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A metal–organic framework that exhibits
CO2-induced transitions between paramagnetism
and ferrimagnetism
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With adequate building blocks, metal–organic frameworks (MOFs) can combine magnetic ordering and porosity. This makes
MOFs a promising platform for the development of stimuli-responsive materials that show drastically different magnetic
properties depending on the presence or absence of guest molecules within their pores. Here we report a CO2-responsive
magnetic MOF that converts from ferrimagnetic to paramagnetic on CO2 adsorption, and returns to the ferrimagnetic state
on CO2 desorption. The ferrimagnetic material is a layered MOF with a [D+–A−–D] formula, produced from the reaction of
trifluorobenzoate-bridged paddlewheel-type diruthenium(ii) clusters as the electron donor (D) with diethoxytetracyanoquinodimethane as the electron acceptor (A). On CO2 uptake, it undergoes an in-plane electron transfer and a structural transition
to adopt a [D–A–D] paramagnetic form. This magnetic phase change, and the accompanying modifications to the electronic conductivity and permittivity of the MOF, are electronically stabilized by the guest CO2 molecules accommodated in the framework.

S

witchable magnets, with magnetic properties that can be reversibly changed in response to external stimuli, have promising
potential for applications such as specific stimulus-responsive
switches, memories and sensors1–4. The magnetic variability of these
materials results from the high flexibility of their electronic states
and structures4. There are several types of switchable magnets,
mostly based on molecular materials5, which are driven by various stimuli. Materials were prepared that show a direct response to
intrinsic electronic state changes, such as photoirradiations6, electric
currents7 and electric fields8, but also to the insertion and extraction of guests, such as water9–12 and organic molecules13–20, as well as
guest-responsive spin-crossover materials21–24. The latter examples
are porous magnets that combine porosity and magnetic ordering
in metal–organic frameworks (MOFs)25, also referred to as porous
coordination polymers26. Ubiquitous gases, such as nitrogen (N2),
oxygen (O2) and carbon dioxide (CO2) are some of the most attractive targets for adsorption, but they only interact weakly with MOFs.
Therefore, great efforts have been made to enhance the interactions
by utilizing nanometric pores24, open metal sites18,19 and the spin
of the paramagnetic gas20. However, to obtain a selective and large
magnetic response to gas sorption has remained challenging.
An effective method to induce a drastic magnetic phase change
is by manipulating electronic states in strongly correlated electronic
systems. For this, a guest-responsive magnetic material whose
building blocks can undergo a change in charge15 is a suitable material, as it concomitantly undergoes in-plane electron transfer, which
involves a change of intrinsic spin states and their magnetic correlations. Here we report a gas-responsive magnet that is a paramagnet on CO2 adsorption (with its magnetism ‘switched off ’) and
converts into a ferrimagnet on CO2 desorption (with its magnetism
now ‘switched on’). The as-synthesized porous magnet is a layered
MOF that consists of trifluorobenzoate-bridged paddlewheel-type
ruthenium(ii) dimers as electron donors (D) coordinated in-plane
to 2,5-diethoxy-7,7,8,8-tetracyanoquinodimethane (TCNQ(OEt)2)

units as the electron acceptor (A) (Fig. 1a). This produces a ferrimagnetic material through a one-electron-transferred form of
[D–A−–D+]∞. This electron transfer happens through strong superexchange interactions between the paramagnetic D (S = 1 for a [Ruii,
Ruii] cluster) and D+ (S = 3/2 for a [Ruii, Ruiii]+ cluster) subunits via
A− with S = 1/2 (TCNQ(OEt)2·−). Once the CO2 is adsorbed stepwise
within and between layers, the [D–A−–D+] framework undergoes a
magnetic and structural phase transition that involves an intralattice electron transfer of D+ ← A− to produce a paramagnetic neutral
form of [D–A–D]∞ with a diamagnetic A.
Recently, CO2 has drawn particular attention because of the
global environmental problems associated with the ever-increasing
CO2 levels in the atmosphere27,28. As MOFs have long attracted
interest for the potential of their porous domains for practical applications29–31, which include as storage materials32,33, separators34,35 and
reduction catalysts36,37, we feel that CO2-responsive materials are
particularly interesting.

Results and discussion

As-synthesized MOF and its desolvated counterpart. A
D2A-layered ferrimagnet, [{Ru2(F3PhCO2)4}2TCNQ(OEt)2]·3D
CM (1-DCM; F3PhCO2−, 2,4,6-trifluorobenzoate; DCM, dichloromethane) was obtained from a D:A = 2:1 assembly of the
paddlewheel-type [Ru2(F3PhCO2)4] complex ([Ru2]) as D and
TCNQ(OEt)2 as A (Fig. 1a)38,39. Compound 1-DCM crystallized in the monoclinic C2/c space group (Supplementary Fig. 1
and Supplementary Table 1), in which the four CN groups of
TCNQ(OEt)2 coordinated with the [Ru2] units to form a fishnet-like
two-dimensional network that lies on the (020) plane (Fig. 1b). The
bond lengths in the [Ru2] and TCNQ(OEt)2 moieties characterized the one-electron-transferred state with a charge assignment of
[–{Ru(1)ii, Ru(1)ii}–μ4-TCNQ(OEt)2·−–{Ru(2)ii, Ru(2)iii}+–] in 1-DCM
(Supplementary Fig. 3 and Supplementary Tables 2 and 3). The
layers were stacked in a staggered manner along the b axis with a
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vertical distance of 8.83 Å (Supplementary Fig. 2). Meanwhile, the
crystallization solvents (3DCM) were located at the centre of the
hexagonal pore of the fishnet (Fig. 1c) with a solvent-accessible
volume of 1,270.4 Å3 (317.6 Å3 per formula unit, 15.4% of the
total volume).
Compound 1-DCM released DCM molecules on heating to produce the solvent-free compound [{Ru2(F3PhCO2)4}2TCNQ(OEt)2]
(1), which was stable at temperatures up to 473 K (Supplementary
Fig. 4) with its crystallinity intact. Compound 1 crystallized in
the triclinic P1 space group (Z = 1; Supplementary Fig. 1 and
SupplementaryI Table 1). The fishnet network was preserved, lying
on the (020) plane, with the transformed axis vectors a′, b′ and c′
indicated for an easier comparison of the structure of 1 (Fig. 1d,e)
with 1-DCM, with the (111) plane lying in the original cell. The layers were stacked in a staggered manner along the b′ axis (the [101]
direction in the original cell) with a shortened interlayer distance of
8.07 Å compared with that in 1-DCM (Supplementary Fig. 2). The
bonding form of the D:A building subunits in 1-DCM was drastically altered to form 1, changing from an almost flat layer in 1-DCM
to a wavy layer in 1, which effectively reduced the void space for
solvent accommodation to a void volume of 32.9 Å3 (1.9% of the
total volume), which resulted in a non-porous packing structure
in 1 (Fig. 1a–d and Supplementary Table 4). The overall electronic
state of 1 remained unchanged as a one-electron-transferred state,
although the electronic states of the respective [Ru2] units switched
as [−{Ru(1)ii, Ru(1)iii}+−μ4-TCNQ(OEt)2·−−{Ru(2)ii, Ru(2)ii}−]
(Supplementary Fig. 3 and Supplementary Tables 2 and 3), which
suggests the presence of flexible charge states in this material.
Compound 1 returned to 1-DCM after being exposed to a DCM
vapour (Supplementary Figs. 5 and 6), which acts as a general magnetic sponge (vide infra).
In both 1-DCM and 1, the spins of the [Ruii, Ruii] (S = 1) and
[Ruii, Ruiii]+ (S = 3/2) moieties antiferromagnetically interacted with
the radical S = 1/2 spin of TCNQ(OEt)2·− over the layered network.
This resulted in a ferrimagnetically ordered layer being formed, followed by three-dimensional ferrimagnetic ordering because of the
interlayer ferromagnetic interactions. The cooling process of the
magnetic susceptibility (χ) of 1-DCM and 1 that was measured at
Hdc = 1 kOe showed an abrupt increase at approximately 90–110 K
(Fig. 1f, Supplementary Figs. 7 and 8), indicating the onset of ferrimagnetic ordering, with TC (Curie temperature) = 88 K and 110 K
for 1-DCM and 1, respectively (inset of Fig. 1f), as shown in their
ac susceptibility data (Supplementary Figs. 7 and 8). The change
in TC should be ascribed to the change in local geometries around
the [Ru2]0/+ subunits and TCNQ(OEt)2·− (Supplementary Table 4)
and their interlayer distances. The saturated magnetization (Ms)
values at Hdc = 7 T of 1-DCM and 1 were 1.09 × 104 emu G mol−1
(1.95 NμB) and 1.16 × 104 emu G mol−1 (2.08 NμB), respectively (Fig.
1g). The large hysteresis loops with coercive fields (Hc) of 1.56 T
and 2.45 T for 1-DCM and 1, respectively (Supplementary Figs. 7
and 8), implied the existence of a large magnetic anisotropy, which
arises from the features of the [Ru2] subunits and layers in these
compounds38,39. This magnetic sponge behaviour is reversibly
switchable without degradation in the adsorption/desorption cycles
(Supplementary Fig. 9).
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CO2 sorption behaviour. The CO2 sorption isotherms for 1 were
measured at several temperatures (Fig. 2a and Supplementary Fig.
10) and revealed a gated sorption behaviour. At 195 K, the isotherm
showed a sharp rise at approximately 1.1 kPa CO2 pressure ( PCO2 ),
which resulted in the first gate-opening (1st GO) transition,I and
on increasing the CO2 pressure to PCO2 = 5.2 kPa, another abrupt
I
increase occurred, the second gate-opening
(2nd GO) transition required to reach an adsorbed amount of 113 ml STP g−1 (10.6
molecules per formula unit) at 99 kPa (Fig. 2a). The GO pressure
(and gate-closing (GC) pressure) steadily increased with temperature increase, and then the 2nd GO (GC) eventually disappeared
above 230 K in the CO2 pressure range below 100 kPa (Fig. 2a and
Supplementary Fig. 10). The temperature dependence of the GO
and GC pressures obeyed the Clausius–Clapeyron relationship,
d(ln(P))/d(T−1) = ΔHTrans/Rg, where ΔHTrans is the variation in the transition enthalpy and Rg is the gas constant (Fig. 2c and Supplementary
Figs. 10 and 12)40. The estimates of ΔHTrans were −24.7, −34.4, −27.9
and −29.4 kJ mol−1 for the 1st GO, 2nd GO, 1st GC and 2nd GC,
respectively. The gated behaviour was also characterized in the
isobar plots (Fig. 2b and Supplementary Fig. 10). However, the 1st
GO isobar behaviour was characteristically different as it occurred
gradually and stepwise over a wide temperature range defined by an
initial GO (1st GO-i) and an ending GO (1st GO-e), which appeared
at higher and lower temperatures than the 1st GO in the isotherm,
respectively (ΔHTrans = −28.6 and −22.5 kJ mol−1 for the 1st GO-i and
1st GO-e, respectively; Supplementary Fig. 14). Meanwhile, the GC
behaviour in the isobars was the same as that in the isotherms. Such
gating behaviours were investigated by CO2-atmosphere-controlled
in situ powder X-ray diffraction (PXRD) measurements at several
temperatures (Fig. 2d and Supplementary Fig. 10). We demonstrated that two different CO2-adsorbed phases existed: 1⊃CO2-I
and 1⊃CO2-II in the ranges 298 ≤ T ≤ 250 K and 210 ≤ T ≤ 195 K,
respectively, at PCO2 = 100 kPa, with a mixture that existed over
I
the 220–230 K range.
Meanwhile, the desorption process transition
behaviour was thoroughly investigated (Supplementary Fig. 15),
which revealed that the structural transformations from 1⊃CO2-I to
1 and from 1⊃CO2-II to 1⊃CO2-I were associated with the 1st and
2nd GC steps, respectively (Supplementary Fig. 16). Based on these
data, the phase diagram of 1 under CO2 was created for the GO and
GC processes (T– PCO2 plots in Fig. 2c and Supplementary Fig. 10c,
I
respectively). Differential
scanning calorimetry was conducted for
the cooling and heating processes in the 200–330 K temperature
range under a CO2 atmosphere (Fig. 2e). The results showed two
couples of exo/endothermic peaks that correspond to the aforementioned structural transformations with temperature hysteresis
between the cooling and heating processes (7 K for 1st GO/GC of
the 1⊃CO2-I/1 transition and 12 K for 2nd GO/GC of the 1⊃CO2II/1⊃CO2-I transition), and thereby revealed the first-order nature
of the phase transition.
Characterization of CO2-accommodated phases. The crystal
structures of 1⊃CO2-I and 1⊃CO2-II were determined by the
CO2-atmosphere-controlled in situ single-crystal X-ray diffraction
analyses. The 1⊃CO2-I phase ( PCO2 ≈ 3 kPa), which was isostructural with 1-DCM, crystallized inI the monoclinic C2/c space group

Fig. 1 | Structural modulation and magnetic sponge behaviour during the solvation and desolvation process. a, Schematic representation of the
assembly reaction between [Ru2(F3PhCO2)4] as the electron-donor (D) and TCNQ(OEt)2 as the electron acceptor (A) to form a D2A layered MOF. Only
part of the paddlewheel cluster is shown. b–e, Packing views of 1-DCM along the b (b) and a (c) crystallographic axes and views of 1 along the b′ (d)
and a′ (e) crystallographic axes. N, blue; O, red; C, grey; F, green; Ru in [Ruii, Ruii], pink; Ru in [Ruii, Ruiii]+, purple. The DCM molecules shown in b and c
are represented in black and white. The right side of b and c emphasizes the DCM molecules in a CPK model, and the bicolour (black and white) shows
occupancy disorder over two sites for the DCM molecules. The hydrogen atoms are omitted for clarity, and only one layer is depicted in b and d for clarity.
f, Temperature dependence of the magnetic susceptibility (χ) for 1-DCM and 1 measured under a 1 kOe d.c. field (Hdc) in a field-cooled process. Inset:
remnant magnetization at Hdc = 0 Oe (heating process), measured after taking a field-cooled magnetization under a 5 Oe d.c. field, in which the vertical
lines indicate the respective TC. g, M−H curves of 1-DCM and 1 (black) at 1.8 K.
Nature Chemistry | www.nature.com/naturechemistry
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(Z = 4) with the same one-electron-transferred electronic state as
1-DCM (Fig. 3a,b, Supplementary Figs. 17–20 and Supplementary
Tables 1–3). Its structural feature can be considered as the DCM

molecules in 1-DCM replaced by four molar amounts of CO2 molecules in 1⊃CO2-I, that is, a pseudopolymorph, in which CO2 is
located at the centre of the hexagonal fishnet (cyan in Fig. 3a,b).
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Fig. 2 | CO2 adsorption, variation of crystal structures and infrared spectra for compound 1. a,b, CO2 adsorption isotherms (a) and isobars (b) of 1 at
various temperatures (solid lines are a guide for the eye). c, Phase diagrams for 1, 1⊃CO2-I and 1⊃CO2-II determined from CO2 adsorption isotherms and
isobars. The red and blue dotted lines represent the fitting based on the Clausius−Clapeyron equation (Supplementary Figs. 12 and 14). The black solid
line represents the saturated vapour pressure curve, and distinguishes between the gas and solid phases for bulk CO2. d, PXRD patterns measured under
PCO2 = 100 kPa at various temperatures on cooling. The simulated patterns for 1⊃CO2-I and 1⊃CO2-II from single-crystal X-ray structural analyses are
I
shown
by red and blue lines, respectively. e, Temperature dependence of heat flow in differential scanning calorimetry for 1 under a CO2 flow of 50 ml min−1
(general atmosphere pressure) with a temperature sweep rate of 5 K min−1. f, Infrared spectra of 1 measured under PCO2 = 100 kPa at various temperatures
I
(as indicated) on cooling. a.u., arbitrary units.

The 1⊃CO2-II phase ( PCO2 ≈ 100 kPa) crystallized in the triclinic
I
P1 space group (Z = 1) (Supplementary
Fig. 17 and Supplementary
I
Table
1) with the largest volume and guest-accessible void per

formula unit among the phases, when compared with a temporary
unit cell with the transformed axis vectors a′, b′ and c′ (Fig. 3c,d
and Supplementary Table 4). The CO2 molecules (about four)
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Fig. 3 | Crystal structures of CO2-accommodated phases. a,b, Crystal structures of 1⊃CO2-I viewed along the b-axis (a) and the a-axis (b). c,d, Crystal
structures of 1⊃CO2-II viewed along the b′-axis (c) and the a′-axis (d). N, blue; O, red; C, grey; F, green; Ru in [Ruii, Ruii], pink; Ru in [Ruii, Ruiii]+, purple.
Hydrogen atoms are omitted for clarity. The right sides of the panels emphasize the adsorbed CO2 molecules associated with the 1st and 2nd GO in the
CPK models in cyan/white and orange, respectively; the bicolour (cyan/white) shows occupancy disorder over two sites for the 1st GO CO2 molecules.

further accommodated in 1⊃CO2-II from 1⊃CO2-I were loaded in
the void space newly produced between the layers by the structural
transition (orange in Fig. 3c,d and Supplementary Figs. 18 and 19).
The 1⊃CO2-II D2A layer became flatter than the 1⊃CO2-I layer
(Fig. 3), which resulted from a reduction in the twisted angle (φ) on
the TCNQ(OEt)2 and Ru−N − C bending angle (δ) (Supplementary
Tables 4 and 5). The most striking feature of 1⊃CO2-II was that
the electronic state turned into the neutral state with the formula [–
{Ru(1)ii, Ru(1)ii}–TCNQ(OEt)20–{Ru(2)ii, Ru(2)ii}–] (Supplementary
Fig. 20 and Supplementary Tables 2 and 3). Basically, φ should
be nearly zero for the neutral state of TCNQ(OEt)2, whereas it
increased in TCNQ(OEt)22− (Supplementary Table 5)9. Therefore,
the structural correction to the highly flat form of the TCNQ(OEt)2
moiety induced by the further accommodation of CO2 in 1⊃CO2-II
could have resulted in the formation of the neutral state.
The electronic state change was monitored in the C≡N stretching mode (νC≡N) of TCNQ(OEt)2 based on the CO2-atmospherecontrolled in situ infrared spectra measurements (Fig. 2f and
Supplementary Figs. 10 and 21). The two νC≡N bands at 2,195 cm−1
and 2,161 cm−1 for 1-DCM and 2,180 cm−1 and 2,131 cm−1 for 1 were
both observed at lower frequencies than those of the original neutral TCNQ(OEt)2 (2,217 cm−1 and 2,208 cm−1, respectively), which
indicates a reduction in TCNQ(OEt)2 (ref. 41). Meanwhile, when 1
was cooled from 300 to 195 K under PCO2 = 100 kPa, an apparent
I νC≡N bands at 2,204 cm−1
spectral change was observed (Fig. 2f). The
and 2,169 cm−1 at 300 K, which were like those of 1-DCM, indicated
the presence of the one-electron-transferred state in 1⊃CO2-I.
On cooling, both the νC≡N bands became broad and weakened at
Nature Chemistry | www.nature.com/naturechemistry

around 230 K, in line with the charge variation from TCNQ(OEt)2·−
(one-electron-transferred state) in 1⊃CO2-I to TCNQ(OEt)20
(neutral state) in 1⊃CO2-II (ref. 41), which is consistent with the
results from the Raman spectra (Supplementary Fig. 22). This variation of νC≡N bands in the infrared spectra was also observed at 195 K
under various CO2 pressures (Supplementary Fig. 21).
Changes in magnetic and electronic properties induced by CO2
adsorption and desorption. The drastic change in electronic state
between the neutral and one-electron-transferred states resulted
in a magnetic phase change because of the spin state change from
the ferrimagnetic spin arrangement of [(S = 1 for {Ruii, Ruii})−
(S = 1/2 for TCNQ(OEt)2·−)−(S = 3/2 for {Ruii, Ruiii}+)] for the
one-electron-transferred state to the paramagnetic spin arrangement
of [(S = 1 for {Ruii, Ruii})−(S = 0 for TCNQ(OEt)20)−(S = 1 for {Ruii,
Ruii})] for the neutral state. After checking for ferrimagnetic behaviour at TC = 110 K in 1 by measuring the field-cooled magnetization
under vacuum using a homemade sealed cell. CO2 gas at PCO2 = 10,
50 and 100 kPa was introduced into the cell16 at 300 K, and Ithe M−T
curves for the cooling and heating processes were measured at
Hdc = 1 kOe (Fig. 4a). The spontaneous magnetization disappeared
under PCO2 = 10 kPa as well as under PCO2 = 50 kPa and 100 kPa
I but was recovered by evacuating
I the CO2. By repeating
(Fig. 4a),
the CO2 introduction/evacuation process, the magnetic phase was
reversibly switched several times at temperatures below 110 K (= TC
for 1) between paramagnetism and ferrimagnetism without degradation (Fig. 4c and Supplementary Fig. 23). An abrupt change in M was
observed in each temperature-sweep process with the temperature
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I
1⊃CO2-I and 1⊃CO2-II occurs. e, The CO2 pressure dependence
of field-cooled magnetization curves measured with a temperature sweep rate of 1 K min−1
at a magnetic field of 100 Oe. f, M–H curves at 1.8 K measured under several CO2 pressures with a temperature sweep rate of 1 K min–1 . g, Rapidly cooled
magnetization curves with a temperature sweep rate of 10 K min−1 at a magnetic field of 100 Oe under PCO2 = 5 kPa (blue) and 0 kPa (black). Inset:
I
temperature dependence of remnant magnetization.

hysteresis phenomenon in the cooling/heating processes as shown
in Fig. 4d, which is associated with the phase transition between
1⊃CO2-I and 1⊃CO2-II (Supplementary Fig. 25). The CO2 introduced into the ferrimagnet 1 at 300 K generated the 1⊃CO2-I phase,
but with the same one-electron-transferred state, and its magnetization followed almost the same trend as that of 1 until a temperature of
approximately 230 K ( PCO2 = 100 kPa) was reached in the cooling proI the phase transition to 1⊃CO2-II occurred
cess. On further cooling,
at a temperature (TIN) as a result of the electronic state change from
the one-electron-transferred state to the neutral state, which corresponded to the paramagnetism of the isolated S = 1 spins for the two
[Ruii, Ruii] subunits. Thus, 1⊃CO2-II behaved paramagnetically at
lower temperatures than TIN. These stepwise changes could easily be

realized from the M variation as a function of CO2 pressure at a fixed
temperature (Fig. 4b). Two-step changes with adsorption/desorption hysteresis were observed in the temperature range 200–220 K.
This corresponded to the phase transitions from 1 to 1⊃CO2-I, that
is, a small change attributed to a structural modification of the 1st
GO, and from 1⊃CO2-I to 1⊃CO2-II, that is, a large change due to
electron transfer in the 2nd GO, for the adsorption process and vice
versa for the desorption (Supplementary Figs. 26–28). Only a small
change in M with the adsorption/desorption hysteresis, which corresponded to the transition between 1 and 1⊃CO2-I in the 1st GO/
GC processes, was observed at 230 K and at 250 K (Supplementary
Figs. 29 and 30). These changes agree with the phase diagrams in
Fig. 2c and Supplementary Fig. 10c (Supplementary Fig. 31).
Nature Chemistry | www.nature.com/naturechemistry
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To investigate the purpose of the CO2 atmosphere, the
field-cooled magnetization and M–H curves were measured under
lower CO2 pressures ( PCO2 = 1–10 kPa); 1 was kept at 195 K for
six hours, then cooled toI 120 K with a sweep rate of 1 K min−1 and
finally the magnetic measurements were conducted. At pressures of
PCO2 ≤ 3 kPa, magnetic ordering was still observed at around 110 K,
I the Ms decreased while retaining the Hc (Fig. 4e,f). This indibut
cated the partial formation of the 1⊃CO2-II phase in the crystals,
even at low CO2 pressures. On increasing the CO2 pressure to 5 kPa,
all the crystals transformed into the paramagnetic 1⊃CO2-II phase
with Ms = 1.02 × 103 e.m.u. G mol−1 (0.18 NμB) under a 7 T field (Fig.
4f). The small Ms value compared with the expected value for two
isolated isotropic S = 1 spins was attributed to the strong magnetic
anisotropy (that is, zero-field splitting, D) of [Ruii, Ruii] (D = 230–
320 cm−1) (refs 42–44). Notably, the 1⊃CO2-I phase can be trapped at
temperatures below TIN without transition to 1⊃CO2-II by rapidly
cooling from 300 to 120 K with a sweep rate of 10 K min−1 under
5 kPa of CO2. The trapped 1⊃CO2-I phase showed a ferrimagnetic
phase transition at 88 K, as expected from the isostructural feature of
1-DCM with TC = 88 K (Fig. 4g and Supplementary Figs. 32 and 33).
Nature Chemistry | www.nature.com/naturechemistry

At PCO2 = 100 kPa, a sudden decrease in electronic conductivity was Iobserved at around 220 K during the cooling process (Fig.
5a,b), which implies that the electronic state change from the
one-electron-transferred state of 1⊃CO2-I to the neutral state of
1⊃CO2-II in the 2nd GO tends to suppress electron hopping over
the framework. The heating process followed the cooling process
with a temperature hysteresis (ΔTIN = 8 K). In situ dielectric measurements with the real (ε′) and imaginary (ε″) parts of the permittivity showed the structural and electronic changes in the 2nd
GO (Fig. 5c and Supplementary Fig. 35)45, which implies that the
structural change in the 1st GO was not much and occurred gradually. The 2nd GO/GC TIN agrees well with all the data in various CO2
atmospheres (inset of Fig. 5c and Supplementary Fig. 36).
To understand the stability of the electronic state in each form
and the electronic and electrostatic effects of CO2 in 1⊃CO2-II, we
carried out density functional theory calculations using four model
structures that comprised the formula unit [{Ru2}–TCNQ(OEt)2–
{Ru2}] based on the results of single-crystal X-ray crystallography
data for the present compounds: 1 (model A), 1⊃CO2-I without
CO2 (model B), 1⊃CO2-II without CO2 (model C) and 1⊃CO2-II
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Conclusions

MOFs have previously been investigated for applications in carbon
capture owing to their high CO2 uptake and selectivity, although
it is rare that they display CO2-induced changes in structure and
properties47. In this work, we have demonstrated the reversible conversion of a guest-free ferrimagnetic MOF to a paramagnetic form
when CO2 guests were present in its pores. The guest-free ferrimagnet 1 with TC = 110 K first changed to the one-electron-transferred
state 1⊃CO2-I with a ~ 4 CO2 uptake in the intra-layer hexagonal
pores at PCO2 < 5 kPa, while still remaining ferrimagnetic, and,
I to the paramagnetic neutral state 1⊃CO2-II with the
then, changed
uptake of about another four 4 CO2 molecules in the newly opened
interlayer pores at PCO2 ≥ 5 kPa. Theoretical calculations using a
I
density functional theory
level suggested that the accommodated
CO2 molecules in the magnetic framework had a notable electronic
effect. The interactions between the frontier orbitals of CO2 and the
host framework (δ* of the [Ru(2)2] unit and π* of the TCNQ(OEt)2
unit) allowed the stabilization of the paramagnetic neutral state in
1⊃CO2-II. This ability of the material to undergo electron transfer
and structural transformations with the CO2 uptake and release was
associated with a change in its electronic conductivity and permittivity, which shows that MOFs can respond in a variety of manners

a
Unstable

16

12.6
9.2

9.0
8
Relative energies (kcal mol–1)

with CO2 (model D) (Supplementary Fig. 37 and Supplementary
Table 6). For each model, three electron configurations of ferromagnetic and ferrimagnetic states in the charge-distributed
one-electron-transferred state ([{Ruii, Ruii}–TCNQ(OEt)2·−–{Ruii,
Ruiii}+]) and the neutral state ([{Ruii, Ruii}–TCNQ(OEt)2–{Ruii,
Ruii}]) were assumed (Supplementary Fig. 38). Experimentally,
1 and 1⊃CO2-I had a ferrimagnetic ground state of one electron
transferred, whereas 1⊃CO2-II had the neutral ground state. The
stabilization of the electron configuration state evaluated via theoretical calculations completely agreed with the ground state obtained
experimentally (Fig. 6a and Supplementary Table 7). Furthermore,
the neutral ground state of model D (with CO2) was much more
stabilized (Δ15.4 kcal mol−1) than that of model C (without CO2)
despite being evaluated in the same [{Ruii, Ruii}–TCNQ(OEt)2–
{Ruii, Ruii}] skeleton. This was ascribed to the electronic effect of
CO2 molecules through frontier orbitals (the electrostatic effect on
CO2 molecules was also evaluated using a Hirshfeld charge model46
(Supplementary Table 8), but it contributed little to the stabilization
of the neutral state (Supplementary Table 7 and Supplementary Fig.
39). A particular emphasis is placed on the frontier orbitals in the
neutral state of model D, where there is some interactions between
an orbital of CO2 and a δ* orbital of the [Ru(2)2] unit at the highest occupied molecular orbital 1 (HOMO-1) level and a π* orbital
of TCNQ(OEt)2 unit at the lowest unoccupied molecular orbital
(LUMO) level (Fig. 6b). These interactions can make the neutral
state in 1⊃CO2-II more stable.
It is worth mentioning that 1 also adsorbed O2 and a small
amount of N2 without changing its original electronic state
(one-electron-transferred form) and the adsorbed amounts of O2
and N2 reached ~8 mol mol−1 (90 K) and ~1 mol mol−1 (120 K) at
PO2 =N2 = 100 kPa, respectively (Supplementary Fig. 40). The profiles
ofI the M–T and M–H curves at 1.8 K, for 1 under a N2 atmosphere
(100 kPa) were identical to those for the original 1 (Supplementary
Fig. 43), However, their measurements under an O2 atmosphere
(100 kPa) were modified; TC was decreased from 110 K in 1 to
88 K in 1⊃O2 and the M–H curve at 1.8 K in 1⊃O2 was largely
deformed as a softer magnet with internal O2 spins, as seen in the
O2-accommodated layered antiferromagnet reported previously20
(Supplementary Fig. 44). Meanwhile, the TC in 1⊃O2 was almost
the same as that in 1-DCM, so the TC modification was due to a
structural deformation caused by adsorbing/desorbing O2, similarly
to that observed in the solvation process from 1 to 1-DCM in addition to its structural stabilization.
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to reaction-inert guest targets, such as CO2 (ref. 48). These findings provide insights into understanding the mechanism by which
switchable properties can be controlled by gas sorption, which may
be helpful in future applications such as gas sensors or memory
storages.
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Methods

Syntheses of 1-DCM and 1. All the synthetic procedures were performed under an
inert atmosphere using standard Schlenk-line techniques and a commercial glove
box. All the chemicals purchased from commercial sources were of reagent-grade
quality. Solvents were distilled under N2 using common drying agents. The
starting material [Ru2(F3PhCO2)4(THF)2] (F3PhCO2−, 2,4,6-trifluorobenzoate)
was synthesized according to the previously reported method49. A solution (2 ml)
of [Ru2(F3PhCO2)4(THF)2] (41.87 mg, 0.04 mmol) in DCM (20 ml) was carefully
placed in narrow-diameter glass tubes (inner diameter of 8 mm) (bottom layer).
Then, a mixed solvent of DCM/p-xylene in a volume ratio of 1:1 (1 ml) was
added on the bottom layer as a buffer layer (middle layer). Finally, TCNQ(OEt)2
(5.85 mg, 0.02 mmol) in p-xylene (20 ml) was separated into 2 ml portions and
placed on the buffer layer of each tube (top layer). The glass tubes were left
undisturbed for one week to yield block-shaped dark-brown crystals of 1-DCM
(yield, 54%). The crystallization solvents (3 molar amounts of DCM) in 1-DCM
were easily eliminated when the crystals were exposed only to air, as proved
by thermogravimetric measurements (Supplementary Fig. 4), which made it
difficult to accurately do elemental analyses for the 1-DCM samples. Therefore,
the elemental analysis for the present compound was performed only for the
solvent-free dried sample 1. Infrared (KBr), ν (C≡N), 2,195, 2,161 cm−1.
Crystal samples of 1 were prepared by heating 1-DCM at 353 K under vacuum
for 12 h. Elemental analysis (%): calculated for C72H28F24N4O18Ru4, C (41.23), H
(1.35), N (2.67). Found: C (41.64), H (1.44), N (2.72). Infrared (KBr): ν (C≡N),
2,180, 2,131 cm−1.
Physical measurements. Infrared spectra were measured on a KBr pellet using a
JASCO FT-IR 4200 spectrometer. Raman spectra were measured on a single crystal
using a JASCO NRS-4500 Raman microscope. Thermogravimetric analyses were
conducted on a Shimadzu DTG-60H apparatus under a N2 atmosphere in the
temperature range from 298 to 673 K at a heating rate of 5 K min−1. Differential
scanning calorimetry was collected on a Shimadzu DSC-60 instrument in the
temperature range 320−200 K with a sweep rate of 5 K min−1 under a CO2 flow of
50 ml min−1 (general atmosphere pressure). PXRD patterns were collected on a
Rigaku Ultima IV diffractometer with Cu Kα radiation (λ = 1.5418 Å). Magnetic
measurements were performed using a Quantum Design SQUID magnetometer
(MPMS-XL) in the temperature and d.c. field ranges of 1.8 to 300 K and −7 to
7 T, respectively. Diamagnetic contributions were collected for the sample holder,
Nujol and sample using Pascal’s constants50. Fresh samples taken immediately from
the mother liquids were used for the magnetic measurements of 1-DCM, and the
formula determined by single-crystal X-ray crystallography was used for data
analyses. Electric properties were measured using a Keithley 2635A system source
meter (d.c.) and an Andeen−Hagerling 2700A capacitance bridge, Solartron 1260
impedance and gain-phase analyser, and a Solartron 1296 dielectric interface (a.c.)
with a temperature control using a Quantum Design PPMS system.
In situ infrared spectra measurements. In situ infrared spectra measurements
were conducted through CaF2 windows on a cryostat system (RC102, CRYO
Industries) and connected to a gas-handling and pressure-monitoring system
(BELSORP MAX, MicrotracBel) with a transmission configuration using a JASCO
FT-IR 4200 spectrometer. Neat samples were sandwiched between two CaF2 plates.
In situ Raman spectra measurements. In situ Raman spectra measurements
were carried out in a JASCO NRS-4500 Raman microscope using a cryostat
system (RC102, CRYO Industries) connected with a gas-handling and
pressure-monitoring system (BELSORP MAX, MicrotracBel). Quartz and CaF2
windows were equipped over the sample room and the vacuum insulating shield
of the cryostat, respectively. The sample was inspected using an objective lens
(Olympus SLMPLN20x) and was irradiated with a 532 nm Raman excitation laser.
In situ PXRD spectra measurements. A ground sample of 1 was sealed in a silica
glass capillary with an inner diameter of 0.5 mm. The PXRD pattern was obtained
with a 0.02° step using a Rigaku Ultima IV diffractometer with Cu Kα radiation
(λ = 1.5418 Å). To obtain the PXRD patterns under gas-adsorbed conditions, the
glass capillary was connected to stainless-steel lines that possessed valves to dose
and remove gas, which were connected to a gas-handling system (BELSORP MAX,
MicrotracBel). The temperature was controlled by a N2 gas stream.
In situ CO2 adsorption–magnetic measurements. Polycrystalline samples were
placed in a gelatin capsule. A piece of cotton was placed above the sample to
prevent sample movement during the gas sorption process. Then, the capsule
was held at the centre of a plastic straw. The straw was then attached on the edge
of a homemade sample rod made of a SUS tube and a brass male thread with a
fluorocarbon tape20. The sample was isolated from the surrounding atmosphere by
overlaying a close-ended brass tube, which could be attached to the thread on the
open end of the sample rod using screws. An airtight seal between the thread and
brass tube was achieved using a silicon sealant (CAF 4, Bluestar Silicones). The
SUS tube was connected to a gas-handling system with a turbo molecular pump
and manometer (BELSORP MAX, Microtrac BEL). It was needless to subtract the
background signal from the brass tube.
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CO2 adsorption measurements. The sorption isotherm and isobar measurements
for CO2 were carried out using an automatic volumetric adsorption apparatus
(BELSORP MAX, MicrotracBel) connected to a cryostat system (ULVAC-Cryo).
A known weight (~30 mg) of 1 was placed into the sample cell and then, prior
to measurements, was evacuated using the degas function of the analyser for
12 h at 353 K. The change in the pressure was then monitored and the degree of
adsorption determined by the decrease in the pressure at the equilibrium state.
Crystallography. Crystal data for 1-DCM, 1, 1⊃CO2-I and 1⊃CO2-II were
collected at 103, 103, 195 and 195 K, respectively, on a CCD diffractometer
(Rigaku Saturn724M) with multilayer mirror monochromated Mo Kα radiation
(λ = 0.71073 Å). Single crystals of 1-DCM and 1 were mounted on a thin Kapton
film using Nujol and cooled in a N2 gas stream. For 1⊃CO2-I and 1⊃CO2-II,
compound 1 was mounted on a thin glass capillary with a minimum amount of
epoxy adhesive, which was attached to the inner wall of silica glass capillary with
an inner diameter of 0.5 mm. The capillary was connected to gas-handling system
through an O-ring seal connector, which can be fixed on a diffraction goniometer.
CO2 (3 kPa and 20 kPa) was introduced into the capillary at room temperature,
then slowly cooled to 195 K by a N2 gas stream to obtain 1⊃CO2-I and 1⊃CO2-II,
respectively. All the structures were solved using direct methods SHELXT Version
2014/551 and expanded using Fourier techniques. Full-matrix least-squares
refinements on F2 were based on observed reflections and variable parameters, and
converged with unweighted and weighted agreement factors of R1 = Σ||Fo| − |Fc||/
Σ|Fo| (I > 2.00σ(I)) and wR2 = [Σ(w(Fo2 – Fc2)2)/Σw(Fo2)2]1/2 (all data). The
non-hydrogen atoms were refined anisotropically, and hydrogen atoms were refined
using riding model. Structural diagrams were prepared using VESTA software52.
The void volumes in the crystal structures were estimated using PLATON53.
To make an easier comparison among the structures, the unit cell axes of 1
and 1⊃CO2-II were transformed following vector alternations as a′ = a – 2b + c,
b′ = −a − c, c′ = a – c for 1 and a′ = a + b + 2c, b′ = −a − b, c′ = a – b for 1⊃CO2-II,
where a, b, and c are the standard axis vectors based on the IUCR rule, and a′,
b′ and c′ are the transformed axis vectors with cell constants of a′ = 25.047(2),
b′ = 17.6874(10), c′ = 17.5621(10), α′ = 77.677(7), β′ = 96.638(7), γ′ = 111.780(8),
V′ = 7052.0(8), Z′ = 4 for 1 and a′ = 24.891(3), b′ = 17.8905(11), c′ = 19.5665(10),
α′ = 88.073(6), β′ = 93.027(8), γ′ = 92.382(8), V′ = 8689.2(12), Z′ = 4 for 1⊃CO2-II,
which are depicted as red arrows in Figs. 1d,e and 3c,d, and in Supplementary Figs.
2, 18 and 19. The unit cell transformation was not required for 1⊃CO2-I.
In situ electric measurement. A powder sample (~10 mg) was compressed into a
pellet with a diameter of 10 mm and a thickness of ~0.1 mm and placed between
two stainless-steel plates to create a parallel-plate capacitor to which Au wires were
attached using Au paste. The capacitor was then placed in a cryostat system (PPMS,
Quantum Design) equipped with coaxial cable for d.c. electrical resistivity, dielectric
properties and impedance measurements, and connected to a gas-handling and
pressure-monitoring system (BELSORP MAX, MicrotracBel). Prior to performing
the analysis, the sample was dried under a high vacuum (<10−2 Pa) at 353 K for 5 h.
The d.c. electrical resistivity was measured by a two-probe method with a Keithley
2635 A system source meter with fixed source voltage at 0.1 V. Dielectric constants in
the 0.1–10 kHz frequency range were measured using an Andeen−Hagerling 2700 A
capacitance bridge with an input voltage amplitude that ranged from 0.2 to 15 V.
Impedance measurements were performed over the frequency range from 10 to
100 kHz with a Solartron 1260 impedance and gain-phase analyser and a Solartron
1296 dielectric interface with a 1 V input voltage amplitude.
Theoretical calculations. For the four model structures (Models A–D) in
Supplementary Fig. 37, density functional theory calculations were performed under
the gas-phase condition by using the Becke 3-parameter Lee-Yang-Parr hybrid
functional set54. As basis sets, Lanl08(f) and 6-31G* were used for Ru and other
atoms, respectively55. The spin-polarized electronic structures were approximated by
a spin-unrestricted broken symmetry method56,57. The Cartesian coordinates of those
models that are summarized in Supplementary Table 6 are taken from the results of
the X-ray crystallographic structural analyses for 1, 1⊃CO2-I and 1⊃CO2-II. All the
calculations were performed using the Gaussian09 program package58.

Data availability

The data that support this work are available in the article and its Supplementary
Information files. Further raw data are available from the corresponding authors
upon reasonable request. X-ray crystallographic data have been deposited as CIFs
at the Cambridge Crystallographic Data Centre (http://www.ccdc.cam.ac.uk/) with
CCDC numbers 1914693 (1-DCM), 1914694 (1), 1914695 (1⊃CO2-I) and 1914696
(1⊃CO2-II). A copy of the data can be obtained free of charge via https://www.
ccdc.cam.ac.uk/structures/. Source data are provided with this paper.
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