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Three species of room temperature magnetic ionic liquids (ILs) including 1-butyl-3-methylimidazolium
tetrachloroferrate ([bmim]FeCl4), N-butylpyridium tetrachloroferrate ([bPy]FeCl4) and 1-butyl-1-methyl-
pyrrolidium tetrachloroferrate ([bmP]FeCl4) were synthesized via two-step in this paper. The intermedi-
ates and magnetic ILs were characterized by ultimate analysis,

1
H NMR, ESI-MS, FT-IR and Raman. In

addition, the three magnetic ILs were quantitatively tested by magnetic property measurement system
(superconducting quantum interference device), and the results indicated that they had similar magnet-
ic susceptibilities and paramagnetic properties. This research expanded cationic types of magnetic ILs,
and supplied fundamental data to application of magnetic ILs.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

Ionic liquids (ILs) are used as green solvents or excellent media
due to their unique physicochemical properties [1–4], such as wide
liquid range, higher ionic conductivity, excellent solubility, thermal
stability and designability by appropriate modifications of cations or
anions in structures. Magnetic ILs not only have the above excellent
properties but also exhibit an unexpectedly strong response to an
additional magnet. These properties make magnetic ILs have more
advantages and potential application prospects than conventional
ILs in the fields of catalytic reactions [5–8], solvent effects [9–11]
and separation processes [12,13].

1-butyl-3-methylimidazolium tetrachloroferrate ([bmim]FeCl4)
with magnetism was synthesized and first reported by Hayashi et al.
[14] in 2004. Since then, the syntheses of magnetic ILs have been
focused on expanding synthesis with different alkyl chain length of
imidazole cations or different magnetic metal anions. Metal-containing
ILs and ionic liquid crystals based on imidazoliummoiety were prepared
by Ivan J. B. Lin et al. [15] in 2005. A series of imidazolium-basedmagnetic
ILs with different alkyl substituent groups of cations were synthesized
by Sesto et al. [16] in 2007. Furthermore, a series of imidazolium-based
magnetic ILs with different complexing dysprosium metal anions were
prepared by Mallick et al. [17] in 2008. In 2010, it was reported that
1-ethyl-3-methylimidazolium tetrachloroferrate ([emim]FeCl4) clearly
showed a long-range antiferromagnetic ordering when it was frozen
[18]. All these studies were confined to synthesis the magnetic ILs
x: +86 010 62558174.
.
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with the same imidazole cationic rings. Therefore, it is necessary to ex-
ploit novel magnetic ILs with different cationic structures.

In this paper, two novel magnetic ILs with pyridine and pyrrolidine
cationic rings were synthesized and tested to show the same paramag-
netism, which hasn't been reported in the literatures. Their magnetic
susceptibilities are close to the imidazolium-based magnetic ILs in the
same test conditions. Furthermore, they possess the same paramagne-
tism at 5 K–300 K. This studywill provide references for further synthe-
sizing magnetic ILs with stronger magnetism and offer many potential
chances for magnetic ILs in practical application in the near future.

2. Experimental

2.1. Materials

FeCl3·6H2O, pyridine, N-methylpyrrolidine, n-chlorobutane, aceto-
nitrile and ethyl acetatewere of analytical grade andwere usedwithout
further purification. Crystalline 1-butyl-3-methylimidazolium chloride
([bmim]Cl) with purity 99% was purchased from Henan Lihua Pharma-
ceutical Co., Ltd.

2.2. Preparation of magnetic ionic liquids

The preparation of magnetic ILs, such as [bmim]FeCl4, N-
butylpyridium tetrachloroferrate ([bPy]FeCl4) and 1-butyl-1-methyl-
pyrrolidium tetrachloroferrate ([bmP]FeCl4), were prepared using the
following methods (shown in Scheme 1).

Firstly, intermediatesN-butylpyridiumchloride ([bPy]Cl) and 1-butyl-
1-methylpyrrolidium chloride ([bmP]Cl) were prepared by reaction of
equimolecular of pyridine (or N-methylpyrrolidine) and n-chlorobutane
hts reserved.
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Scheme 1. synthetic pathway to [bmim]FeCl4, [bPy]FeCl4 and [bmP]FeCl4.
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at 80 °C ([bmP]Cl at 100 °C) with a magnetic stirring for five days.
The intermediate products were repeatedly recrystallized from
acetonitrile, subsequently washed three times with ethyl acetate
and dried in vacuum at last.

Secondly, the intermediates including [bmim]Cl [19], [bPy]Cl and
[bmP]Cl were respectively mixed with equimolecular of FeCl3·6H2O
together under N2 atmosphere with a mechanical stirring at room
temperature ([bPy]FeCl4 at 50 °C, [bmP]FeCl4 at 30 °C). The products
were washed with ether and deionized water, purified by reduced
pressure distillation and dried in vacuum successively. Then the mag-
netic ILs, [bmim]FeCl4, [bPy]FeCl4 and [bmP]FeCl4, were obtained.

2.3. Characterization

Nitrogen, carbon and hydrogen element contents of the synthesized
intermediates were determined by combustion analysis in a Vario EL-III
elemental analyzer (Germany, Elementar).

1
H NMR spectra of the inter-

mediates were recorded on a BRUKER AVANCE 600 MHz spectrometer
(Germany, Bruker) using DMSO-d6 as an internal reference. Chemical
shifts (δ) are given in ppm and coupling constants (J) are given in Hz.
The multiplicities of signals in

1
H NMR are given with chemical shifts

(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet).
ESI-MS analysis of the magnetic ILs was performed using a Bruker

Daltonics APEX-II (America, Bruker Daltonics Inc). FT-IR spectra were
registered with a Nicolet Magna-IR-560 Spectrometer infrared spec-
trophotometer (America, Nicolet). Raman spectra were detected by
a microscopic confocal Raman spectrometer LabRAM HR-800 (France,
Horiba Jobin Yvon) using a 785 nm laser beam and a charge-coupled
detector (CCD)with 4 cm−1 resolution. Themagnetic susceptibilities of
magnetic ILs were measured by a MPMS (SQUID) (America, Quantum
Design) in Peking University.
3. Results and discussion

The physical properties of magnetic ILs are mainly affected by
their structures, and their purities also have great influence on their
physical parameters. Therefore, structures and purities of the ILs are
characterized by some analytical methods so as to achieve the aims
of the study. In the experiment, the intermediates were mainly char-
acterized by ultimate analysis,

1
H NMR, and the synthetic magnetic

ILs were characterized by ESI-MS, FT-IR, Raman and MPMS (SQUID).

3.1. Ultimate analysis of the intermediates

The intermediates [bPy]Cl and [bmP]Cl are extremely easy to absorb
water. This phenomenon will result in the test values of hydrogen con-
tents of the intermediates greater than the theoretical values. To avoid
such deviation appearing, experimental treatment and sample handling
should be done as soon as possible in the analytical process. In data pro-
cessing, the test values of N, C and H elements are compared with the
theoretical values, and the test N/C ratios of intermediates are also com-
pared with theoretical N/C ratios. Test data are as follow: Anal. calcd for
C9H14ClN: C, 62.97%; H, 8.22%; N, 8.16%; found: C, 62.95%; H, 8.26%; N,
8.14%; Anal. calcd for C9H20ClN: C, 60.83%; H, 11.34%; N, 7.88%; found:
C, 60.81%; H, 11.37%; N, 7.85%. The results manifest that the test values
of intermediates are basically consistent with the theoretical values.

3.2.
1

H NMR spectra of the intermediates

The cationic structures and purities of the intermediates [bPy]Cl
and [bmP]Cl are primarily confirmed using the

1
H NMR spectra, and

the data are listed as follow.



Fig. 1. ESI-MS spectra of [bmim]+(1), [bPy]+(2), [bmP]+(3) and [FeCl4]-(4).

Fig. 2. Raman spectra of [bmim]FeCl4(a), [bPy]FeCl4(b) and [bmP]FeCl4(c) at room
temperature.
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[bPy]Cl,
1
HNMR (DMSO-d6, δ, ppm): 0.96 (3H, t, J=7 Hz); 1.34–1.43

(2H,m); 1.98–2.06 (2H,m); 4.64 (2H, t, J=7 Hz); 8.09 (2H, t, J=6 Hz);
8.57 (1H, t, J=8 Hz); 8.88 (2H, d, J=6 Hz).

[bmP]Cl,
1
H NMR (DMSO-d6, δ, ppm): 0.97 (3H, t, J=7.4 Hz);

1.36–1.46 (2H, m); 1.76–1.84 (2H, m); 2.23 (4H, s); 3.06 (3H, s);
3.33–3.37 (2H, m); 3.52 (4H, s).

The
1
H NMR spectra show that the approximate ratios of integral

peak area are concordant with the ratios of the number of hydrogen
atoms at different shift in an allowable error range. Meanwhile,
there are not additional peaks existing in the

1
H NMR spectra of the

intermediates. Therefore, it can be concluded that [bPy]Cl and [bmP]
Cl have been synthesized successfully.

3.3. ESI-MS spectra of the magnetic ILs

In order to analyze and determine the structures and purities of the
synthesized magnetic ILs, they were tested by ESI-MS spectra (Fig. 1).
In Fig. 1, it can be seen that the characteristic ionic peaks appear at
m/z139.1, m/z136.1 and m/z142.1 successively corresponding to the
cationic molecular weight of the magnetic ILs. Therefore, the informa-
tion about the cationic structures of magnetic ILs is definitely deter-
mined. The anions of magnetic ILs have the very similar ESI-MS
spectra, which appears one characteristic ionic peak at m/z198.8.
Furthermore, there are rarely impurity peaks in the ESI-MS spectra
of anions and cations of magnetic ILs. Therefore, it can be inferred that
the magnetic ILs have been synthesized with high purities. Test results
are as follow: Electrospray MS+m/z: 139.1 [bmim]+; MS-m/z: 198.8
[FeCl4]-; Electrospray MS+m/z: 136.1 [bPy]+; MS-m/z: 198.8 [FeCl4]-;
Electrospray MS+m/z: 142.1 [bmP]+; MS-m/z: 198.8 [FeCl4]-.

3.4. FT-IR spectra of the magnetic ILs

Compared FT-IR spectra of intermediates with their correspond-
ing complexes, it can be found that spectra of intermediates are
quite similar to their corresponding complexes. From fingerprint
area (400–1300 cm−1) to characteristic frequency area (1300–
4000 cm−1), there are no differences except the sharper peaks
appearing in the complexes spectra. The analysis indicates that the
intermediates corresponding complexes have the same cationic
structures with the intermediates and the anions of complexes
have little effect on the chemical displacements of complexes.
3.5. Raman spectra of the magnetic ILs

Raman spectra were recorded from 50 cm−1 to 1600 cm−1 on a
laboratory made near-infrared multichannel Raman system. The
785 nm laser was used as the excitation source in order to avoid
fluorescence from impurities. The Raman spectra of magnetic ILs
[bmim]FeCl4, [bPy]FeCl4 and [bmP]FeCl4 are very well in keeping
with each other in 50–500 cm−1 (see Fig. 2). In Fig. 2, the two
peaks appear at 113.24 cm−1 and 333.20 cm−1 in the spectra of
three magnetic ILs. Those peaks were reported and assigned to the
symmetric Fe–Cl bond stretch vibrations of [FeCl4]- in the literature
[14]. Thus, it can be confirmed that the tested samples contain the
same [FeCl4]- anions.

image of Fig.�2


Table 1
The magnetic susceptibilities of magnetic ionic liquids.

Compound Temperature/K Magnetic susceptibility×105/emu g−1

[bmim]FeCl4 300 4.04
[bPy]FeCl4 300 4.11
[bmP]FeCl4 300 0.95

Fig. 4. Magnetization of [bmim]FeCl4, [bPy]FeCl4 and [bmP]FeCl4 as a function of
temperature under an applied magnetic field at 10,000 Oe.

Fig. 3. Magnetization of [bmim]FeCl4, [bPy]FeCl4 and [bmP]FeCl4 as a function of
applied magnetic field at 300 K.
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3.6. Magnetic property analysis of the magnetic ILs

The magnetic susceptibilities of the three magnetic ILs were mea-
sured by the MPMS (SQUID). A small amount of [bmim]FeCl4
(45.72 mg), [bPy]FeCl4 (27.45 mg) or [bmP]FeCl4 (42.23 mg) was
contained respectively in a pharmaceutical cellulose capsule and
measured at 300 K in the magnetic field range from −10,000 Oe to
10,000 Oe. The results are shown in Fig. 3. It can be seen that magne-
tization intensities of the three magnetic ILs show linear response to
the magnetic field. From the slopes of the three fitted lines, the mag-
netic susceptibilities of [bmim]FeCl4, [bPy]FeCl4 and [bmP]FeCl4 are
determined (see Table 1). From Table 1, it can be seen that [bmim]
FeCl4 and [bPy]FeCl4 have the same order of magnitude. In an allow-
able error range, the experimental value of [bmim]FeCl4 is in accord
with literature value [14]. The interdependencies between magnetic
moment and magnetic field indicate that the three magnetic ILs are
paramagnetic and there are no strong couplings among the spin an-
gular momenta of the cations.

Furthermore, the temperature dependence of the magnetization
was tested from 5 K to 300 K (see Fig. 4). As is shown in Fig. 4, the
magnetic susceptibilities of [bmim]FeCl4, [bPy]FeCl4 and [bmP]FeCl4
versus temperature changes are in perfect accord with Curie–Weiss
law. The result demonstrates that the three kinds of magnetic ILs have
the same magnetic characteristics under the testing temperature.

4. Conclusions

Two novel types of magnetic ILs with pyridine and pyrrolidine cat-
ionic rings were synthesized via two-step, and varieties of magnetic
ILs were expanded and enriched. The structures and major existing
forms of the synthesized magnetic ILs were ascertained in detail by
1
H NMR, ESI-MS, FT-IR and Roman analytical methods.

Magnetic susceptibilities of the three species magnetic ILs were
measured at a certain temperature orwith proper intension ofmagnetic
field. The results show that the magnetic susceptibility of [bmP]FeCl4 is
the lowest among the three ILs and the magnetic susceptibility of [bPy]
FeCl4 is a little higher than that of [bmim]FeCl4 at the same order of
magnitude. In addition, the magnetic properties of [bmim]FeCl4, [bPy]
FeCl4 and [bmP]FeCl4 are paramagnetic from 5 K to 300 K.

Predictably, iron-containing magnetic ILs [bPy]FeCl4 and [bmP]
FeCl4 will be applied as solvent and catalyst in chemical reactions or
separation technology as well as [bmim]FeCl4 system in the near
future.

Acknowledgements

This work was supported by Key Program of National Natural Sci-
ence Foundation of China (No.21036007) and General Program Youth
of National Natural Science Foundation of China (No.21006107).

References

[1] C.G. Hanke, N.A. Atamas, R.M. Lynden-Bell, Green Chem. 4 (2002) 107–111.
[2] S.M. Urahata, M.C.C. Ribeiro, J. Chem. Phys. 120 (2004) 1855–1863.
[3] B.L. Bhargava, S. Balasubramanian, J. Chem. Phys. 123 (2005) 144505.
[4] H. Tokuda, S. Tsuzuki, M.A.B.H. Susan, K. Hayamizu, M. Watanabe, J. Phys. Chem. B

110 (2006) 19593–19600.
[5] M.D. Nguyen, L.V. Nguyen, E.H. Jeon, J.H. Kim, M. Cheong, H.S. Kim, J.S. Lee, J. Catal.

258 (2008) 5–13.
[6] H. Wang, R.Y. Yan, Z.X. Li, X.P. Zhang, S.J. Zhang, Catal. Commun. 11 (2010)

763–767.
[7] V. Misuka, D. Breucha, H. Löwe, Chem. Eng. J. 173 (2011) 536–540.
[8] R.D. Tilve, M.V. Alexander, A.C. Khandekar, S.D. Samant, V.R. Kanetkar, J. Mol.

Catal. A. 223 (2004) 237–240.
[9] L. Li, Y. Huang, G.P. Yan, F.J. Liu, Z.L. Huang, Z.B. Ma, Mater. Lett. 63 (2009) 8–10.

[10] J.Y. Kim, J.T. Kim, E.A. Song, Y.K. Min, H.O. Hamaguchi, Macromolecules 41 (2008)
2886–2889.

[11] X.W. Pei, Y.H. Yan, L.Y. Yan, P. Yang, J.L. Wang, Rong Xu, M.B. Chan-Park, Carbon
48 (2010) 2501–2505.

[12] L. Feng, Z.L. Chen, J. Mol. Liq. 142 (2008) 1–5.
[13] M. Wang, B. Li, C.J. Zhao, X.Z. Qian, Y.L. Xu, G.R. Chen, (Korean) J. Chem. Eng. 27

(2010) 1275–1277.
[14] I.J.B. Lin, C.S. Vasam, J. Organomet. Chem. 690 (2005) 3498–3512.
[15] S. Hayashi, H. Hamaguchi, Chem. Lett. 33 (2004) 1590–1591.
[16] R.E.D. Sesto, T.M. McCleskey, A.K. Burrell, G.A. Baker, J.D. Thompson, B.L. Scott, J.S.

Wilkes, P. Williams, Chem. Commun. 4 (2008) 447–449.
[17] B. Mallick, B. Balke, C. Felser, A.V. Mudring, Angew. Chem. Int. Ed. 47 (2008)

7635–7638.
[18] I.D. Pedro, D.P. Rojas, J. Albo, P. Luis, A. Irabien, J.A. Blanco, J.R. Fernández, J. Phys.

Condens. Matter 22 (2010) 296006.
[19] M.S. Sitze, E.R. Schreiter, E.V. Patterson, R.G. Freeman, Inorg. Chem. 40 (2001)

2298–2304.

image of Fig.�4
image of Fig.�3

	Synthesis and characterization of the iron-containing magnetic ionic liquids
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Preparation of magnetic ionic liquids
	2.3. Characterization

	3. Results and discussion
	3.1. Ultimate analysis of the intermediates
	3.2. 1H NMR spectra of the intermediates
	3.3. ESI-MS spectra of the magnetic ILs
	3.4. FT-IR spectra of the magnetic ILs
	3.5. Raman spectra of the magnetic ILs
	3.6. Magnetic property analysis of the magnetic ILs

	4. Conclusions
	Acknowledgements
	References


