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Abstract: Construction of a molecular system in which the
magnetic lattice exhibits long-range order is one of the
fundamental goals in materials science. In this study, we
demonstrate the artificial construction of a ferrimagnetic lattice
by doping electrons into acceptor sites of a neutral donor/
acceptor metal–organic framework (D/A-MOF). This doping
was achieved by the insertion of Li-ions into the D/A-MOF,
which was used as the cathode of a Li-ion battery cell. The
neutral D/A-MOF is a layered system composed of a carbox-
ylate-bridged paddlewheel-type diruthenium(II,II) complex as
the donor and a TCNQ derivative as the acceptor. The ground
state of the neutral form was a magnetically disordered
paramagnetic state. Upon discharge of the cell, spontaneous
magnetization was induced; the transition temperature was
variable. The stability of the magnetically ordered lattice
depended on the equilibrium electric potential of the D/A-
MOF cathode, which reflected the electron-filling level.

Over the past few decades, the design of molecule-based
magnets with long-range magnetic order has attracted much
interest in the field of molecular functional materials.[1] One
route to achieve such long-range magnetic order is to
construct lattices using only paramagnetic metal ions and/or
molecules with the help of superexchange coupling between
paramagnetic centers via a bridging ligand. Charge-transfer
(CT) framework systems comprising electron donor (D) and
electron acceptor (A) units are fascinating candidates for such
molecule-based magnets because energetically controlled
electron transfer (ET) from D0 to A0 causes unpaired electron
spins in both ionized units, D+ and A¢ , strongly magnetically
coupled with the mediation of CT between D+ and A¢ .[1, 2] We
have previously demonstrated such CT/ET-dependent mag-
netic behavior in a family of D/A metal–organic frameworks
(D/A-MOFs) with a D2A formulation composed of carbox-

ylate-bridged paddlewheel-type diruthenium(II,II) com-
plexes ([Ru2

II,II]) as D and 7,7,8,8-tetracyano-p-quinodime-
thane (TCNQ) derivatives as A; long-range magnetic order
was observed only in the one-electron transferred ionic state
(D0.5+

2A
¢) containing the AC¢ radical form (TCNQC¢).[3] Thus,

in the case of the neutral state of the above-mentioned D/A-
MOFs (that is, D0

2A
0), the key factor required to induce long-

range magnetic order is the generation of the radical AC¢ vs.
paramagnetic D0 (that is, [Ru2

II,II]) with S = 1 (Figure 1). In
fact, a layered framework with the D0

2AC¢ charge state
displayed a strong magnetic correlation between the spins of
D0 and AC¢ , which finally underwent long-range magnetic
ordering at TC = 82 K by combining with an S = 1/2 spin of
[FeCp*

2]
+ located between layers.[4]

Focusing on the generation of the radical AC¢ in the D0
2A

0

system, electron-filling control of the system should be an
effective approach for the construction of an artificial
magnetically ordered lattice without intra-lattice ET. Taking
into account that the present “MOFs” are also characterized
as a type of porous frameworks, the electrochemical insertion
of ionic guests such as Li+ and Na+ into host frameworks is
potentially applicable for electron-filling control of D/A-
MOFs.[5] In the process of electrochemical cation insertion,
a cation and electron pair is introduced into the host material
and the valence of the redox-active species (that is, the
acceptor A0) in the material is directly modulated from A0

Figure 1. a) Representations of [Ru2
II,II(2,3,5,6-F4PhCO2)4] (S =1) as

a donor (D) and BTDA-TCNQ as an acceptor (A) with its redox forms
of BTDA-TCNQ (S = 0), BTDA-TCNQC¢ (S =1/2) and BTDA-TCNQ2¢

(S = 0). b) Plausible spin ordered states produced by electron-filling of
A with Li+-ion insertions into a neutral state (1’’), where neutral, 1 e¢-
filled, and 2 e¢-filled forms are expected to be paramagnetic, ferrimag-
netic, and paramagnetic, respectively.
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to A¢ or A2¢ accompanied by charge compensation by the
introduced cation species (Figure 1a).[5b] Several compounds
with redox-active components, such as a Prussian blue
analogue,[6] octacyanometallate-bridged coordination poly-
mers,[7] and transition-metal oxides,[8] have been magnetically
manipulated by electrochemical ion insertion and subsequent
valence control of the transition metal ions; however, these
reports have all been limited to the modification of magneti-
cally pre-ordered states. We report the development of long-
range magnetic ordering from a paramagnetic ground state by
electron-filling control involving electrochemical ion inser-
tion. A neutral D/A-MOF containing redox-active compo-
nent is proposed as a nice playground for the construction of
artificial magnetic lattice (Figure 1b).

In the [Ru2]/TCNQ-MOF system, the energy difference
between the highest-occupied molecular orbital (HOMO)
level of D and the lowest-unoccupied molecular orbital
(LUMO) level of A, DEH¢L(DA)�ELUMO(A)¢EHOMO(D),
can be used to predict the electronic state, as DEH¢L(DA)> 0
for the neutral state and DEH¢L(DA)< 0 for the ionic
state.[9–11] The HOMO and LUMO levels can be simply
calculated using the density functional theory.[9–13] Following
this rule, a D/A set of [Ru2

II,II(2,3,5,6-F4PhCO2)4(THF)2] with
EHOMO(D) =¢4.8518 eV[14] and bis(1,2,5-thiadiazolo)tetra-
cyanoquinodimethane (BTDA-TCNQ) with ELUMO(A) =

¢4.7353 eV[11] (Figure 1 a) was chosen because, in this case
DEH¢L(DA) = 0.1165 eV, which provided a new, neutral D2A-
type layered MOF, [{Ru2(2,3,5,6-F4PhCO2)4}2(BTDA-
TCNQ)]·4 CH2Cl2·2 (p-xylene) (1; Supporting Information,
Figure S1).

Compound 1 crystallized in the triclinic space group P1̄
(see the Supporting Information) with a formula unit
comprising two [Ru2] units and one BTDA-TCNQ unit
(that is, D2A-type), in which two [Ru2] units and one
BTDA-TCNQ molecule were crystallographically character-
ized as asymmetric units with inversion centers on the
midpoint of respective units (Z = 1; Supporting Information,
Figure S1 a). The four C�N groups of the BTDA-TCNQ unit
coordinate to the axial sites of the [Ru2] units, forming
a typical D2A-type two-dimensional fishnet framework
spreading parallel to the (100) plane (Supporting Informa-
tion, Figure S1 b,c). Compound 1 contains four CH2Cl2 and
two molar p-xylene molecules per unit as crystallization
solvents, which are located between D2A layers. The p-xylene
molecules form a p-stacking motif with the BTDA-TCNQ
moieties through a [···BTDA-TCNQ···(p-xylene)···(p-
xylene)···] column along the a axis. The oxidation states of
the [Ru2] and BTDA-TCNQ units were estimated by
comparing the bond lengths in the respective units with
those in standard compounds (Supporting Information,
Tables S1 and S2), which confirmed that 1 exists in the
neutral state comprising [Ru2

II,II] and BTDA-TCNQ0 units.
The neutral form of 1 was also confirmed by the observation
of paramagnetic behavior arising from the S = 1 spins of
[Ru2

II,II] units across the temperature range 1.8–300 K (Sup-
porting Information, Figure S2).

Even at room temperature, compound 1 easily releases
the CH2Cl2 molecules to provide the CH2Cl2-free compound
[{Ru2(2,3,5,6-F4PhCO2)4}2(BTDA-TCNQ)]·2(p-xylene) (1’’).

The crystal sample of 1’’ used in subsequent measurements
was prepared by placing a sample of 1 in vacuo for
approximately 12 h at room temperature. Compound 1’’ is
very stable at room temperature, even under vacuum; the
stability of 1’’ was confirmed by thermogravimetry (Support-
ing Information, Figure S3) and X-ray powder diffraction
(XRPD) (Supporting Information, Figure S4). Finally, the
structure of 1’’ was determined using the combined techniques
of single-crystal X-ray crystallography and the Rietveld
method on XRPD.

Compound 1’’ crystallized in the monoclinic space group
P21/n (Supporting Information, Supporting Information);
only one [Ru2] unit and one BTDA-TCNQ molecule lying
on a C2 axis were crystallographically characterized as an
asymmetric unit (Z = 2) (Figure 2a). The typical two-dimen-
sional fishnet framework, which was parallel to the (10¢1)
plane, is maintained in 1’’ (Figure 2b,c). Compound 1’’
contained two molecules of p-xylene per unit as crystalliza-
tion solvents; these were located between the MOF layers,
forming the same p-stacking motif with BTDA-TCNQs as
found in 1. The volume of the void space was 182.6 è3,
corresponding to 4.1% of the cell volume (the volume
occupied by CH2Cl2 in 1 was 364.8 è3, corresponding to
15.4% of the cell volume). The oxidation state of 1’’ was also
estimated from the structure (Supporting Information,
Tables S1 and S2); these structural characteristics confirm
that the neutral state was preserved even in 1’’. Indeed, its

Figure 2. a) Structure of the formula unit of 1’’ (solvent molecules and
hydrogen atoms are omitted for clarity).[18] b) A packing form projected
along the b axis, with the interstitial p-xylene solvent molecules
displayed in pale blue. c) Two-dimensional D2A layer structure in the
(10¢1) plane. In (b) and (c), hydrogen atoms and the 2,3,5,6-F4Ph
part of 2,3,5,6-F4PhCO2

¢ are omitted for clarity.
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magnetic properties agree with this conclusion (Supporting
Information, Figure S5).

Electron-filling control of 1’’ was performed using Li-ion
insertion (Figure 1b) based on the Li-battery cell system, in
which Li-metal is employed as the anode. The cathode was
fabricated by mixing ground crystals of 1’’ with conductive
acetylene black and polytetrafluoroethylene as a binder. The
prepared cathode was measured by PXRD and its identical
crystallinity in discharge processes was confirmed (Support-
ing Information, Figure S6). The cell was assembled using
lithium bis(trifluoromethylsulfonyl)amide (LiTFSA) and the
N-methyl-N-propylpyrrolidinium salt of bis(fluorosulfonyl)a-
mide (Py13-FSA; ionic liquid) as electrolyte, under an Ar
atmosphere.[15] During the insertion of Li-ions into 1’’, the
galvanostatic intermittent titration technique (GITT) was
used to suppress inhomogeneous Li-ion insertion.[16] In GITT,
a low constant current (1.18 mAg¢1) was repeatedly applied
for 1 h (discharge/charge), followed by an interval of 1 h to
allow the system to reach an equilibrium state with respect to
1’’. Figure 3a shows the open-circuit voltages (OCVs) of the

Li-battery cell, which reflect the equilibrium electrochemical
potentials upon reduction of the Lix[{Ru2(2,3,5,6-
F4PhCO2)4}2(BTDA-TCNQ)]·2 (p-xylene) cathode during
the Li-ion insertion process using GITT. The voltage curve
shows a slope that is dependent on the capacity, which
indicates that the Li-ion insertion process for 1’’ is not a two-
phase-coexisting reaction with a flat voltage profile,[17] which
is often expected for electron localized systems (see the
Supporting Information). In Figure 3b, the derivative of the
capacity (Q) with respect to the voltage (V), dQ/dV, is plotted.
Two peaks were observed at approximately 2.9 V and 2.4–
2.7 V vs. Li/Li+, indicating that two distinct reduction
potentials exist in the discharge-voltage range between 2.2–

3.4 V vs. Li/Li+. OCV of LixBTDA-TCNQ (Supporting
Information, Figure S7) indicates two-step reductions at
approximately 2.9 V and 2.4 V vs. Li/Li+, which correspond
to A0!AC¢ and AC¢!A2¢, respectively. By comparing these
values with those of 1’’, it indicates that the two distinct
reduction potentials observed for 1’’ clearly correspond to the
two stepwise reduction of BTDA-TCNQ.

Electron-filling of the BTDA-TCNQ units following Li-
ion insertion was also confirmed by the infrared (IR) spectra.
The stretching vibrational mode of the C�N groups, observed
at approximately 2200 cm¢1, was monitored in the pristine
sample without Li-ion insertion (3.30 V vs. Li/Li+) and in the
Li-inserted cathode (2.72 V vs. Li/Li+) (Figure 3c). The CN-
stretching mode was observed as a multiplet, probably
reflecting multiple coordination modes.[3, 4, 11] The character-
istic peak at approximately 2230 cm¢1 in the pristine cathode
shifts to the lower wavenumber of 2200 cm¢1 in the Li-
inserted cathode. This shift is very similar to the variation
observed in BTDA-TCNQ0 (2232 cm¢1) and K+BTDA-
TCNQ¢ (2190 cm¢1), confirming that reduction of the
BTDA-TCNQ moieties in Lix[{Ru2(2,3,5,6-
F4PhCO2)4}2(BTDA-TCNQ)]·2 (p-xylene) has occurred fol-
lowing Li-ion insertion. The red shifts of CN-stretching mode
from the neutral state were also confirmed in further Li-
inserted cathodes, although a distinct difference among them
was not taken in the OCV range of 3.30–2.26 V (Supporting
Information, Figure S8).

Figure 4 displays the temperature dependence of field-
cooled magnetization (FCM at H = 100 Oe; closed circles)
and remnant magnetization (open circles) of the Li-battery
cell cathode at several selected OCVs. FCM of the pristine
cathode without Li-ion insertion (3.30 V vs. Li/Li+) showed
paramagnetic behavior across the whole temperature range
studied (down to 1.86 K), as observed in the bulk samples of 1’’
(Supporting Information, Figure S5). When Li-ions and
electrons were introduced into the cathode at 2.72 V vs. Li/
Li+, FCM showed a remarkable increase at temperatures
below 40 K, and spontaneous magnetization was confirmed
(field-dependence of the magnetization also showed an
increase of the magnetization with a small hysteresis loop
vs. the curve for the pristine 1’’; Supporting Information,
Figure S9). This indicates that Li-ion insertion induces a long-
range magnetic order in the magnetically disordered state of
1’’ as a result of electron filling in the BTDA-TCNQ units. This
magnetic feature should be due to ferrimagnetic ordering of
the S = 1 spins of the [Ru2

II,II] units via the S = 1/2 spins of the
electrochemically induced BTDA-TCNQC¢ units (Supporting
Information, Figure S10), similar to that observed in
[FeCp*2][{Ru2(2,3,5,6-F4PhCO2)4}2TCNQ].[4]

The magnetically ordered state is modulated by the
quantity of inserted Li-ions/electrons, that is, the electron-
filling level. As OCV decreases from 2.72 V to 2.38 V vs. Li/
Li+ (Figure 3 a), the magnetic transition temperature (TC)
increases from 42 K to 88 K (Figure 4). The increase in TC

could be attributed to the growth of exchange-interacted-
bond networks made by a [-{Ru2

II,II}-(BTDA-TCNQC¢)-
{Ru2

II,II}-] repeat in a D2A layer. Namely, magnetic pathways
are developed to make growing domains when the BTDA-
TCNQ units were reduced to yield BTDA-TCNQC¢ (Fig-

Figure 3. a) Open-circuit voltage (OCV) as a function of capacity for
the cathode of Lix[{Ru2(2,3,5,6-F4PhCO2)4}2(BTDA-TCNQ)]·2 (p-xylene)
(open circles), where the solid line shows the change in voltage of the
Li-battery cell during the Li+-insertion process (discharge) at a constant
current. Red and blue closed circles indicate the samples taken for IR
measurements shown in (c). The x is the nominal Li-composition per
formula unit estimated from the discharged capacity, which includes
the contribution from irreversible capacity of Li-battery cell. b) Deriva-
tive of the capacity (Q) in (a) with respect to the voltage (V), dQ/dV.
c) IR spectra of BTDA-TCNQ, K[BTDA-TCNQ], the cathodes of pristine
(3.30 V) and Li+-inserted compound (2.72 V), measured on KBr pellets
at room temperature.
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ure 1b). Following this, BTDA-TCNQ finally undergoes two-
electron reduction to form diamagnetic BTDA-TCNQ2¢.
Hence, further insertion of Li-ions into the system beyond the
threshold required for the complete production of BTDA-
TCNQC¢ , suppresses the occurrence of magnetic ordering. In
this situation, the magnetically ordered state is destabilized
because the production of BTDA-TCNQ2¢ cuts the exchange
paths. In fact, when OCV is at 2.26 V vs. Li/Li+, which is much
lower than the second reduction peak of the BTDA-TCNQ
unit, TC decreases to 62 K (See the inset of Figure 4). The
variation of TC could be well explained by a simple mean-field
model (Supporting Information, Figure S11).

Finally, charging the Li-battery cell returns the system to
its original paramagnetic state (Figure 4). However, we also
realized that repeated discharge/charge cycles resulted in
damage to the sample as confirmed by capacity fading
(Supporting Information, Figure S12). Therefore, based on
the observed battery performance, the compound and/or the
components of the battery system should be further improved
for more effective magnetic control. Nevertheless, the present
neutral D/A-MOF system is one of the most promising
candidates for inclusion in a magnetic switchable battery. It
should be noted that similar electron-filling-controlled mag-
netic behavior has also been confirmed by in situ magnet-
ization measurement using a small Li-battery cell (Supporting
Information, Figure S13).

In summary, we have succeeded in the artificial construc-
tion of a ferrimagnetically ordered state from a magnetically

disordered ground state by electron-filling control of mag-
netic mediators (acceptor units) in a neutral D/A-MOF. This
series of redox-active properties was designed on the basis of
the frontier molecular orbital levels of donor and acceptor
units through Li-ion insertion. This electrochemical approach,
which is combined with ion insertion for the construction of
magnetic correlations, may pave the way for the better design
of molecular magnets based on redox-active MOFs.
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