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Molecular crystals have attracted increasing attention as a candidate for innovative solid
electrolytes with solid-state Mg-ion conductivity. In this work, we synthesized a novel Mg-
ion-conducting molecular crystal, Mg{N(SO2CF3)2}2(CH3OC5H9)2 (Mg(TFSA)2(CPME)2),
composed of Mg bis(trifluoromethanesulfonyl)amide (Mg(TFSA)2) and cyclopentyl methyl
ether (CPME) and elucidated its crystal structure. We found that the obtained
Mg(TFSA)2(CPME)2 exhibits solid-state ionic conductivity at room temperature and a
high Mg-ion transference number of 0.74. Contrastingly, most Mg-conductive inorganic
solid electrolytes require heating above 150–300°C to exhibit ionic conductivity. These
results further prove the suitability of molecular crystals as candidates for Mg-ion-
conducting solid electrolytes.
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INTRODUCTION

Rechargeable Mg batteries are a promising candidate for high-energy-density, low-cost storage
batteries, owing to their high negative reduction potential (NHE vs. −2.356 V) and large capacity
(3,832 mA h cm−3) as anodes, as well as the abundance of Mg in the Earth’s crust (Aurbach et al.,
2000; Besenhard and Winter, 2002; Aurbach et al., 2007; Muldoon et al., 2012; Yoo et al., 2013;
Mohtadi and Mizuno, 2014). Moreover, it is critical to expedite the development of Mg-ion
conductive solid electrolytes for the realization of all-solid-state Mg batteries (Deivanayagam
et al., 2019). This can address the leakage and combustion of liquid electrolytes, which is a
grave limitation of lithium-ion batteries. For decades, the development of solid electrolytes with
Mg-ion conductivity based on ceramics and glass has been the subject of extensive research (Ikeda
et al., 1987; Imanaka et al., 2000; Imanaka et al., 2001; Kawamura et al., 2001; Higashi et al., 2014;
Yamanaka et al., 2014; Adamu and Kale 2016). It has been reported that the Mg-ions in these
inorganic solid electrolytes diffuse through the conduction paths in these materials. However, most
of the reported inorganic electrolytes require temperatures exceeding 150°C to exhibit Mg-ion
conductivity. Recently, a room-temperature ionic conductivity of 0.1 mS cm−1 forMgSc2Se4 has been
reported; however, its high electronic conductivity (0.04% of ionic conductivity) hampers the
application as an electrolyte (Canepa et al., 2017). Hence, innovative electrolyte materials that enable
fast and selective Mg-ion conduction at room temperature are crucial for realizing practical Mg
batteries.

Molecular crystals have attracted considerable attention as candidates for solid electrolytes. These
molecular crystalline electrolytes comprise organic molecules and metal salts and possess ion
conduction paths in the crystal lattice; the paths are organized by molecular arrangement
(Moriya et al., 2012; Moriya et al., 2013; Moriya et al., 2014; Moriya et al., 2016; Moriya, 2017;
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Tanaka et al., 2020). The structure of the ion conduction paths is
precisely controlled to improve conductivity by modifying the
type of organic molecules or metal salts employed as the building
blocks. We previously discovered that the molecular crystal Li
{N(SO2F)2}(NCCH2CH2CN)2 exhibits a high Li-ion conductivity
of 10−4 S cm−1 at room temperature, and reported the fabrication
of an all-solid-state battery using Li{N(SO2F)2}(NCCH2CH2CN)2
as a solid electrolyte via a simple process based on the melting and
solidification of this electrolyte (Tanaka et al., 2020).

Recently, an ionic conductivity of 5 × 10–8 S cm−1 (30°C) was
reported for a molecular crystal depicted as
Mg(BH4)2(H2NCH2CH2NH2) that comprised Mg(BH4)2 and
ethylenediamine. However, the crystal structure of
Mg(BH4)2(H2NCH2CH2NH2) was not elucidated and the Mg-
ion transference number was not evaluated (Roedern et al., 2017).

Therefore, we investigated the development of novel molecular
crystalline electrolytes consisting of MgTFSA and an organic
molecule, based on our previous work on molecular crystalline
electrolytes. Herein, we report the synthesis of a molecular crystal,
Mg{N(SO2CF3)2}2(CH3OC5H9)2 (Mg(TFSA)2(CPME)2) with
room temperature Mg-ion conductivity resulting from the
reaction of magnesium bis(trifluoromethanesulfonyl)amide
(Mg(TFSA)2) and cyclopentyl methyl ether (CPME). We also
discuss the results of single-crystal X-ray structure analysis, the
evaluation of the ionic conductivity, and the Mg-ion transference
number for Mg(TFSA)2(CPME)2.

MATERIALS AND METHODS

General
All experiments were carried out under an Ar atmosphere using
Schlenk techniques or in an Ar-filled glovebox (MBraun,
UNIlab2000). CPME (dehydrated) was purchased from
FUJIFILM Wako Pure Chemical Industry Corporation. Mg
{N(SO2CF3)2}2 (Mg(TFSA)2) was purchased from Kishida
Chemical Co., Ltd. The CPME was used as purchased, without
any modifications. Furthermore, Mg(TFSA)2 was dried under
reduced pressure at 50°C for 3 days prior to use.

Synthesis of Mg(TFSA)2(CPME)2
Mg(TFSA)2 (1.005 g, 1.72 mmol) and CPME (0.400 mL,
3.44 mmol) were charged into a 50 mL Schlenk tube and
heated until the mixture melted. Subsequently, the reaction
flask was cooled to room temperature and stored for 4 days at
−30°C to quantitatively obtain Mg(TFSA)2(CPME)2 in the form
of colorless single crystals. Although the crystals were highly
deliquescent and immediately absorbed water from the air to
form a highly viscous liquid, they could be handled stably at room
temperature in an Ar atmosphere.

Characterization of Mg(TFSA)2(CPME)2
Differential scanning calorimetry (DSC) was performed on a
Shimadzu DSC60 instrument operated at a heating rate of
10°Cmin−1 under a N2 atmosphere, using Al2O3 as the reference
material. Infrared (IR) spectra were recorded on a Shimadzu

IRSpirit using pellet samples with Mg(TFSA)2(CPME)2 diluted
in KBr. Powder X-ray diffraction (XRD) was measured at room
temperature on a Rigaku SmartLab diffractometer, using Cu-Kα
radiation with a monochromator. The powder sample for XRD was
prepared by grinding the crystals of Mg(TFSA)2(CPME)2 in a
glovebox. For measurement, the powder sample was placed on a
non-reflective silicon plate and covered with Kapton film and tape
to prevent the samples from absorbing moisture.

Single-crystal X-ray diffraction to reveal the crystal structure
was performed using the Rigaku VariMax Saturn system (Mo-Kα
radiation, 1.2 kW rotating anode). The crystal data for
C16H24F12MgN2O10S4 (MW: 784.90) are given as follows:
tetragonal, Space Group P-1 (no. 2), a � 9.474(2) Å, b �
9.671(2) Å, c � 17.137(4) Å, α � 99.193(3) °, β � 93.438(4) °,
c � 104.684(3) °, V � 1,491.0(6) Å, Z � 2, T � −150.0°C,
µ(MoKα) � 4.656 cm−1, Dcalc � 1.748 g/cm3, reflections
collected/unique reflections/parameters refined: 23905/6831/
424, Rint � 0.0440, final R1 � 0.0560 (I > 2σ(I)), wR2 � 0.1675
(all data), and GOF � 1.114.

The Cambridge Crystallographic Data Centre (CCDC)
2049209 contains the supplementary crystallographic data for
Mg(TFSA)2(CPME)2. The data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
CCDC, 12 Union Road, Cambridge CB2 1EZ, United Kingdom;
Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).

The ionic conductivity of the sample was measured via the AC
impedance method using Biologic, VMP3, in the frequency range of
1 Hz to 1MHz and the temperature range of 10–40°C. The powder
samples of Mg(TFSA)2(CPME)2 were pressed into disks in a
glovebox and placed between two SUS plates in a closed vessel
with a two-electrode cell. The temperature of the samples was
controlled in a bench-top-type chamber (Espec, SU-241), and all
the cells were equilibrated at the operating temperature for 3 h before
commencing measurements. The AC impedance data displayed
either a well-defined semicircle and a low-frequency spike, or only a
low-frequency spike. The ionic conductivity (σ) was calculated using
σ � l/SR, where R is the bulk resistance (Ω), S is the area (cm2) of the
Au electrodes, and l is the thickness of the electrolyte material (cm).
The bulk resistance was calculated from the touchdown point of the
electrolyte on the Re|Z|-axis in a Nyquist plot.

The magnesium transference number (tMg2+) for
Mg(TFSA)2(SN)2 was measured using a symmetric cell with
Mg electrodes, Mg|Mg(TFSA)2(CPME)2|Mg, at 40°C. The
method developed by Vincent et al. was used to calculate the
transference number, as follows (Evans et al., 1987):

tMg2+ � Is(ΔV − I0R0)/I0(ΔV − IsRs),
where R0 is the initial resistance, I0 denotes the initial current, Rs
represents the steady-state resistance, and Is is the steady-state
current.

R0 and I0 were estimated by means of AC impedance
measurements, and a DC polarization measurement (ΔV �
1.0 V) was carried out on the cell after equilibrating the cell at
40°C for 120 h. The current was obtained as a function of time,
and Is was measured; Rs was estimated by means of AC
impedance measurements. In this measurement, I0 and Is were
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estimated to be 2.85 and 2.12 µA, respectively. R0 and Rs were
evaluated to be 10,085 and 10,227Ω, respectively.

RESULTS AND DISCUSSION

Mg(TFSA)2(CPME)2 was obtained in the form of colorless
columnar crystals by heating Mg(TFSA)2 with 2.0 M amounts

FIGURE 1 | Differential scanning calorimetry (DSC) curves of
Mg(TFSA)2(CPME)2 under N2 flow.

FIGURE 2 | IR spectrum of Mg(TFSA)2(CPME)2.

FIGURE 3 | Powder XRD pattern of Mg(TFSA)2(CPME)2. (The broad
peak observed in the range of 15°–25° is derived from the Kapton film
employed to prevent Mg(TFSA)2(CPME)2 from absorbing moisture.).

FIGURE 4 | Crystal structure (top) and unit cell structure (bottom) of
Mg(TFSA)2(CPME)2 with thermal ellipsoids at the 40% probability level (Mg:
green, C: gray, N: pale blue, O: red, F: pale green, and S: dark yellow. H atoms
are omitted for clarity).
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of CPME, followed by cooling the resulting melt to room
temperature. From the DSC curve (Figure 1), the melting
point of Mg(TFSA)2(CPME)2 was estimated to be 66°C. We
confirmed that the DSC curve of the sample prepared by
cooling the melt of Mg(TFSA)2(CPME)2 results in an
endothermic peak at an identical temperature to that of the
DSC curve in Figure 1. The results show that the structural
change of Mg(TFSA)2(CPME)2 during melting and solidification
is reversible. The IR spectrum of Mg(TFSA)2(CPME)2 is
exhibited in Figure 2. In this result, absorptions attributable to
S�O and C–F bonds in the TFSA moiety and C-O bonds in the
CPME units are observed in the region from 1,000 to 1,500 cm−1,
similar to the IR spectra of the previously reported Mg(TFSA)2-
based electrolyte containing diglyme (Ha et al., 2014). The
powder XRD pattern of the Mg(TFSA)2(CPME)2 gave sharp
diffractions to show that the compound has high crystallinity
(Figure 3).

The crystal structure ofMg(TFSA)2(CPME)2 was revealed by a
single-crystal XRD study, as shown in Figure 4. It is evident that
Mg(TFSA)2(CPME)2 is formed as a mononuclear Mg complex
with a hexa-coordinated octahedral structure. Two molecules of
CPME were coordinated to the Mg-ion via the O atom of the
ether group. These CPME molecules were located in the cis
position to the Mg center, and the cyclopentyl groups in the
CPME molecules were located toward the opposite position to
avoid steric repulsion. One of the CPME molecules possessed
disorder in the cyclopentyl group. The remaining four
coordination sites on Mg were occupied by the chelation of
two TFSA anions via the O atom of a sulfonyl group.

Figure 5 shows the packing diagrams of Mg(TFSA)2(CPME)2
along the a-, b-, and c-axes. Ordered arrangements of Mg-ions
were recognized in each direction, corresponding to the ion
conduction paths. From the packing view, the nearest
intermolecular Mg–Mg distance was estimated to be 8.769 Å.
Notably, the previously reported LiTFSA-based molecular
crystalline electrolytes with similar nearest Li–Li distances
were found to exhibit selective Li-ion conductivity at room
temperature ((Moriya et al., 2012; Moriya et al., 2013; Moriya
et al., 2014; Moriya et al., 2016). These results suggest that
Mg(TFSA)2(CPME)2 also shows room-temperature Mg-ion
conductivity.

The ionic conductivity of Mg(TFSA)2(CPME)2 in the
crystalline state was evaluated using AC impedance
measurements, and the solid-state ionic conductivities were
observed from 10 to 40°C. The powder sample that was
obtained by milling the Mg(TFSA)2(CPME)2 single crystals,
pressed into a disk, and sandwiched between two Au
electrodes was employed for the measurements. From the
measurements, we found that Mg(TFSA)2(CPME)2 exhibited
2.5 times higher ionic conductivity at around room
temperature than the previously reported molecular crystal
Mg(BH4)2(H2NCH2CH2NH2). An ionic conductivity of 2 ×
10–7 S cm−1 at 30°C was noted for Mg(TFSA)2(CPME)2, while
that of Mg(BH4)2(H2NCH2CH2NH2) was 8 × 10–8 S cm−1 at 30°C
(Figure 6) (Roedern et al., 2017).

The Arrhenius plot of Mg(TFSA)2(CPME)2 exhibits linearity,
similar to the lithium ion-conducting molecular crystalline
electrolytes previously reported by our group. Based on this
result, the activation energy for ion conduction through
Mg(TFSA)2(CPME)2 was calculated to be 69 kJ mol−1.

FIGURE 5 | Packing viewwith ball and stick model of Mg(TFSA)2(CPME)2. Mg-ions are emphasized as a large sphere. (A) along the a-axis (B) along the b-axis, and
(C) along the c-axis (Mg: green, C: gray, N: pale blue, O: red, F: pale green, and S: dark yellow. H atoms are omitted for clarity).

FIGURE 6 | Temperature dependence of the ionic conductivity of
Mg(TFSA)2(CPME)2.
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Interestingly, this activation energy was comparable to the
previously reported values for lithium ion-conductive
molecular crystals, such as Li(TFSA)(1,2-dimethoxybenzene)
(78 kJ mol−1) and Li(TFSA)(1,2-dimethoxybenzene)2
(84 kJ mol−1). Furthermore, the linearity of the Arrhenius plot
suggests that the ionic conduction is induced by a hopping
mechanism in the crystal lattice similar to the LiTFSA-based
molecular crystals.

The Mg-ion transference number (tMg2+) for
Mg(TFSA)2(CPME)2 was measured using Mg metal electrodes,
following a previously reported method (Evans et al., 1987). The
DC polarization and AC impedance measurements on the
cell Mg | Mg(TFSA)2(CPME)2 | Mg are shown in Figure 7.
Based on these results, the value of the tMg2+ was estimated to

be 0.74. The tMg2+ value of Mg(TFSA)2(CPME)2 is considerably
higher than the reported value of polymer-based Mg-ion
conductive electrolytes. For example, the tMg2+ of polyethylene
oxide (PEO) containing Mg(CF3SO3)2 salt and 1-ethyl-3-
methylimidazolium tetrafluoroborate ionic liquid has been
reported to be 0.22 (Maheshwaran et al., 2020). The high
tMg2+ value and linearity of the Arrhenius plots obtained
during conductivity measurements strongly suggest that Mg-
ion conduction preferentially takes place via a hopping
mechanism in the crystal lattices of Mg(TFSA)2(CPME)2.

CONCLUSION

In this study, we successfully developed a novel molecular
crystalline electrolyte, Mg(TFSA)2(CPME)2, with Mg-ion
conductivity at room temperature using Mg(TFSA)2 salt and
CPME. Single-crystal X-ray structure analysis revealed that the
molecular crystal Mg(TFSA)2(CPME)2 displays ordered
arrangements of Mg-ions in the crystal lattice, corresponding
to the ionic conduction paths. We confirmed that the fabricated
electrolyte exhibits a room-temperature ionic conductivity of
10–7 S cm−1 and a high Mg-ion transference number of 0.74 in
the crystalline state through electrochemical measurements.
These results demonstrate the considerable potential of
molecular crystals for application as solid electrolytes in
rechargeable Mg batteries.
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FIGURE 7 | (A) Time dependence of current with DC polarization voltage
of 1.0 V for Mg|Mg(TFSA)2(CPME)2|Mg at 40°C for estimating the Mg-ion
transference number; (B)Nyquist plots of Mg|Mg(TFSA)2(CPME)2|Mg at 40°C;
(black) taken before the DC polarization measurement (gray) taken after
the current of the DC polarization reaches steady state.
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