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class of thin films made from diluted mag-
netic semiconductors and magnetic metals 
has been used to successfully demonstrate 
electrostatic band-filling control of mag-
netism through the application of the 
field-effect transistor principle;[7–13] how-
ever, direct detection of the modulated 
magnetization has, to date, been difficult 
because the applied electric fields were 
limited to a thickness of one nanometer 
or less as the result of the presence of 
the electrostatic screening effect. Conse-
quently, the induced magnetic moments 
were manipulated only in small thin inter-
facial areas. Thus, further development 
of band-filling control methods, which 
can also be applied for bulk materials, is 
highly desirable for the development of 
advanced devices in which intrinsic mag-

netic moments are critical for functionality.
Another approach for the electrical control of magnetism 

is to use ion-migration associated with redox reactions, which 
has recently been termed “magneto-ionic control”.[14–20] Broadly 
speaking, this technique has attracted much attention in a wide 
variety of systems, not only for heterointerfaces between metals 
and oxides[14–19] or thin film compounds,[21,22] but also for bulk 
magnetic control in transition-metal oxides,[23–26] octacyano-
metallate-bridged coordination polymers,[27] Prussian blue 
analogues[28–34] and donor/acceptor metal-organic frameworks 
(D/A-MOFs).[35] Several reports have been based on the migra-
tion of oxygen anions (O2−) preorganized in materials,[14–20] but 
it is also possible to induce a drastic change in the magnetic 
properties of a material using ion-insertion based on a postsyn-
thetic method; this is an electrochemical doping method associ-
ated with the simultaneous introduction/extraction of electrons 
and ions to targets,[27,28,31,35] which consequently enables the 
creation of an artificial material that can be switched using an 
ion-insertion device.

Lithium-ion batteries (LIBs) are well-known energy storage 
systems in our society;[36] they are representative ion-inser-
tion devices. In LIBs, Li+-ions and electrons are shuttled 
between the cathode and anode in a discharge/charge process 
(Figure 1a). In the discharge process, Li+-ions are inserted 
into the void space of the cathode material and electrons are 
simultaneously doped into the cathode material, i.e., the mate-
rial undergoes reduction to maintain an electrically neutral 
equilibrium. Importantly, Li+-ions and electrons are likely 
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1. Introduction

The reversible electrical control of magnetism[1–3] has become 
one of the central issues in the fields of spintronics and materials 
science.[4–6] One effective approach for achieving the reversible 
electrical control of magnetism is to modulate the electron den-
sity in correlated electron systems, i.e., band-filling control. A 
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stabilized separately at different sites in a cathode material 
because a Li+-ion has a much smaller ionization potential. On 
the other hand, the doped electrons can be removed during 

the charging process (i.e., the reduced 
cathode material is oxidized to the original 
neutral material) through Li+-ion extraction 
(see Figure 1a). Thus, an LIB system can be 
regarded as a device that involves reversible 
band-filling at redox active electrode mate-
rials. Indeed, an LIB system has been used 
for the reversible control of magnetism in 
bulk materials.[24,25,33] Nevertheless, mag-
neto-ionic control using LIB systems has 
so far been limited to varying the magnetic 
moments within a pre-existing magneti-
cally ordered state. There has been no report 
detailing the use of LIBs in the development 
of a magnetic phase control.

Here, we demonstrate a reversible mag-
netic “phase switching” between disordered 
and ordered states in a D/A-MOF used as 
the cathode material of an LIB through 
discharge/charge cycles. The D/A-MOF 
used here has a D2A formula that consists 
of carboxylate-bridged paddlewheel-type 
diruthenium(II,II) complexes ([Ru2

II,II]) 
as the donor (D) units, and 7,7,8,8-tetra-
cyano-p-quinodimethane (TCNQ) deriva-
tives (TCNQR) as the acceptor (A) units 
(Figure 1b).[37] This class of porous crystal-
line materials, which are expected to accom-
modate Li+-ions flexibly, has been shown 
to exhibit solvation-associated crystal-to-
crystal transformations.[38] It should be also 
emphasized here that long-range magnetic 
order in [Ru2]/TCNQR-MOF appears only 
when the A•− radical (TCNQR•−) is pre-
sent.[37] The origin of long-range magnetic 
order is ascribed to an antiferromagnetic 
exchange inter action between the spin of  
[Ru2

II,II]0 with S = 1 (or [Ru2
II,III]+ with 

S = 3/2) and that of TCNQR•− with 
S = 1/2.[37,39] Focusing on this characteristic, 
we have recently found that a ferrimagnetic 
lattice [–{Ru2

II,II}–TCNQR•––{Ru2
II,II}–]nn−  

can be artificially constructed from the 
neutral paramagnetic state [–{Ru2

II,II}–
TCNQR0–{Ru2

II,II}–]n by the generation 
of A•− through electron-doping via Li+-
ion insertion.[35] Thus, if Li+-ions were 
reversibly inserted into/extracted from the 
D/A-MOF through an LIB discharge/charge 
cycle, magnetic phase switching could be 
expected between the neutral paramag-
netic (D0

2A0) state and the ferrimagnetic 
state with one-electron filled A (D0

2A•−) 
(see Figure 1c). Based on this concept,  
we have achieved in situ magneto-ionic 
phase control for a new neutral layered 

D/A-MOF, [{Ru2
II,II(CF3CO2)4}2(BTDA-TCNQ)]·p-xylene (1′; 

CF3CO2
− = trifluoracetate; BTDA-TCNQ = bis(1,2,5-thiadia-

zolo)tetracyanoquinodimethane).
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Figure 1. Magnetism control using a Li+-ion battery system. a) Schematic illustration of a LIB. 
In the discharge process, Li+-ions and electrons are simultaneously introduced into a host mate-
rial (H) in the cathode. In the charge process, the inserted Li+-ions and electrons are extracted 
from the cathode. b) Schematic representation of [Ru2

II,II(CF3CO2)4] ([Ru2
II,II]) (S = 1) as the 

electron donor (D) and BTDA-TCNQ (S = 0) as the electron acceptor (A). Blue arrows represent 
the axial sites of [Ru2

II,II(CF3CO2)4], to which four CN groups of BTDA-TCNQ coordinate to form 
a D2A network. c) Conceptual Figure of magnetic phase switching between paramagnetic and 
ferrimagnetic states mediated by an LIB system. One-electron-filling of the A-site in a neutral 
D2A compound induces an ionic ferrimagnetic state (1e−-filled state) through antiferromagnetic 
exchange interaction (J < 0). The electron extraction from the A•− radical (S = 1/2) during the 
charge process of a LIB system restores a neutral paramagnetic state. On the other hand, two-
electron-filling of the A-site destabilizes the ionic ferrimagnetic state and produces an ionic 
paramagnetic state (2e−-filled state) because A2− (S = 0) disconnects the exchange paths.
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2. Results

2.1. Materials Preparation

For the electrical control of magnetism in LIB systems, a neu-
tral layered D/A-MOF with a [–{Ru2

II,II}–TCNQR0–{Ru2
II,II}–]n 

lattice was selected as the starting material for the cathode. 
As a first approximation for the design of neutral layered 
D/A-MOFs, we can roughly predict the charge distribution in 
the [{Ru2}2TCNQR]-MOF system from the energy difference 
between the highest occupied molecular orbital (HOMO) level 
of D and the lowest unoccupied molecular orbital (LUMO) level 
of A, i.e., ΔEH-L(DA)ELUMO(A) – EHOMO(D), where ΔEH-L(DA) > 
0 for the neutral state and ΔEH-L(DA) < 0 for the ionic state.[37] 
In this work, a combination of [Ru2

II,II(CF3CO2)4(THF)2] with 
EHOMO(D) = –5.6183 eV[40] and BTDA-TCNQ with ELUMO(A) =  
–4.7353 eV[41] (Figure 1b) was chosen to give a positive 
ΔEH-L(DA) value for the neutral D2A (0.883 eV). Indeed, this 
D/A combination resulted in a new neutral D2A-type layered 
MOF, [{Ru2(CF3CO2)4}2(BTDA-TCNQ)]·nCH2Cl2·(p-xylene) (1). 
Compound 1, solvated by CH2Cl2 and p-xylene molecules, easily 
releases only the CH2Cl2 molecules at room temperature to 
produce the CH2Cl2-free compound, [{Ru2(CF3CO2)4}2(BTDA-
TCNQ)]·(p-xylene) (1′), which is stable even under vacuum 
(Figure S1, Supporting Information). This compound was used 
as the cathode material for the subsequent LIB measurements.

2.2. Materials Characterization

Compound 1 crystallizes in the monoclinic space group C2/m 
with an inversion center located at the midpoint of the RuRu 
bonds. Only one [Ru2] unit, lying on a C2 axis, and one BTDA-
TCNQ molecule, lying on the C2 axis and a mirror plane, 
were crystallographically characterized as the asymmetric unit 
(Z = 2) (Figure S2, Supporting Information). A typical 2D 
fishnet framework parallel to the (20–1) plane is formed by the 
coordination of the four CN groups of the BTDA-TCNQ unit 
to the two axial sites of the [Ru2] units (i.e., a D2A-type struc-
ture) (Figure S2b,c, Supporting Information).[42] One p-xylene 
molecule per unit is located between the D2A-layers, forming 
a π-stacked motif with the BTDA-TCNQ moieties through a 
[···BTDA-TCNQ···(p-xylene)···BTDA-TCNQ···] column along 
the c axis (interlayer direction).

The oxidation state of the [Ru2] and BTDA-TCNQ units was 
confirmed by comparing the bond lengths in the respective 
units with those in standard compounds. The RuOeq 
(Oeq = carboxylate oxygen atom) bond lengths are sensitive 
to the oxidation state of [Ru2] and generally lie in the range 
2.07–2.09 Å for [Ru2

II,II] and 2.01–2.03 Å for [Ru2
II,III]+.[43]  

The average RuOeq length of 1 is 2.064 Å (Table S1, Sup-
porting Information), indicating an oxidation state of [Ru2

II,II] 
(neutral state), which also agrees with the neutral state of the 
BTDA-TCNQ moiety (Table S2, Supporting Information). 
The charge distribution in 1 was also confirmed by its mag-
netic properties, in which paramagnetic behavior for isolated 
S = 1 spins from two [Ru2

II,II] units was observed over the 
whole temperature range of 1.8–300 K (Figure S3, Supporting 
Information).

Compound 1′, which was used in the investigation of mag-
netism control, crystallizes in the triclinic space group P–1, 
where two [Ru2] units and one BTDA-TCNQ unit with inver-
sion centers were structurally characterized as the asymmetric 
unit (Z = 1) (Figure 2a). The typical fishnet framework, par-
allel to the (11–1) plane, was maintained even after removal of 
the CH2Cl2 molecules under vacuum (Figure 2b,c). This result 
indicates that the combination of Ru2(CF3CO2)4 and BTDA-
TCNQ undergoes a solvation-related crystal-to-crystal trans-
formation, as observed in other [Ru2]/TCNQR MOFs,[38,44] 
and that it has great potential to be a flexible layered MOF for 
guest molecules/ions. Compound 1′ contains one p-xylene 
molecule per asymmetric unit, which is located between 
layers forming the same π-stacked motif with BTDA-TCNQs 
as found in 1. The volume of the void space in 1′ is 152.7 Å3, 
corresponding to 10.4% of the cell volume (the total volume 
of void and CH2Cl2-occupied space in 1 is 977.3 Å3, corre-
sponding to 28.7% of the cell volume; see Experimental Sec-
tion). The average RuOeq length in 1′ is 2.080 Å, indicating 
an oxidation state of [Ru2

II,II]; this structural characteristic 
proves that the neutral state is preserved in 1′ even after the 
structural changes induced by the removal of CH2Cl2 from 1. 
Indeed, the paramagnetic characteristics were preserved in 1′ 
(Figure S4, Supporting Information).

2.3. Ex Situ Characterization of Electron-Doped 
Neutral D/A-MOF

Electron-doping of 1′ was carried out through Li+-ion inser-
tion using an LIB system, in which Li metal was employed 
as the anode (we use the term LIB in this work, but it is a 
half-cell of LIB and lithium battery). The cathode was fab-
ricated by mixing crystals of 1′ with conductive acetylene 
black and polytetrafluoroethylene as the binder. A coin-
type cell was assembled with an ionic liquid as the elec-
trolyte medium,[45] and the rechargeable performance as a 
secondary battery was confirmed for 20 cycles (Figure S5,  
Supporting Information). The electrochemical Li+-ion inser-
tion was performed using the galvanostatic intermittent 
titration technique (GITT),[46] for which a constant low-
density current (1.54 mA g–1) was applied for 1 h followed 
by an interval of 1 h to achieve the electrochemical equilib-
rium state of 1′. Figure 3 displays the open circuit voltages 
(OCVs) of an LIB incorporating 1′ as the cathode. In gen-
eral, the OCV (VOC) is given by the difference in the electro-
chemical potentials for electrons between the anode ( a

eµ )  
and the cathode eVe

c
e
a

e
c( ) : OCµ µ µ= − , where e is the magnitude 

of the electron charge[47] (Figure S6, Supporting Information). 
In Figure 3, the OCV curve as a function of the capacity, which 
is the electric charge per unit weight, shows a decrease with the 
increasing capacity. Taking into account the fact that the electro-
chemical potential of an electron ( eµ ) corresponds to the Fermi 
level of the electrode in an electrolyte, which is given by the 
chemical potential of the electron (μe) and the inner potential 
(φ): ee eµ µ ϕ= − ,[48] the OCV profile reflects the variation of the 
Fermi level of the electrode. In the case of an Li metal anode, 
the Fermi level of Li remains unchanged during the discharge 
process; hence, the decrease in the OCV observed in Figure 3 
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indicates that the Fermi level of the cathode is shifted to a 
higher energy by electron-doping via Li+-ion insertion.

In the LIB system with the 1′-cathode, the electrons intro-
duced to the cathode during the discharge process should fill 
the energy states of BTDA-TCNQ because the oxidation state 
of [Ru2] is neutral ([Ru2

II,II]) (Figure S7, Supporting Informa-
tion). The reduction of the BTDA-TCNQ moiety following 
electron-doping via Li+-ion insertion was confirmed by infrared 
(IR) spectroscopy. Figure 4 depicts the IR spectra at room  

temperature for the pristine sample and 
the Li+-ion-inserted cathode (2.66 V vs Li/Li+),  
the nominal Li-composition of which 
was x = 1 for Lix[{Ru2(CF3CO2)4}2(BTDA-
TCNQ)]·(p-xylene) (vide infra). The 1′-cathode 
was extracted from the LIB coin cell after 
Li+-ion insertion. The stretching vibra-
tional modes of the CN groups are clearly 
observed for both the pristine sample and 
the Li+-ion-inserted cathode (2.66 V vs Li/Li+)  
at ≈2200 cm−1. However, the peak at  
≈2230 cm−1 in the neutral pristine sample is 
shifted to a lower wavenumber (2200 cm−1) in 
the Li+-ion inserted cathode. It is known that 
the reduction of TCNQR shifts this peak to 
lower wavenumbers,[41,42] e.g., 2232 cm−1 for 
BTDA-TCNQ0 and 2190 cm−1 for K+BTDA-
TCNQ−.[35] This result proves that the 
reduction of the BTDA-TCNQ moieties is the 
dominant occurrence in 1′ following electron- 
doping through Li+-ion insertion.

As shown in Figure 1c, one electron-
doping into the neutral BTDA-TCNQ moi-
eties is expected to induce ferrimagnetic 
order through antiferromagnetic exchange 
interactions between the S = 1 spins of the 
[Ru2

II,II] moieties and the newly generated 
S = 1/2 spin of BTDA-TCNQ•− (see Figures S8 
and S9, Supporting Information). To dem-
onstrate this, magnetization (M) measure-
ments were first carried out ex situ with the 
1′-cathode material extracted from the LIB 
cell after Li+-ion insertion. As displayed in 
Figure 5, a hysteresis loop was observed in 
the magnetic field dependence of M for the 
Li+-ion-inserted cathode at 2.66 V versus 
Li/Li+. This fact is consistent with the onset 
of ferrimagnetic order by the generation of a 
BTDA-TCNQ•− spin.

The structural variation driven by the 
accommodation of Li+-ions was confirmed by 
synchrotron X-ray diffraction measurements. 
Figure 6 shows the powder X-ray diffraction 
(PXRD) pattern of the material for the Li+-
ion-inserted cathode at 2.66 V versus Li/Li+. 
Interestingly, this pattern could be indexed to 
the monoclinic space group C2/m, which is 
the same as that of the original solvated com-
plex 1, even though 1′ crystallizes in the tri-
clinic space group P–1. This result indicates 

that the crystal structure of 1′ is modified during the process of 
Li+-ion insertion and, ultimately, the material adopts a structure 
similar to that of the solvated sample (1). Li+-ions are inserted 
into the void spaces located in 1′, accompanied by an expansion 
of the flexible framework, like recovering to 1, without a signifi-
cant collapse of the layered framework. The Li+-ion-extracted 
cathode was also checked by the synchrotron PXRD measure-
ment, which confirmed good crystallinity after a discharge/
charge cycle (Figure S10, Supporting Information).

Adv. Funct. Mater. 2017, 27, 1604990
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Figure 2. Crystal structure of 1′. a) Thermal ellipsoid plots of the formula unit of 1′, where C–F 
bonds with disordered F-atoms are represented by dotted lines (solvent molecules are omitted 
for clarity). b) Packing mode projected along the [011] direction, with the interstitial p-xylene 
solvent molecules displayed in pale blue. c) The 2D D2A layer structure is parallel to the (11–1) 
plane. In (b) and (c), hydrogen and fluorine atoms have been omitted for clarity.
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2.4. In Situ Magnetic Measurements for Band-Filling

For the direct observation of modulated magnetization 
resulting from electron-doping through Li+-ion insertion, an 
in situ magnetic measurement system was developed, which 
consisted of a miniaturized LIB cell suitable for insertion into 
a commercial superconducting quantum interference device 
(SQUID); this cell is hereafter called the in situ cell (Figure S11, 
Supporting Information). The in situ cell was put into a SQUID 
to elucidate the dependence of the magnetization on the contin-
uous band-filling using an identical sample in LIB cycles. The 
band-filling was controlled based on the battery voltage to avoid 
the effect of irreversible capacity.

Figure 7a shows the temperature dependence of the field-
cooled magnetization (FCM at H = 100 Oe; closed circles) and 
the remnant magnetization (RM at H = 0 Oe; open circles) at 
several voltages in the in situ cell. The FCM of the pristine 
cathode (3.26 V vs Li/Li+) and a cathode that had been lightly 
electron-doped (3.1 V vs Li/Li+) show the typical paramagnetic 
temperature dependence, consistent with the data obtained 
in the ex situ measurements. At 3.0 V versus Li/Li+, spon-
taneous magnetization growth around at 40 K is observed. 
This result indicates that electron-doping via Li+-ion insertion 
induces a ferrimagnetic order as the result of electron-filling 
of the BTDA-TCNQ moieties. As the battery voltage further 
decreases from 3.0 to 2.9 V, and then to 2.8 V versus Li/Li+, 

Adv. Funct. Mater. 2017, 27, 1604990
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Figure 3. Open circuit voltage as a function of capacity measured in a LIB 
coin cell combined with the 1′-cathode (open circles), where the solid line 
shows the variation in voltage of the LIB cell during the discharge process 
at a constant current. The red and blue closed circles display the states 
of the samples taken for ex situ measurements such as the IR, magneti-
zation, and PXRD shown in Figures 4, 5 and 6, respectively (vide infra). 
The x is the nominal Li-composition per formula unit, estimated from the 
discharged capacity.

Figure 4. IR spectra of the pristine (1′) and the Li+-ion-inserted cathode 
material (2.66 V vs Li/Li+) measured ex situ as KBr pellets at room 
temperature.

Figure 5. Magnetic field dependence of the magnetization of the 
cathode material for the pristine (1′) and the Li+-ion-inserted material 
(2.66 V vs Li/Li+) measured ex situ at 5 K.
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the Curie temperature (TC), estimated from the RM disappear-
ance, increases from 40 (3.0 V) to 70 K (2.9 V) and 76 K  
(2.8 V), accompanied by an obvious increase in the magnetization  
at 2.9 and 2.8 V compared to that at 3.0 V versus Li/Li+. In the 
voltage region between 2.8 and 2.65 V versus Li/Li+, the TC 
tends to remain constant at around 75 K, but the magnetiza-
tion is gradually suppressed with the decreasing voltage. Mean-
while, below 2.6 V versus Li/Li+, the TC suddenly decreases, 
and when the voltage reaches 2.45 V versus Li/Li+, an increase 
in the magnetization is no longer observed: the ferrimagnetic 
order disappears, and the FCM once again exhibits paramag-
netic temperature dependence. Thus, spontaneous magneti-
zation generated by doping electrons in the in situ cell only 
appears in the voltage range 3.0–2.6 V versus Li/Li+.

The observed dependence of magnetization on voltage is 
clearly attributed to the change of oxidation state in the BTDA-
TCNQ moieties. Figure 7b shows the variation in the FCM 
value at 10 K and the TC estimated from the RM as a function 
of voltage, and Figure 7c depicts the variation of |dQ/dV| as a 
function of the voltage, where |dQ/dV| stands for the differen-
tial value (as an absolute value) of capacity (Q) versus voltage 
(V) as estimated from the OCV curve (Figure S12, Supporting 
Information). In the |dQ/dV| versus V plot shown in Figure 7c, 
two peaks are observed at ≈3.1 and 2.6 V versus Li/Li+, indi-
cating that two distinct reduction potentials exist. In 1′, the 
[Ru2] units remain in the neutral [Ru2

II,II] state, whereas the  

Figure 7. Band-filling dependence of the magnetic states measured using the in situ cell. a) Temperature (T) dependence of the magnetization variation 
(ΔM) measured using the in situ cell at each battery voltage versus Li/Li+, where ΔM (T)M (T) – M (120 K) and closed and open circles represent FCM 
and RM, respectively. b) LIB voltage dependence of ΔM at 10 K (closed red circles) and TC (closed blue squares). The horizontal axis is the cathode 
voltage associated with the value given in (c). c) The absolute values of the derivative of the capacity (Q) versus the voltage (V), |dQ/dV|, which were 
obtained from the OCV curve measured by GITT (Figure S12, Supporting Information). The voltages given by colored closed circles in (c) correspond to 
the voltages in (a) at which the magnetization was measured. The vertical dotted lines in (b) and (c) represent the peak positions in the |dQ/dV| plot.

Figure 6. PXRD patterns of the cathode materials for the pristine (1′) and 
the Li+-ion-inserted material (2.66 V vs Li/Li+). A simulated PXRD pattern 
of the CH2Cl2-solvated compound (1), estimated from the crystal struc-
ture obtained using single-crystal X-ray diffraction analysis, is displayed 
for comparison (black line).

Adv. Funct. Mater. 2017, 27, 1604990
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BTDA-TCNQ moiety should experience a 
sequential two-step reduction from BTDA-
TCNQ to BTDA-TCNQ•− and from BTDA-
TCNQ•− to BTDA-TCNQ2− (Figure S7, Sup-
porting Information). In the voltage range 
between these two reduction potentials, the 
onset of ferrimagnetic order is observed at 
an identical temperature of about 75 K with 
a sudden increase in the magnetization, as 
shown in Figure 7b. Taking into account 
that |dQ/dV| reflects the density of states 
of electrons,[49] most of the BTDA-TCNQ/
BTDA-TCNQ•− redox couples should become 
reduced states (1e−-filled states) around the 
peak corresponding to the first reduction 
potential, i.e., 3.1 V versus Li/Li+ (Figure S7, 
Supporting Information). In this situation, 
the ferrimagnetic order should be constructed 
through the growth of an exchange-interaction 
network via BTDA-TCNQ•− (Figure 1c), as 
observed in Figure 7a,b. On the other hand, 
in the voltage range below 2.6 V versus Li/Li+, 
the BTDA-TCNQ•−/BTDA-TCNQ2− redox cou-
ples should become reduced states (2e−-filled 
states, Figure S7, Supporting Information). 
In this case, the ferrimagnetic state should be 
destabilized relative to the ionic paramagnetic 
state (2e−-filled state) because A2− (S = 0) dis-
connects the exchange paths (Figure 1c).[35] 
A similar dependence of the magnetization 
on the degree of band-filling was also con-
firmed by ex situ measurements (Figure S13, 
Supporting Information), proving that the 
magnetization variation originates from the 
1′-cathode in the inserted LIB cell.

Figure 7b allows the construction of a 
phase diagram that distinguishes the para-
magnetic (PM) and ferrimagnetic (FM) 
phases of 1′. Reflecting the oxidation states of 
BTDA-TCNQ, BTDA-TCNQ0/BTDA-TCNQ•− 
and BTDA-TCNQ•−/BTDA-TCNQ2−, the TC 
displays an almost step-wise change between 
the PM and FM phases at potentials of ≈3.1 
and 2.6 V versus Li/Li+, respectively (an ideal 
phase diagram should be given in a square; 
Figure S14, Supporting Information). These 
results indicate that the Li+-ion insertion into 
pores and the subsequent migration within 
the pores involve a smooth electronic reduc-
tion in the framework of the LIB system with 
the 1′-cathode.

2.5. Reversible Magnetic Phase Control by In 
Situ LIB Cycles

Taking advantage of the rechargeability of the LIB system 
with the 1′-cathode (Figure S5, Supporting Information), 
we attempted the reversible control of the magnetic phases 

using the in situ cell. Figure 8a shows the time dependence 
of voltage for the discharge/charge cycles between 2.9 and 
3.4 V versus Li/Li+, and reveals the rechargeability of the LIB 
with the 1′-cathode. Following these discharge/charge cycles, 
the dependence of magnetization on the temperature for each 

Figure 8. In situ reversible magnetic phase switching. a) The discharge/charge cycles in 
the in situ cell used for reversible magnetism control (vide infra), where blue and red lines 
represent the discharge and charge processes, respectively, and the closed circles represent 
the cathode voltage taken for the in situ magnetization measurements shown in (b) and  
(c). b) Reversible magnetic phase switching between paramagnetic and ferrimagnetic states, 
where ΔM (T)M (T) − M (300 K). Blue and red curves represent the magnetization of the dis-
charged (Li+-ion-inserted) and charged (Li+-ion-extracted) states, respectively (the initial state 
is given in black). The curves were measured at the noted voltages corresponding to those 
represented by closed circles in (a). c) Magnetic field dependence of the magnetization at 7 K 
for discharged (2.9 V vs Li/Li+) and charged states (3.4 V vs Li/Li+). The magnetization vari-
ation from the initial paramagnetic state (Minitial), ΔM (H)M (H) − Minitial (H), is displayed. 
Hysteresis curves for the ferrimagnetic phase appear repeatedly in the discharged states.
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discharged or charged state was measured (Figure 8b). In the 
respective discharged states (blue curves), the ferrimagnetic 
order appears repeatedly, with almost the same TC and the 
same magnitude of magnetization (Figure 8b). In contrast, 
the magnetic phase transition completely disappears in all 
the charged states (red curves). These results indicate that the 
magnetic phase is reversibly switched between the PM and FM 
phases through Li+-ion insertion/extraction in the discharge/
charge cycles of the LIB system. As a remarkable answer for the 
reversible switching of magnetic phases, the open/close cycles 
of hysteresis phenomenon was demonstrated, in which mag-
netic field-dependent hysteresis of the magnetization was only 
observed for the discharge states (Figure 8c).

3. Discussion

Although there are a number of materials where magnetic 
and electric properties are correlated, it is still a challenge to 
find a class of materials, which show a reversible giant mag-
neto-electric response. To realize such response, the phase 
switching in a strongly correlated electron system is one of 
the effective approaches. Obviously, the discoveries of colossal 
magnetoresistance in manganites,[50,51] which relates to the 
phase stability between a charge-orbital order insulator and fer-
romagnetic metal phases,[52] and the gigantic magneto-electric 
effect in multiferroic materials,[53,54] which is induced by a 
phase transition between collinear and spiral spin phases,[55] are 
representative examples. The magnetic phase switching using 
an LIB system demonstrated in this work also belongs to the 
category of giant magneto-electric response realized through 
an electronic phase transition in a strongly correlated electron 
system. This magnetic phase switching should be achieved by 
dynamic band-filling control based on electrochemistry, for 
which the material should have high porosity and amenability 
to Li+-ion migration. That is the reason why we have focused on 
the family of MOFs composed of donor/acceptor component 
units (i.e., D/A-MOFs) for use as LIB cathodes.[56–59]

4. Conclusion

In summary, we have succeeded in demonstrating the electrical 
control of magnetism using a neutral D/A-MOF as the cathode 
of a LIB system. Reversible magnetic phase switching between 
the paramagnetic and ferrimagnetic states is closely coupled to 
the LIB charge/discharge cycles; this is the first demonstration 
of in situ “magneto-ionic phase switching” in a bulk system by 
an LIB. The formation of electrochemical equilibrium states is 
directly associated with the target OCV in an LIB system without 
further continuous application of an external voltage; hence, the 
switchable magnetic phases, i.e., 1′, and the artificial lattices with 
Li+–1′– and (Li+)2–1′2–, are nonvolatile after the Li+-ion insertion/
extraction processes. These characteristics might lead to a new 
type of voltage-programmable nonvolatile memory device. The 
present technique involving in situ band-filling control based 
on LIB systems could be expanded to incorporate other redox-
active porous molecular systems and may be a key to design 
long-range magnetic order/electronic correlated states such as 

superconducting phase. Considering the limited number of 
MOFs whose intrinsic physical properties are controllable by 
guest molecules,[60,61] further research probing redox-active para-
magnetic MOFs, which can easily accommodate “guest ions”, 
may open up a new avenue of research in the emerging field of 
magneto-ionics.

5. Experimental Section
Materials Synthesis: All synthetic procedures were performed under 

anaerobic conditions using Schlenk techniques and ultrapure N2-filled 
gloveboxes. Compound 1 was synthesized using a slow diffusion reaction 
technique: a solution of BTDA-TCNQ (20.0 mg, 0.065 mmol) in CH2Cl2 
(50 mL) was separated into 2 mL portions and placed in narrow-diameter 
glass tubes as the bottom layer. A solution of [Ru2(CF3CO2)4(THF)2] 
(100 mg, 0.125 mmol) in p-xylene (50 mL) was placed in 2 mL portions 
over the bottom CH2Cl2 layer. The glass tubes were left undisturbed for 
one week or more to yield black crystals of [{Ru2(CF3CO2)4}2(BTDA-
TCNQ)]·nCH2Cl2·(p-xylene) (1). Yield: 36%.

The CH2Cl2-free compound, [{Ru2(CF3CO2)4}2 (BTDA-TCNQ)]·(p-
xylene) (1′), which was used to investigate magnetism control through 
an LIB system, was prepared by evacuating a sample of 1 for about 
12 h at room temperature. Elemental analysis (%) calculated for 1′, 
C36H10N8O16F24Ru4S2: C 24.92, H 0.58 N 6.46; found: C 25.311, H 0.527, 
N 6.953; FT-IR (KBr): ν (CN), 2225, 2179 cm−1.

X-Ray Crystallographic Analysis: Crystal data for 1 and 1′ were collected 
at 112 K on a CCD diffractometer (Saturn 724 VariMax) with graphite 
monochromated Mo-Kα radiation (λ = 0.71075 Å). Single crystals with 
dimensions 0.152 × 0.132 × 0.091 and 0.118 × 0.105 × 0.042 mm for 
1 and 1′, respectively, were mounted on thin Kapton films using Nujol 
and cooled in an N2 gas stream. The structures were solved using direct 
methods (SHELX97-2013) and expanded using Fourier techniques. The 
nonhydrogen atoms were refined anisotropically and the hydrogen atoms 
were refined using a rigid model. Part of the crystallization solvents in 1 
had complicated disorder, which made it difficult to complete the analysis. 
Thus, after refinement of all the atoms in the framework, the SQUEEZE 
function was used to determine the contribution of the disordered 
solvent molecules that could be refined to the structure factors.[62] The 
contribution of these species was removed from the final structure factor 
calculations. The void volumes of the crystal structures were determined 
using PLATON program.[63] Structural diagrams were prepared using the 
VESTA software.[64]

PXRD experiments for the cathodes were performed with large 
cylindrical image-plate diffractometers at the High Energy Accelerator 
Research Organization (KEK), Japan. The incident X-ray beams were 
monochromatized using Si(111) double crystals. An X-ray beam with a 
wavelength of λ = 1.003 Å was used for the measurements at BL-8B, 
the Photon Factory. The wavelength was calibrated on the basis of the 
polycrystalline CeO2 diffraction profile. The lattice constant of the Li+-
ion-inserted cathode of 1′ (2.66 V vs Li/Li+) was estimated using the Le 
Bail method.[65]

Crystallographic Data of Compound 1: C36H10N8O16F24Ru4S2, 
Mr = 1734.88, monoclinic, C2/m (#12), a = 20.323 (4) Å, b = 20.148 
(4) Å, c = 8.4363 (14) Å, β = 99.768 (3)°, V = 3404.3(10) Å3, T = 112 K, 
Z = 2, Dcalc = 1.692 g cm−3, F000 = 1668.00, λ = 0.71075 Å, μ (Mo Kα) = 
10.551 cm−1, 16 260 measured reflections, 5196 unique reflections  
(Rint = 0.0254), R1 = 0.0391 (I > 2.00σ(I)), R1 (all data) = 0.0438, 
wR2 = 0.1137 (all data), with GOF (Goodness of fit) = 1.097. 
CCDC-1497043.

Crystallographic Data of Compound 1′.: C36H10N8O16F24Ru4S2, Mr = 
1734.88, triclinic, P−1 (#2), a = 8.475 (12) Å, b = 13.435 (19) Å, c = 14.10 
(2) Å, α = 112.267 (19)°, β = 94.57 (3)°, γ = 95.25 (2)°, V = 1468(4) Å3,  
T = 112 K, Z = 1, Dcalc = 1.963 g cm−3, F000 = 834.00, λ = 0.71075 Å, μ (Mo 
Kα) = 12.237 cm−1, 9543 measured reflections, 5058 unique reflections 
(Rint = 0.0633), R1 = 0.0907 (I > 2.00σ(I)), R1 (all data) = 0.1270, wR2 = 
0.2317 (all data), with GOF = 1.055. CCDC-1497042.

Adv. Funct. Mater. 2017, 27, 1604990

www.afm-journal.de www.advancedsciencenews.com



fu
ll p

a
p
er

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (9 of 10) 1604990

Crystallographic Data of Li+-Ion Inserted 1′ at Room Temperature. 
(2.66 V vs Li/Li+, x = 1 in Lix[{Ru2(CF3CO2)4}2(BTDA-TCNQ)·(p-Xylene)]): 
Monoclinic, C2/m (#12), a = 21.2963 Å, b = 21.5015 Å, c = 8.685 Å, 
β = 101.33°, V = 3899.38 Å3.

Physical Characteristics Measurements: IR spectra were measured as 
KBr pellets at room temperature using a JASCO FTIR-4200 spectrometer. 
Thermogravimetric analysis was performed using a Shimadzu DTG-60H 
instrument under a flowing N2 atmosphere, and the temperature was 
increased from room temperature to 400 °C at a rate of 5 °C min–1.

Cathode and Lithium-Ion Battery Cell Preparation: Cathodes 
were fabricated using a sample of 1′, acetylene black and 
polytetrafluoroethylene in a mass ratio of 50:40:10. The mixed active 
material was pressed on a current collector of aluminum net and dried 
overnight at room temperature under vacuum. 2032-type coin cells 
or a miniature LIB cell for in situ magnetization measurements were 
assembled in an Ar-filled glovebox. The cells consisted of cathodes 
of 1′, lithium metal anodes and lithium bis(trifluoromethylsulfonyl)
amide (LiTFSA) electrolyte dissolved at 0.30 mol kg–1 in N-methyl-N-
propylpyrrolidinium bis(fluorosulfonyl)amide (Py13-FSA).[45]

Ex Situ Magnetic Measurements: Magnetization was measured using 
a Quantum Design MPMS magnetometer (MPMS-XL-7, MPMS-7S) over 
the temperature range 1.8–300 K. The magnetic susceptibility of the 
bulk samples (1 and 1′) was corrected for core diamagnetism estimated 
from the Pascal constants. Li+-ion insertion into 1′ was performed with 
a 2032-type coin cell using the GITT[46] with a repeated slow discharge at 
1.54 mA g–1 for 1 h, followed by a break of 1 h. The OCV was recorded 
with a potentio-galvanostat (Solartron, 1470E) at 298 K. After Li+-ion 
insertion (discharge), the coin cells were disassembled and the cathodes 
were extracted from the cells in an Ar-filled glovebox. The temperature 
and magnetic field dependence of the magnetization were measured for 
the extracted 1′-cathodes.

In Situ Magnetic Measurements: For the in situ magnetization 
measurements, a miniature LIB with a quartz cell (15 × 7 × 5 mm; 
Figure S11, Supporting Information) was prepared. This cell consisted 
of a Li metal anode, a polypropylene separator, electrolyte (LiTFSA/
Py13-FSA) and the cathode including 1′. A Teflon frame was prepared 
to set the Li metal anode. Pt plates were used as current collectors for 
the electrodes. The in situ LIB cell was inserted into a Quantum Design 
MPMS-7S. Discharging/charging for the in situ LIB cell were conducted 
to a target voltage under a constant current, 1 mA g–1; each voltage was 
maintained for 2 h. The discharge/charge control was carried out using 
a potentio-galvanostat (Solartron, 1287) at 300 K, at which Li+-ion can 
migrate in the cathode materials.

[CCDC-1497042 and CCDC-1497043 contain the supplementary 
crystallographic data for this paper. These data can be obtained free of 
charge from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.]
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Supporting Information is available from the Wiley Online Library or 
from the author.
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