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A B S T R A C T

Phase behaviors and magnetic properties of magnetic ionic liquids (mILs) were investigated at low tempera-
ture. The mILs were [C4mim][FeCl4], [C4mim][FeCl3Br], [C4mim][FeCl2Br2], [C4mim][FeClBr3], and [C4mim]
[FeBr4], where [C4mim]+ is 1-butyl-3-methylimidazolium. The formation of symmetric and asymmetric an-
ions was identified using Raman spectroscopy. In addition, [C4mim][FeCl4], [C4mim][FeCl3Br], and
[C4mim][FeCl2Br2] indicated a paramagnetic behavior of magnetic susceptibility, which obeyed the Curie-Weiss
law. In [FeClBr3]−-, and [FeBr4]−-based mILs, crystallization was induced at a low temperature upon cooling.
Moreover, nonparamagnetic magnetic susceptibility was observed in [C4mim][FeClBr3], and [C4mim][FeBr4].

1. Introduction

Ionic liquids (ILs) have been reviewed in the literature and investi-
gated as novel solvents [1]. ILs consist of both a cation and an anion.
Peculiarly, they possess nearly zero vapor pressure and exhibit fascinat-
ing properties, such as thermal, chemical, and electrochemical stability
and nonflammablility. In the liquid structure of ILs, nanostructures were
examined on multiple scales experimentally and theoretically [2–4]. A
variety of nanostructures and nanoconfinements, including self-assem-
bly, were obtained, which reflected each molecular interaction of ILs. In
addition to the unique nanostructures, electrochemical devices [5–7],
catalysis [8,9], biomaterials [10,11], CO2 capture [12], and cellulose
dissolution [13,14] have been well developed using the ILs.

Magnetic ionic liquids (mILs) were first reported by Hayashi and
Hamaguchi [15]. The mIL was 1-butyl-3-methylimidazolium tetrachlo-
roferrate [C4mim][FeCl4]. Paramagnetic behavior of [C4mim][FeCl4]
was observed by the SQUID magnetometry. Generally, the existence of
[FeCl4]− and [FeBr4]− anions was proven using Raman spectroscopy
[16–19]. Density functional theory (DFT) calculations of mILs provided
the phase stability and molecular interactions in a gas state [18,20,21].
In mILs, antiferromagnetic ordering was observed in [C2mim][FeCl4]
[22]. The Neel temperature (TN) was found to be approximately 4 K.
In X-ray diffraction (XRD), however, the crystal structure of
[C2mim][FeCl4] was not resolved. In order to examine the magnetic ex-
change interactions, the crystal structure of deuterated-[C2mim][FeCl4]
was determined using neutron diffraction [23]. The crystal structure
was monoclinic (P21/m). Below TN, additional magnetic Bragg reflec-
tions appeared. The peaks indicated the development of antiferromag-
netic ordering along the a and c directions. The effect of hybrid-type
anions in mILs was investigated on the basis of the

[C2mim]+ cation [24]. The effective magnetic moment (μeff) of
[C2mim][FeCl3∙EtSO4] was found to be larger than that of
[C2mim][FeCl4]. Applications of mILs were recently reviewed [25]. Par-
ticularly in [C2mim][Co(EDTA)], a magnetic phase transition between
diamagnetic and paramagnetic liquids was induced under an applied
electric field, accompanied by sample color changes. This means that the
electrochromic and magnetic properties of mILs are controlled at room
temperature.

In this study, we investigated the magnetic properties of mILs with
asymmetric anions. Raman spectroscopy and DFT calculations sup-
ported the formation of asymmetric anions in mILs. Br-substituted an-
ions caused nonparamagnetic-like behavior in mILs. Moreover, cold
crystallization and crystallization were derived from the substituted Br.

2. Experimental and calculation methods

The ILs used in this study were hydrophilic [C4mim][Cl] (Acros Or-
ganics) and [C4mim][Br] (Tokyo Chemical Industry Co., Ltd.). The ILs
were the starting ILs for the synthesis of the mILs. Moreover, FeCl3·6H2O
(Wako Pure Chemical Industries, Ltd.) and FeBr3 (Sigma-Aldrich Co., St.
Louis, MO, USA) were added to obtain asymmetric anions. [C4mim][X]
(X = [FeCl4]−, [FeCl3Br]−, [FeCl2Br2]−, [FeClBr3]−, and [FeBr4]−) was
prepared by spontaneous exothermic solid phase reaction in a dry box,
where He gas flowed to avoid atmospheric H2O. The molar ratio of
[C4mim][Cl]:FeCl3·6H2O:FeBr3 = 1:i:j was calculated using the follow-
ing equation:

(1)
After mixing in the dry box, residual water in the mixtures was evap-

orated through vacuum drying at 120 °C for 24 h.
Raman spectra were measured in a backscattering geometry using

a micro-Raman spectrometer (RA-07F; Seishin Shoji) equipped with a
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monochromator (500 M; Horiba Jobin Yvon) and a charge-coupled-de-
vice detector (Symphony; Horiba Jobin Yvon). An Nd:YAG laser with
532 nm radiation was used as an excitation source with a power of 50
mW, and the Raman spectra were measured at room temperature.

Simultaneous XRD and differential scanning calorimetry (DSC) mea-
surements were performed using a vertical goniometer (SmartLab;
Rigaku Corp.). Simultaneous measurements of XRD and DSC can distin-
guish complicated phase changes. A one-dimensional detector (D/teX;
Rigaku Corp.) was integrated into the diffractometer for rapid scanning.
The X-ray incident wavelength was Cu Kα (λ = 1.542 Å), and dry ni-
trogen gas flowed through the DSC attachment. The temperature of the
simultaneous measurements was in the rage 173–323 K, and the cooling
and heating rates were both 5 K/min.

Susceptibility measurements were performed using a SQUID magne-
tometer (MPMS-XL; Quantum Design) in a 100 Oe magnetic field. The
cooling and heating rates were both 1–10 K/min.

Furthermore, PC-GAMESS (Firefly) was used to evaluate the opti-
mized molecular structures [26–28]. The B3LYP calculation with a
6-31G(d,p) basis set was carried out, in where an Fe atom with S = 5/2
was used in the system. Raman bands were also estimated by DFT.

3. Results and discussion

3.1. Raman bands of [C4mim][X]

Fig. 1 shows the optimized molecular structures of [C4mim][X]
through DFT calculations. The possible combinations between the cation
and the anions depended on the type of the anions, which were di-
vided into three groups (Table 1). According to entropy (S), the num-
ber of cases of anions was one (Group SI), four (Group SII), and six
(Group SIII). Here, Group SI consists of [FeCl4]− and [FeBr4]−, whose
point group is Td, whereas, [FeCl3Br]− and [FeClBr3]− belong to Group
SII. The point group of SII is C3v. The [FeCl2Br2]− anion with six cases
was assigned to SIII, and the low symmetry of C2v was named SIII. The
distorted tetrahedrons of the anions optimized by DFT are described by
the intra-atomic distances of the anions (Fig. 1). The distances between
the Fe and Br of the optimized anions were relatively long, and the
molecular conformation of the optimized [C4mim]+ cation was trans.
With the Br substitutions, the anion orientational orders were changed
by the types of anions in the simulation box. Simultaneously, the Ra-
man bands of the anions in the gas state were calculated using the DFT.

The observed and calculated Raman bands are presented in Fig. 2, with
the solid curves and vertical bars corresponding to the observed and cal-
culated ones, respectively. In Group SII (four cases) and Group SIII (six
cases), the calculated Raman bands of the anions did not coincide with
each other. By changing the colors, the Raman bands of all cases were
superimposed, as shown in Fig. 2. In a previous study, the Raman bands
of [C4mim][FeCl4] [16] and [Li(G3)][FeBr4] [19], which were assigned
as Fe–Cl or Fe–Br stretching vibration, were located at 333 cm−1 and
205 cm−1, respectively. In this study, the observed bands of Group SI
(Fig. 2) were almost the same as those in the previous study. On the
other hand, the asymmetric anions of [FeCl3Br]− and [FeClBr3]− (Group
SII) provided new Raman bands [29]. In the case of the [FeCl3Br]−
anion, new bands at 224, 245, and 273 cm−1 were assigned as Fe–Br,
whereas bands at 334 and 349 cm−1 were derived from Fe–Cl. These
tendencies of Raman bands for asymmetric anions were also observed in
this study (Fig. 2). DFT calculations of the gas state qualitatively pro-
vided the Br-substitution effect of the anions. By increasing the num-
ber of Br substitutions from [FeCl4]− to [FeBr4]−, the calculated Raman
bands at low wavenumbers shifted gradually from 300 to 200 cm−1. Al-
though the wavenumbers of the observed Raman bands did not coin-
cide with those of the calculated ones, qualitative band shifting on the
wavenumber was explained by the DFT calculations. Here, it was con-
firmed that symmetric and asymmetric anions were formed in the mILs
of [C4mim][X].

3.2. XRD and DSC of mILs

DSC thermal traces of [C4mim][X] were observed, as shown in Fig.
3. Low-temperature phase transitions were determined using simulta-
neous XRD and DSC measurements. In [C4mim][FeCl4], no crystalliza-
tion was observed at low temperatures, as the glass transition temper-
ature (Tg = 192.8 K) of [C4mim][FeCl4] has been reported previously
[15]. In fact, Bragg reflections did not appear upon cooling and heat-
ing. In the case of [C4mim][FeCl3Br], upon cooling, crystallization was
completely suppressed. No sharp Bragg reflections or exothermal peaks
were observed. On the other hand, upon heating, glass transition oc-
curred at 191.6 K (Tg), and cold crystallization was clearly detected at
228.0 K (TCC). As the exothermal peak profile at TCC was not simple,
the subsequent solid-solid phase transition occurred at 230.2 K (TC). By
further heating, the crystal melted at 258.2 K (Tm). We deduced that

Fig. 1. Optimized molecular structures of [C4mim][X] by density functional theory (DFT) calculations. Bond distances between Fe and the halogen in the anion are expressed by numbers
in the figure.
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Table 1
Br-substitution effects of the entropic factor, TCC, solid state upon cooling, and magnetic
properties.

[FeCl4] − [FeCl3Br] − [FeCl2Br2] − [FeClBr3] − [FeBr4] −

Entropic
Factor

SI SII SIII SII SI

TCC – Low High Low –
Solid state A A A A + C C
Magnetic
Property

Para Para Para Non-para Non-
para

Fig. 2. Raman spectra of [C4mim][X]. The vertical bars show the calculated Raman bands.
The calculated Raman bands of asymmetric anions show a little dependence on the rela-
tive orientational relationship between the cation and the anion.

the cold crystallization temperature of Group SII was one of the Br-sub-
stitution effects (Table 1). The crystal structures of [C4mim][FeCl3Br]
were not determined because of a few Bragg reflections. Using Cu Kα ra-
diation for incident X-ray, X-ray fluorescence of Fe contributed to large
amount of background, and only a few Bragg reflections were observ-
able due to the low S/N of X-ray diffraction pattern. Our next step

Fig. 3. Differential scanning calorimetry (DSC) thermal traces as a function of tempera-
ture.

was to further examine the Br-substituted [FeCl2Br2]− anion (SIII). The
phase behavior of [C4mim][FeCl2Br2] was almost the same as that of
[C4mim][FeCl3Br]. Moreover, Tg was 192.0 K, and TCC and TC were
found to be 240.0 K and 250.0 K, respectively. While Tg of
[C4mim][FeCl2Br2] was comparable to that of [C4mim][FeCl3Br], TCC
and TC shifted to higher temperatures, compared with those of
[C4mim][FeCl3Br]. This shifting was derived from the entropic factor of
SIII (Table 1). In addition, another SII of the [FeClBr3]− anion could be
influenced by the entropic factor. Focusing on TCC, the low TCC values
of both [C4mim][FeCl3Br] and [C4mim][FeClBr3] were comparable as
the entropic factor of SII. The high TCC of [C4mim][FeCl2Br2] (SIII) im-
plied that the supercooled liquid was stabilized by high entropy. Obvi-
ously, TCC was reflected in the entropic factor. On the other hand, the
phase behaviors of [C4mim][FeClBr3] are shown in Fig. 3. Proportional
to the Br substitutions, more complicated phase changes were obtained
in [C4mim][FeClBr3]. Upon cooling, amorphization partially occurred
with the broad exothermal peak at 234.0 K (Tg). Through further cool-
ing, part of the supercooled liquid, without amorphization, crystallized
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at 219.5 K (TC), accompanied by Bragg reflections. Upon heating, cold
crystallization occurred at 223.9 K (TCC). Hence, at least, two kinds of
crystal structures coexisted above TCC. The coexistence of two types of
crystals corresponds to two melting points (Tm1 and Tm2). In a fully sub-
stituted [FeBr4]−-based system, crystal polymorphs were induced upon
cooling (Fig. 3). Subsequent phase transition temperatures were de-
noted as TC1, TC2, and TC3. These crystal polymorphs were regarded as
a nonequilibrium behavior [30]. Although changes in the XRD patterns
were detected, the crystal structures of all phases were not analyzed be-
cause there were a few Bragg reflections. Considering the amorphization
of the symmetric [FeCl4]−-based system, Br substitution was regarded as
a promoting factor for crystallization. Moreover, [C4mim][FeBr4] fully
crystallized upon cooling, which was supported by a lack of glass transi-
tion or cold crystallization upon heating. At 280.0 K, the sample melted
completely, causing the Bragg reflections to vanish.

Phase behaviors at low temperatures are summarized in Table 1.
The [C4mim][X] system had a variety of the phase behaviors and mag-
netic properties. Geometrically, the entropic factor was connected to the
anion symmetries. Moreover, upon heating, TCC exhibited some relation-
ship with Group SII and Group SIII (Table 1). Generally, upon heat-
ing, TCC was influenced by a supercooled liquid state. Thus, we pre-
dicted that the supercooled liquid was induced by the entropic factor.
The Br-substitution effect was seen in the solid states at low tempera-
ture. Only [C4mim][FeClBr3] and [C4mim][FeBr4] indicated crystalliza-
tion upon cooling. Notably, in the [C4mim][X] system, the melting point
increased when the number of Br substitutions increased. Hence, the
mass effect of anions is affected by molecular interactions.

3.3. Magnetic properties of mILs

The magnetic properties of mILs were investigated by SQUID be-
tween 2 and 300 K. In the case of [C4mim][FeCl4], the inverse mag-
netic susceptibility (χm−1) as a function of temperature was plotted, as
shown in Fig. 4. Here, χm is the zero-field-cooled (ZFC) molar sus-
ceptibility, where the field-cooled (FC) χm−1 coincided with the ZFC
one. The χm−1–T plot obeyed the Currie-Weiss law of a linear relation-
ship on the temperature scale. The value of χm−1 of [C4mim][FeCl4]
did not depend on the cooling rates of 0.1–10 K/min. However, in a
previous study [22], the magnetic moment of [C2mim][FeCl4] was in-
fluenced extensively by the cooling rate. One of the reasons for this
was that [C2mim][FeCl4] crystallized at 280 K, and was antiferromag-
netic. We predicted that the crystallinity of [C2mim][FeCl4] could be
sensitive to the cooling rate. On the other hand, the crystallization
of [C4mim][FeCl4] did not occur at any of the cooling rates. The ef-
fective para

Fig. 4. Temperature dependency of χm−1 for [C4mim][X] under 100 Oe.

magnetic moment (μeff) of [C4mim][FeCl4] was estimated to be 4.03
μB, which is smaller than the 5.92 μB of S = 5/2 spin. We deduced
that the small μeff of [C4mim][FeCl4] was derived from the amorphous
state at a low temperature. Furthermore, [C4mim][FeCl3Br] and
[C4mim][FeCl2Br2] indicated the typical paramagnetic behavior in the
χm−1 plot (Fig. 4). The μeff values of [C4mim][FeCl3Br] and
[C4mim][FeCl2Br2] were almost the same as that of [C4mim][FeCl4].
Therefore, it was emphasized that amorphized [C4mim][FeCl4],
[C4mim][FeCl3Br], and [C4mim][FeCl2Br2] upon cooling were classi-
fied into the same group, having comparable μeff values. In contrast,
in the χm−1 plot of [C4mim][FeClBr3] and [C4mim][FeBr4], a crossover
point appeared at around 100 K (Fig. 4). As no linear relationship on
the T-χm−1 plot was observed, [C4mim][FeClBr3] and [C4mim][FeBr4]
showed a nonparamagnetic-like behavior.

4. Conclusion

Using Raman spectroscopy and DFT calculations, it was found that
asymmetric anions were formed in mILs. Br-substituted anions, such as
[FeClBr3]− and [FeBr4]−, were found to cause crystallizations upon cool-
ing. Particularly, [C4mim][FeBr4] was characterized to be a crystal poly-
morph. Moreover, upon cooling, crystallized mILs showed a nonpara-
magnetic behavior. The mass effect of anions governed the crystalliza-
tion and melting. Furthermore, the entropic effect of anions was seen in
cold crystallization upon heating.

CRediT authorship contribution statement

Hiroshi Abe: Conceptualization, Writing - original draft, Writing -
review & editing. Shusei Maruyama: Data curation. Yoshiaki Hata:
Methodology. Seiya Shimono: Data curation. Hiroaki Kishimura: Data
curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We appreciate Dr. T. Takekiyo and Prof. Y. Yoshimura of the Na-
tional Defense Academy for the helpful discussions. We also thank Dr.
S. Tsuzuki of the National Institute of Advanced Industrial Science and
Technology (Japan) for the theoretical discussions.

References

[1] Z Lei, Y-M Koo, D R MacFarlane, Chem. Rev. 117 (2017) 6633–6635.
[2] R Hayes, G G Warr, R Atkin, Chem. Rev. 115 (2015) 6357–6426.
[3] K Dong, X Liu, H Dong, X Zhang, S Zhang, Chem. Rev. 117 (2017) 6636–6695.
[4] S Zhang, J Zhang, Y Zhang, Y Deng, Chem. Rev. 117 (2017) 6755–6833.
[5] D R MacFarlane, M Forsyth, P C Howlett, J M Pringle, J Sun, G Annat, W Neil, E I

Izgorodina, Acc. Chem. Res. 40 (2007) 1165–1173.
[6] J Wu, Z Lan, J Lin, M Huang, Y Huang, L Fan, G Luo, Chem. Rev. 115 (2015)

2136–2173.
[7] M Watanabe, M L Thomas, S Zhang, K Ueno, T Yasuda, K Dokko, Chem. Rev. 117

(2017) 7190–7239.
[8] T Welton, Chem. Rev. 99 (1999) 2071–2083.
[9] Y Qiao, W Ma, N Theyssen, C Chen, Z Hou, Chem. Rev. 117 (2017) 6881–6928.

[10] S P M Ventura, F A e Silva, M V Quental, D Mondal, M G Freire, J A P Coutinho,
Chem. Rev. 117 (2017) 6984–7052.

[11] K S Egorova, E G Gordeev, V P Ananikov, Chem. Rev. 117 (2017) 7132–7189.
[12] J F Brennecke, B E Gurkan, J. Phys. Chem. Lett. 1 (2010) 3459–3464.
[13] A Pinkert, K N Marsh, S Pang, M P Staiger, Chem. Rev. 109 (2009) 6712–6728.
[14] H Wang, G Gurau, R D Rogers, Chem. Soc. Rev. 41 (2012) 1519–1537.
[15] S Hayashi, H Hamaguchi, Chem. Lett. 34 (2004) 1590–1591.
[16] J-G Li, Y-F Hu, S-F Sun, S Ling, J-Z Zhang, J. Phys. Chem. B 116 (2012)

6461–6464.
[17] J Wang, H Yao, Y Nie, X Zhang, J Li, J. Mol. Liq. 169 (2012) 152–155.
[18] C Zhou, X Yu, H Ma, X Huang, H Zhang, J Jin, Carbohydrate Polym. 105 (2014)

300–307.

4



UN
CO

RR
EC

TE
D

PR
OO

F

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

[19] Y Kemmizaki, H Tsutsumi, K Ueno, Electrochem. 86 (2018) 46–51.
[20] M S Sitze, E R Schreiter, E V Patterson, R G Freeman, Inorg. Chem. 40 (2001)

2298–2304.
[21] H Li, W Zhu, Y Chang, W Jiang, M Zhang, S Yin, J Xia, H Li, J. Mol. Graphics

Model. 59 (2015) 40–49.
[22] I dePedro, D P Rojas, J A Blanco, J Rodríguez Fernández, J. Mag. Mag. Mater. 323

(2011) 1254–1257.
[23] A García-Saiz, I de Pedro, L Fernández Barquín, M T Fernández-Díaz, J A Blanco,

J Rodríguez Fernández, J. Phys.: Conf. Ser. 663 (2015) 012008–5.
[24] Y Takagi, Y Kusunoki, Y Yoshida, H Tanaka, G Saito, K Katagiri, T Oshiki, Aust. J.

Chem. 65 (2012) 1557–1560.
[25] K D Clark, O Nacham, J A Purslow, S A Pierson, J L Anderson, Anal. Chim. Acta

934 (2016) 9–21.

[26] W J Hehre, R Ditchfield, J A Pople, J. Chem. Phys. 56 (1972) 2257–2261.
[27] M W Schmidt, K K Baldridge, J A Boatz, S T Elbert, M S Gordon, J H Jensen, S

Koseki, N Matsunaga, K A Nguyen, S Su, T L Windus, M Dupuis, J A Montgomery,
J. Comput. Chem. 14 (1993) 1347–1363.

[28] A.A. Granovsky, Firefly version 8, www http://classic.chem.msu.su/gran/firefly/
index.html.

[29] M Dobbelin, V Jovanovski, I Llarena, L J Claros Marfil, G Cabanero, J Rodrigueza,
D Mecerreyes, Polym. Chem. 2 (2011) 1275–1278.

[30] H Abe, H Kishimura, T Takekiyo, Y Yoshimura, N Hamaya, J. Mol. Liq. 283
(2019) 196–207.

5

http://classic.chem.msu.su/gran/firefly/index.html
http://classic.chem.msu.su/gran/firefly/index.html

	Asymmetric effects of anions in magnetic ionic liquids
	Keywords
	Abstract
	Introduction
	Experimental and calculation methods
	Results and discussion
	Raman bands of [C4mim][X]
	XRD and DSC of mILs
	Magnetic properties of mILs

	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


