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A B S T R A C T

Anion effects on phase behaviors of 1-butyl-3-methylimidazolium ([C4mim]+) and 1-hyexyll-3-methylimida-
zolium ([C6mim]+) based room-temperature ionic liquids (RTILs) were examined at low temperature (LT). By si-
multaneous X-ray diffraction and differential scanning calorimetry measurements, solid phases were determined
at LT. Depending on the molecular interactions, amorphization, crystallization, and cold crystallization were
clearly distinguished. In the solid phases, the anion effect differs significantly from the alkyl chain length effect
of the 1-alkyl-3-methylimidazolium cations, [Cnmim]+.

1. Introduction

Room-temperature ionic liquids (RTILs) have been investigated with
respect to their fundamental science due to their fascinating proper-
ties such as near-zero vapor pressure [1–5]. The nanoheterogeneity of
the RTIL structure was predicted theoretically [6–9] and proved exper-
imentally [10–13]. The RTIL cations are 1-alkyl-3-methylimidazolium,
[Cnmim]+, where n is the alkyl chain length of the [Cnmim]+ cation. On
the X-ray diffraction patterns, [C3mim]Cl had no prepeak, while quite
broad prepeak appeared in [C4mim]Cl [10]. Distinct prepeak appeared
above n=6. The nanoheterogeneity of the RTILs developed proportion-
ally to n.

At low temperature (LT), various solid phases of [Cnmim]+ based
RTILs were determined [14–16]. Below n=1, the 1-alkyl-3-methylim-
idazolium tetrafluoroborate ([Cnmim][BF4]) ionic liquids crystallized
[14], while, amorphous states were detected in the [Cnmim][BF4] ionic
liquids at 2≤n≤9 [14,15]. The glass transition temperature, Tg, was
almost constant (−80 °C) at 4≤n≤9. More importantly, above n=12,
a crystalline phase was formed, and a liquid crystalline phase ap-
peared subsequently on heating. For 1-alkyl-3-methylimidazolium hexa-
fluorophosphate, [Cnmim][PF6], a similar phase diagram was obtained
at LT [15], and the glass phase region was found to be 4≤n≤8.
However, simultaneous X-ray dif

fraction and differential scanning calorimetry (DSC) show that the LT
phase behaviors of 1-alkyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide ([Cnmim][TFSI]) are different [16]. It was found that
crystallization upon cooling or cold crystallization upon heating was
suppressed at 4≤n≤8, except at n=6, where cold crystallization was
observed discontinuously in the center of the amorphous region. Re-
cently, theoretical calculations were performed to interpret the com-
plex phase diagrams of the [Cnmim]+ cation-based RTILs [17]. The dual
ionic (electrostatic interaction) and organic (dispersion interaction) na-
ture of the RTILs was explained by introducing the cage energy land-
scape. Here, it is deduced that the ionic nature of [Cnmim][BF4] and
[Cnmim][PF6] corresponds to crystallization below n=6, while the or-
ganic nature is related to the appearance of liquid crystals above n=6.
Thus, considering the LT phase behaviors of the [Cnmim]+ cation-based
ionic liquids, the crossover alkyl chain length (nc) arising from the ionic
and organic nature was determined as nc =6. This is a typical cation
effect, which is derived from the alkyl chain length. Not only in pure
RTILs but also in mixed systems, crossover behaviors were observed. As
a propanol isomer effect in the mixtures of propanol and [Cnmim][TFSI]
ionic liquids, the crossing point of the cloud temperature curves in the
liquid–liquid equilibria (LLE) disappeared above n=6 [18]. Moreover,
butanol isomer effects in [Cnmim][TFSI]-butanol mixtures were clearly
seen at the upper critical solution temperatures (UCSTs) of the LLE [16].

Email address: ab@nda.ac.jp (H. Abe)

https://doi.org/10.1016/j.cplett.2018.09.046
Received 29 May 2018; Accepted 18 September 2018
Available online xxx
0009-2614/ © 2018.

Research paper



UN
CO

RR
EC

TE
D

PR
OO

F

H. Abe et al. Chemical Physics Letters xxx (2018) xxx-xxx

Above n=6, the UCSTs were strongly dependent on the hydrophobicity
of the butanol isomers.

In this study, we investigated the anion effect on solid phases of
[C6mim]+ cation-based RTILs, [C6mim]X, where X is an anion. The
[C6mim]+ cation exhibits crossover-like behavior from an ionic to an
organic nature. Compared with the alkyl chain length effect of the
[Cnmim]+ cation, opposing solid phases were observed in the [C6mim]X
ionic liquids.

2. Experiments and simulations

The [C6mim]X RTILs were used in this study (Kanto Chemical Co.).
The anions, X, are Cl−, Br−, I−, [BF4]−, [PF6]−, tricyanomethanide
([TCM] −), trifluoromethanesulfonate ([TFMS] −), bis(fluorosul-
fonyl)imide ([FSI]−), [TFSI]−, perfluorobutanesulfonate ([PFBS] −), and
tris(perfluoroalkyl)trifluorophosphate ([FAP]−) (Fig. 1). [C6mim][I3],
[C6mim][I5] and [C6mim][I7] were obtained by external addition of
iodine (Kanto Chemical Co.). Water contents of [C6mim][BF4] and
[C6mim][FAP] were estimated on the basis of the Karl Fischer titration
method (AQV-300, Hiranuma Co.). The water contents of the RTILs are
listed in Table S1 of Supporting Information (SI).

To determine LT phases, simultaneous X-ray diffraction and DSC
measurements were performed using SmartLab (Rigaku Co.). The wave-
length of incident X-ray (Cu radiation) was selected as λ=0.1542nm
with 2θ as the scattering angle. The wave vector, q, was 4π(sinθ)/λ.

The Gaussian 09 program [19] was used for ab initio molecular or-
bital calculations with the basis sets implemented in the program. The
geometries of ion pairs were optimized at the HF/6-311G** level. The
intermolecular interaction energies (Eint) were calculated at the MP2/
6-311G** level using the optimized geometries by the supermolecule
method. The basis set superposition error (BSSE) [20] was corrected for
all the intermolecular interaction energy calculations using the counter-
poise method. [21] The stabilization energy for forming a complex from
the isolated species (Eform) was calculated as the sum of the Eint and the
deformation energy (Edef), which is the sum of the increase in energy
due to the deformation of the cation and anion during formation of the
ion pair. The DGDZVP basis set [22] was used for iodide.

3. Results and discussion

Simultaneous X-ray diffraction and DSC measurements were per-
formed at a constant cooling and heating rate of 5 °C/min. Fig. 2 shows
the X-ray diffraction patterns and DSC thermal traces of

Fig. 1. Molecular structures of anions in order of size.

Fig. 2. X-ray diffraction patterns and thermal traces of [C6mim][FSI]. TCC and Tm are the
cold crystallization temperature and melting point upon heating, respectively. Open cir-
cles indicate Bragg reflections from an Al sample pan, while additional scattering from the
DSC inner shroud is shown by a green closed square.

the [C6mim][FSI] ionic liquid as an example. Upon cooling, no Bragg re-
flections were observed, and there were no distinct peaks in the thermo-
gram. Therefore, crystallization of [C6mim][FSI] was suppressed upon
cooling. However, upon heating, the Tg on the DSC thermal trace was
found to be −89.1 °C. The phase change from amorphous to supercooled
liquid was not probed by X-ray diffraction. Moreover, cold crystalliza-
tion was clearly shown at −52 °C (TCC) by Bragg reflections and a dis-
tinct exothermal peak. Further heating indicated that the crystal melts
at −7 °C (Tm), as the Bragg reflections disappeared with the endother-
mal peak (Fig. 2). The phase transitions of the [C6mim][FSI] ionic liquid
were reproducible in the second and third thermal cycles. The DSC ther-
mogram showed the enthalpy changes of each state as macroscopic ther-
modynamics, while X-ray diffraction provided the microscopic molecu-
lar orientational and positional orders. In situ observations using mul-
tiple probing are also required for multiple pathways and crystal poly-
morphs as non-equilibrium properties [23,24]. Despite the simple mol-
ecular RTIL systems, complex phase behaviors were determined by the
simultaneous measurements. Thus, the simultaneous measurements are
indispensable for clarifying the non-equilibrium driven phenomena.

Generally, macroscopic properties are governed by the sizes of
cation and anion [25,26]. To examine the anion effect on the phase
behaviors of the [C4mim]X ionic liquid, temperatures of amorphiza-
tion (Tg) and melting (Tm) upon heating are plotted against the van
der Waals volume, VVW, of anions (Fig. 3). X is a series of anions,
and the VVW was estimated by DFT calculations (B3LYP/6–31++G**).
The melting point (Tm) indicates crystallization, including cold crys-
tallization, upon heating at LT, while Tg indicates amorphization of
the RTILs. For simplicity, the crystallization temperature (TC) and cold
crystallization temperature (TCC) are omitted in Fig. 3. In this study,
we determined the types of phase behaviors of the [C4mim][TFMS],
[C4mim][I3], and [C4mim][FSI] ionic liquids by simultaneous X-ray
diffraction and DSC measurements. The [C4mim][TFMS] ionic liquid
crystallized directly at −20 °C upon cooling. The melting point of the
[C4mim][TFMS] ionic liquid was 15.6 °C. For the [C4mim][I3] ionic liq-
uid, neither crystallization nor cold crystallization was observed. How-
ever, a crystalline phase of the [C3mim][I3] ionic liquid was reported
at LT [27]. The [C4mim][FSI] ionic liquid also showed no crystalliza-
tion at LT. Crystalline or amorphous states of other [C4mim]X ionic
liquids were determined in previous studies (Fig. 3). The phase be-
haviors of the [C4mim]Cl ionic liquid was sensitive to thermal treat-
ment [28]. The melting point of the [C4mim]Cl ionic liquid was es-
timated as 69 °C. However, cold crystallized [C4mim]Br melted at
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Fig. 3. Low-temperature phases of [C4mim]X against van der Waals volume, VVW, of an-
ions. Blue open circles and red closed circles indicate glass transition temperatures (Tg)
and melting points (Tm), respectively. Crystallization upon cooling and cold crystallization
upon heating are omitted for simplicity.

77 °C [29]. The [C4mim]I ionic liquid solidified without crystallizing,
and its Tg was found to be −70 °C [30]. A crystal polymorph of the
[C4mim][NO3] ionic liquid was observed, and its melting point (Tm) was
found to be 36 °C [31]. Crystallization of the [C4mim][BF4] ionic liquid
was suppressed [15]. Conversely, a crystal polymorph appeared in the
[C4mim][PF6] ionic liquid [32]. The Tg of the [C4mim][TFSI] ionic liq-
uid was obtained by the simultaneous X-ray diffraction and DSC mea-
surements [16]. Here, it is emphasized that in the [C4mim]X ionic liq-
uids, Tg was not related to the VVW of anions (Fig. 3). Tm had a relation
with the VVW, and depends on the molecular interactions between the
[C4mim]+ cation and anions rather than the anion size.

Compared with the [C4mim]X ionic liquids, a series of the [C6mim]X
ionic liquids showed entirely different phase behaviors on the VVW
plot (Fig. 4). For instance, for the [Cnmim][TFSI] ionic

Fig. 4. Low-temperature phases of [C6mim]X against van der Waals volume, VVW, of an-
ions. Blue closed squares and blue open triangles show TC1 and TC2 upon cooling, respec-
tively. Green closed circles and red closed circles correspond to cold crystallization tem-
peratures and melting points upon heating, respectively. Glass transition temperatures are
expressed by blue open circles.

liquids (3≤n≤8), cold crystallization occurred only in the
[C6mim][TFSI] ionic liquid due to the crossover alkyl chain length,
nc =6 [16]. The [C6mim]+ cation is characterized by competitive be-
havior between its ionic and organic nature. The Tg values of
[C6mim]Cl, [C6mim]Br, [C6mim]I, [C6mim][BF4], and [C6mim][PF6]
were obtained previously [33]. Focusing on the spherical anions, Tg
of [C6mim]Cl, [C6mim]Br, [C6mim]I, and [C6mim][PF6] decreased in-
versely proportional to VVW (Fig. 4). This means that the Tg as the in-
teractions between a cation and an anion decreases by the increase
the intermolecular distance. The calculated stabilization energies (Eform)
of the [C2mim]X ion pairs summarized in Table 1 did not contradict
with the observed Tg. To remove ambiguities, in the calculations, we
used [C2mim]+ cation. Here, the optimized molecular structures of
the [C2mim]X ion pairs are shown in Fig. S1. In contrast, the interac-
tions in the ion pairs of non-spherical anions such as [FSI]−, [TFSI]−,
[TFMS]−, and [PFBS]− are controlled by the anisotropic distributions
of surface charges. Therefore, the Eform is not determined by the VVW.
The interaction of a cation with the [FSI]− anion is nearly identical
with the [TFSI]− anoin, although the [FSI]− anion is smaller than the
[TFSI]−. Because most of the negative charges of [FSI]− and [TFSI]− an-
ions distribute to the -SO2- portions of the anions, which interact with
the [C6mim]+ cation. The electrostatic interactions between the [FSI]−

anion and the [C2mim]+ cation is close to that between [TFSI]− an-
ion and the [C2mim]+ cation [34]. The Tm of the [C6mim][FSI] and
[C6mim][TFSI] ionic liquids are nearly identical owing to the compara-
ble magnitude of the interaction. In the same manner with the [FSI]−

and [TFSI]− anions, the [TFMS]− and [PFBS]− anions having the com-
mon –SO3 part, which have most of negative charges, possessed the
almost same Tm. The calculated Eform values for the [C2mim][X] ion
pairs summarized in Table 1 suggest that the comparable Tm values
are explained by the nearly identical Eform: those of [C2mim][FSI] and
[C2mim][TFSI] ion pairs are −77.0 and −78.8kcal/mol, respectively,
while those of [C2mim][TFMS] and [C2mim][PFBS] ion pairs are −82.6
and −81.4kcal/mol. Complex phase behaviors of [C6mim][TFSI] were
previously determined by the simultaneous X-ray diffraction and DSC
measurements [16]. In this study, [C6mim][TCM], [C6mim][TFMS],
[C6mim][I3], [C6mim][FSI], [C6mim][I5], [C6mim][PFBS], [C6mim][I7],
and [C6mim][FAP] were selected to clarify the anion effect during
phase changes. Combined with previous studies, the anion effect on
VVW in [C6mim]X was obtained as shown in Fig. 4. With small an-
ions such as Cl−, Br−, I−, [BF4]−, [PF6]−, and [TCM]−, crystallization
upon cooling and cold crystallization upon heating were completely
suppressed. Tg is expressed by blue open circles in Fig. 4. Amorphiza-
tion could be induced by both the competitive nature of the crossover
alkyl chain (nc =6) and smaller anions. Conversely, the larger anions
promote crystallization or cold crystallization of the [C6mim]X ionic
liquids. The blue closed squares and the green closed circles in Fig.
4 indicate crystallization and cold crystallization, respectively. Since
[TFMS]−, [I3]−, [FSI]−, [TFSI]−, [I5]−, [PFBS]−, and [I7]− anions are
larger than the specific size without amorphization, a boundary ex-
ists between amorphization and crystallization in the [C6mim]X sys-
tem. When the anion size exceeds the critical size, the type of phase
behaviors, such as crystallization or cold crystallization, depends on
the individual anion geometry. It should be noted

Table 1
Calculated stabilization energies (kcal/mol) of [C2mim]X ion pairs.

Cl Br I NO3 BF4 [38] PF6 [38] TCM TFMS [38] I3 FSI [34] TFSI [38] I5 PFBS I7 FAP

−88.5 −86.4 −80.3 −90.1 −85.2 −78.4 −77.3 −82.6 −68.7 −77.0 −78.8 −66.2 −81.4 −68.1 −73.2

3



UN
CO

RR
EC

TE
D

PR
OO

F

H. Abe et al. Chemical Physics Letters xxx (2018) xxx-xxx

that crystallization upon cooling occurred only in the [C6mim][TFMS],
[C6mim][I3], and [C6mim][PFBS] ionic liquids. The molecular shape of
the above anions is rod-like and asymmetric (Fig. 1). It is known that
the intra bonding distances of the I3− anion are different [35]. The asym-
metric surface charge distributions of [TFMS]−, [I3]−, and [PFBS]− an-
ions contribute to the charge network, and are significant with respect
to the crystallization upon cooling. In particular, [C6mim][PFBS] pos-
sesses a crystalline polymorph at LT, which is represented by TC1 and
TC2 (Fig. 4). However, symmetric anions such as [FSI]− and [TFSI]− have
degrees of freedom in the charge network. This is because the symmetric
surface charge distributions of the anions have two equivalent capture
sites for the cation. More importantly, a large [FAP]− anion disturbed
the crystal nucleation. This caused random freezing, owing to the low
surface charge density of the [FAP]− anion. A charge network between
the cation and anion could not develop for the large anion combined
with the [C6mim]+ cation. The crystal region on the VVW scale is shown
by the gray area in Fig. 4. Consequently, the anion effect of [C6mim]X
is summarized as amorphous-crystalline-amorphous in order of the VVW.
The competitive alkyl chain length of the [C6mim]+ cation revealed the
intrinsic anion effect. Also, the [C6mim]Cl ionic liquid had the apparent
nanoheterogeneity [10]. Here, we deduce that an unstable alkyl chain
coupled with the nanoheterogeneity utilizes the inherent anion proper-
ties fully to stabilize the [C6mim]X ionic liquid system. Conversely, it is
known that the cation effect of [Cnmim]+ is crystalline-amorphous-crys-
talline in order of n, and is opposite to the anion effect. The solid phases
of the [Cnmim][BF4] and [Cnmim][PF6] ionic liquids depend strongly on
the alkyl chain length, n, of the [Cnmim]+ cation [15]. For further un-
derstanding, rotator phases of the normal alkanes (CnH2n+2) [36,37] are
the key to interpret the phase behaviors of the [C4mim]X and [C6mim]X
ionic liquids. The complicated phase diagrams on the n were obtained.
The different kinds of rotator phases, which are partially order/disorder,
locate on the n-temperature plot. The rotator phases were classified by
developments of a herringbone crystal domain [36]. Here, it is empha-
size that the distinct nanoheterogeneity of the [C6mim]X ionic liquids
could induce complicated phase behaviors such as the rotator phases of
normal alkanes. Then, we predict that the unstable [C6mim]+ cation is
quite sensitive to the intrinsic anion properties.

4. Summary

The anion effect on the phase behaviors was clearly observed in the
[C6mim]X ionic liquids at LT, although not for the [C4mim]X ionic liq-
uids. The calculated stabilization energies of ion pairs suggest that the
observed Tg values of the spherical anions and the observed Tm values
of the non-spherical anions are influenced by the magnitude of the in-
teractions between cation and anion. The crossover alkyl chain length
arising from the ionic and organic nature of nc =6 could be sensitive to
the intrinsic anion properties. Asymmetric molecular shapes of the an-
ions with asymmetric surface charge distributions promote crystalliza-
tion upon cooling.
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