3 and
NO3

− are synchronized within the cationic conformations. This dy-
namic property interrupts the crystallization at room temperature in
spite of their simple molecular structures. High-quality DFT calcu-
lations have been performed to visualize the hydrogen-bonding net-
work of pILs in a simulation box [30]. The incomplete acceptor−donor
network of hydrogen bonding was demonstrated. Dynamic disorder
based on the complex hydrogen bonding of EAN and PAN, which
is coupled with sponge-like nanostructures, suppresses the develop-
ment of a charge network. Very recently, the Grotthuss-like proton
conduction of pIL was simulated using ab initio molecular dynam-
ics [31]. The crystal structures of EAN and PAN at low temperature
reflect the complexity in the liquid state. Large unit cells imply that
some additional interactions enable it to modulate the lattices. In fact,
crystal structure of EAN indicate that two kinds of NO3

− anion exist
in the unit cell [25]: one NO3

− is bound to 6 cations, and the other
is bound to 8 cations. We predict that proton dynamics in the solid
state are considered as a possible non-equilibrium factor in these sim-
ple molecular systems. In conventional X-ray diffraction, the hydro



UN
CO

RR
EC

TE
D

PR
OO

F

Journal of Molecular Liquids xxx (2018) xxx-xxx 5

gen cannot be detected directly. Also, conventional DSC does not ex-
tract the enthalpy difference derived from proton dynamics. A key to
interpret non-equilibrium behaviors such as multiple crystal pathways
and the crystal polymorphs of both EAN and PAN is proton dynamics,
which is coupled to the heterogeneous liquid structures of pILs.

4. Summary

The non-equilibrium behavior of liquid PAN at room temperature
was clarified by in situ X-ray diffraction and DSC measurements. At
low temperature, crystal polymorphs and multiple crystal pathways
were observed in liquid PAN. In the multiple crystal pathways of liq-
uid PAN, the bifurcation temperature (TB = −74°C) existed as a phase
switching point equally as well as in liquid EAN. Crystal polymorphs
and multiple crystal pathways appeared in both liquid EAN and liquid
PAN. Solid MAN and solid DAN at room temperature were character-
ized by plastic crystals having positional order and rotational disorder.
In a simple molecular system of two types of pILs, hydrogen bonding
contributes differently to the solid phases. In a liquid type of pILs, pro-
tons disturb crystal nucleation at room temperature, which is coupled
with nano-heterogeneity. The predominant proton of liquid EAN and
PAN, at low temperature, caused multiple crystal pathways as a typi-
cal non-equilibrium state. Because of a lack of multiple crystal path-
ways in solid MAN and solid DAN, the role of the protons is entirely
different from the liquid pILs.
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