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Stimuli-Induced Controls of Magnetic and Photophysical
Properties Using Liquescent Open-Shell Ionic Molecular
Systems
Shuichi Suzuki,*[a] Ritsuki Tanaka,[a] Ruifeng Shu,[a] and Takeshi Naota[a]

This study explores the remarkable properties of liquescent
open-shell ionic molecular systems, emphasizing the magnetic
and photophysical characteristics arising from their associated
structures in the condensed state under various conditions.
Well-investigated open-shell molecules, namely, phenothiazine,
dihydrophenazine, and tetrathiafulvalene radical cations, and
bis(malononitriledithiolato)nickel(III) anionic complexes were

examined, and the concept of liquescent open-shell ionic
molecular systems was devised. Transformations in their
associated structures are induced by external stimuli, resulting
in significant variations in their physical properties. These
experimental findings open new avenues for exploring and
applying stimuli-responsive molecule-based materials.

1. Introduction

Open-shell molecular compounds have garnered considerable
attention in both fundamental and applied research because
they exhibit intriguing functionalities derived from their spin,
redox, and photophysical properties.[1–6] The associated struc-
tures of these compounds exert profound influences on their
magnetic,[1,5] electric,[2] and photophysical properties.[5,6] In
solution, certain open-shell molecules exhibit dynamic changes
in their spin and photophysical properties, attributed to their
associated and dissociated characteristics.[7] These remarkable
species could serve as molecule-based functional materials that
exhibit simultaneous modulations of magnetic and electronic
properties. This applicability depends on whether their associ-
ated structures in the condensed states would undergo
changes induced by external stimuli and/or environmental
factors. Such phenomena have been observed in studies using
open-shell molecules, where the related properties exhibit
diverse variations depending on the associated structures.[8]

However, these stimuli-responsive systems generally require
prolonged stimulation to alter the entire surface area of the
compounds. In addition, the stimulated states require dissolu-
tion using an appropriate solvent to return to their initial states.
This is due to the restricted conformational and translational
motion of the molecular units in the condensed states.
Recently, we attempted to establish methods to overcome the
restrictions on the motion of molecules, even in condensed
states, and to promote changes in their alignments in the entire

system triggered by external stimuli and/or environments.[9]

These systems have the potential for application in new
materials, allowing the precise control of physical properties to
develop highly sophisticated magnetic materials,[1] advanced
optical filters,[10] and multifunctional materials with multiple
channels.[11] To understand these intriguing properties under
ambient conditions, we have revisited well-investigated and
stable open-shell ionic molecules (Scheme 1), dihydrophenazine
(DHP),[5b,9,12] phenothiazine (PTZ),[5a,12,13] and tetrakis(alkylthio)-
substituted tetrathiafulvalene [TTF(SR)4] radical cations,[14] and
bis(malononitriledithiolato)nickel(III) anionic complex [Ni-
(mnt)2

� ].[15] Accordingly, we have postulated that liquescent salt
systems,[16] composed of open-shell ionic molecules and flexible
counter ions are promising candidates for new stimuli-respon-
sive materials. Within these systems, transformations of the
condensed states are projected to cause significant changes in
their associated structures without any solution state, as
described below (Figure 1):
Step A: Solid-liquid phase transitions upon heating/cooling;
Step B: Liquid-solid phase transition upon cooling, kinetically

generating associated structures from the liquid state;
Step C: Solid-solid phase transition, wherein the kinetically

generated associated structures change to thermody-
namically stable configurations owing to external stimuli,
including environmental changes;

Step D: Thermal equilibrium with different associated struc-
tures in the liquid state.
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Scheme 1. Chemical structures of dihydrophenazine (DHP), phenothiazine
(PTZ), and tetrakis(alkylthio)-substituted tetrathiafulvalene [TTF(SR)4], and
bis(malononitriledithiolato)nickel(III) complex [Ni(mnt)2

� ].
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These transformations are expected to induce drastic changes
in the physical properties related to the intermolecular inter-
actions of the open-shell species and counter ions. Herein, we
present recent findings on liquescent open-shell ionic molecular
systems.[9,17–22]

2. Liquescent DHP and PTZ Radical Cation Salts

Under certain conditions, DHP and PTZ radical cations can
adopt associated structures in condensed states, such as π-
bonded dimers (π-dimers). In contrast to the monomeric form,
π-dimers exhibit distinct optical absorptions and magnetic
properties due to pronounced intermolecular interactions. We
hypothesize that modulating functionalities derived from
associated structures of radical cation species are achievable by
inducing deformation and/or dissociation of π-dimer structures
through external stimuli or environmental changes, even in
condensed states. A significant challenge arises from the
difficulties associated with the mobility of molecular species
within such states, as highlighted in the introduction. To

overcome this issue, we developed a methodology that
leverages solid-liquid phase transitions, capitalizing on the
inherent stability of radical cations. Consequently, compounds
1*+ ·NTf2

� and 2*+ ·NTf2
� (NTf2

� :
bis(trifluoromethanesulfonyl)imide ion),[23] in which the radical
cations formed π-dimer structures (Figure 2), were found to
melt under ambient conditions. Furthermore, they exhibited
significant changes in their photophysical and magnetic proper-
ties, as outlined by a process involving steps A, B, and C
(Figure 1).[17,18]

In the case of 1*+ ·NTf2
� , its magnetic and near-infrared

(NIR) absorption properties underwent significant changes
during the solid-liquid phase transitions with hysteretic behav-
ior (Figure 3).[17] Compound 1*+ ·NTf2� transformed from the
solid state, exhibiting weak electron spin resonance (ESR)
signals, to an ESR-active liquid at 95 °C (Figure 3a). Polarized
optical microscopy (POM) images of the liquid were dark,
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Figure 1. Schematic representations for associated structures of open-shell
ionic molecules and counter ions in condensed states (for instance, radical
cationic species). The green broken lines denote intermolecular interactions
between the open-shell species.

Figure 2. Chemical structures and Oak Ridge Thermal-Ellipsoid Plot (ORTEP)
views of their π-dimer structures for a) 1*+ ·NTf2

� and b) 2*+ ·NTf2
� . The

figures at the side of the chemical structures are ORTEP views. The
frameworks colored light green are located at behind and bottom for the
top and side views, respectively. Images in Figure 2 are reproduced from
Ref. [9] with modifications and permission from the Society of Synthetic
Organic Chemistry, Japan.

Figure 3. a) ESR and b) electronic spectra of 1*+ ·NTf2
� on changing the

temperature. The y-axis denotes arbitrary units. c) Photographs showing the
transparency of 1*+ ·NTf2� thin film under irradiation of 940 nm LED light.
The images in Figure 3 are reproduced from Ref. [9] and Ref. [17] with
modifications and permission from Wiley-VCH and the Society of Synthetic
Organic Chemistry, Japan.
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suggesting that the solid changed to an isotropic liquid phase.
The liquid persisted after cooling to 30 °C, transforming into the
ESR-inactive solid state at 25 °C. In addition, the phase
transitions were accompanied by changes in the electronic
spectra (Figure 3b). A robust NIR absorption band was observed
in the solid state, but not in the liquid state or solution,
demonstrating that the band is attributable to the π-dimers.
Additionally, observations in the liquid state revealed the
generation of monomers through the dissociation of the π-
dimers. We also achieved controlled readability of letters under
940 nm-light by using 1*+ ·NTf2

� (Figure 3c). This change in
letter readability has potential applications for security filters
and inks.[24]

The phase transition behavior of 2*+ ·NTf2� was notably
different from that of 1*+ ·NTf2

� (Figure 4). Compound 2*+

·NTf2� exhibited distinctive color changes in conjunction with
phase transitions (Figure 4a).[18] A green crystal of 2*+ ·NTf2�

was transformed into an orange liquid upon heating to 100 °C.
Upon cooling to 50 °C, the orange liquid changed to an orange
solid, which gradually transformed into a green solid at 30 °C.
Interestingly, the orange solid state changed to the green solid
state upon indirect mechanostress, whereas the orange solid
state remained unchanged without mechanostress at 50 °C.
These phase transitions were not observed for other counter-
ions. Therefore, the NTf2

� ion is important for developing
distinctive phase transitions.

The magnetic properties of 2*+ ·NTf2
� also changed signifi-

cantly during the phase transition (Figure 4b). The ESR signal of
the initial green solid was extremely weak, whereas it was
visible in the orange liquid state. The orange solid obtained by
cooling the liquid state was found to be in the ESR-active state,
whereas the green solid generated by further cooling was in
the ESR-inactive state. These observations indicate that (i)
radical cation 2*+ in the green solid states formed π-dimer with
strong antiferromagnetic interactions; (ii) radical cation 2*+ in
the orange liquid and solid states interacted weakly with each
other. The electronic spectra also demonstrated the formation

of π-dimers in the green solid and monomers in the orange
liquid (Figure 4c). In the kinetically-generated orange solid state,
radical cation 2*+ was expected to form an offset stacking
dimer based on the experimental results of other analogues of
the PTZ radical cation salts.[18]

3. TTF(SR)4 Radical Cation Salt Exhibiting Low
Melting Points

The liquescent salts of the DHP and PTZ radical cations showed
unprecedented changes in their physical properties in the neat
liquid state, as described previously. Accordingly, we hypothe-
sized that the associated structures in open-shell ionic molec-
ular systems with low melting points would facilitate the
deformation of their configuration by external stimuli, including
environmental changes, even in the solid state at room temper-
ature (illustrated as step C in Figure 1). We focused on TTF(SR)4
radical cations to observe these phenomena.[14] These radical
cations associate and form columnar structures through π–π
interactions and S� S contacts. Furthermore, the electronic
spectra of the TTF(SR)4 radical cations depend on these
associated structures. Consequently, our investigations revealed
that 3*+ ·NTf2� , melted at 68–70 °C, showed rapid transparent
property changes in the NIR (700–1000 nm) and short-wave
infrared (SWIR: 1000–2500 nm) regions (Figure 5).[19]

The photophysical characteristics of 3*+ ·NTf2
� in the solid

states were investigated using electronic spectral measure-
ments under ambient conditions and dichloromethane vapor
(Figure 5b). Initially, compound 3*+ ·NTf2

� exhibited strong
absorption bands from the visible to the NIR/SWIR regions
under ambient conditions. Exposure to dichloromethane vapor
resulted in the disappearance of absorption in the SWIR region.
Upon the cessation of exposure, the electronic spectrum reverts
to its initial state (Figure 5c). The electronic spectra before and

Figure 4. a) Photographs of 2*+ ·NTf2
� under white light during phase

transitions on changing the temperature. Temperature-dependent b) ESR
and c) electronic spectra of 2*+ ·NTf2

� in the corresponding states. The
images in Figure 4 are reproduced from Ref. [9] with modifications and
permission from the Society of Synthetic Organic Chemistry, Japan.

Figure 5. a) Chemical structure of 3*+ ·NTf2
� . b) Electronic spectra without

(top) and with (bottom) exposure to dichloromethane vapor. The y-axis
denotes arbitrary units. The inset figures show photographs using the SWIR
detection camera using 1450-nm light under ambient (top) and dichloro-
methane vapor (bottom). c) Time profile of the absorbance at 1650 nm
detected by optical waveguide spectrometry. The images in Figure 5 are
reproduced from Ref. [19] with modification and permission from Wiley-VCH.
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after exposure to dichloromethane vapor differed from those of
3*+ ·NTf2

� in dichloromethane solution, confirming that the
SWIR absorption is attributable to the associated structures of
3*+ .

The crystal structure analyses of 3*+ ·NTf2
� revealed the

formation of a columnar π-dimer structure (Figure 6). The
radical cations exhibited efficient overlap, providing sufficient
proximity for interactions between the radical cations (Fig-
ure 6b). Similar chromic behaviors were observed in other
TTF(SR)4 radical cation salts, forming columnar π-dimer struc-
tures. Therefore, the columnar π-dimer structure emerges as a
pivotal motif contributing to the chromic behaviors. Addition-
ally, the electronic spectrum of 3*+ ·NTf2

� under exposure to
dichloromethane vapor was similar to those of the TTF(SR)4
radical cation salts, which formed isolated π-dimer structures.[19]

These experimental findings suggested that the SWIR-trans-
parency/absorption of 3*+ ·NTf2� in the solid states was
modulated by the structural transformations of the associated
structure with transitions between columnar and isolated π-
dimer structures under the corresponding conditions.

We then visualized the rapid changes in the SWIR
absorption/transparency of 3*+ ·NTf2� by using the solid film
prepared from the liquid state (Figure 5b, inset). Placing the
solid film of 3*+ ·NTf2

� on a paper depicting the Osaka
University logo rendered the logo invisible under 1450-nm
light. Upon exposing the solid film to dichloromethane vapor
for several seconds, the logo became visible under 1450-nm
light. The subsequent cessation of dichloromethane vapor
exposure restored the initial invisible state. A change in the
transparency was also observed under mechanostress, which
was achieved by scratching the surface with a steel spatula.[19]

4. Liquescent Ni(mnt)2 Anion Salt

The liquescent salts with DHP and PTZ radical cations exhibited
monomer behavior in the liquid state. The development of
liquescent open-shell ionic molecules capable of manipulating
their associated structure, even in the liquid state under specific
conditions, represents a crucial pursuit for multi-stage control
of spin and related functionalities (illustrated as step D in
Figure 1). Open-shell ionic molecular species with stronger
intermolecular interactions are promising candidates for con-
trolling the associated structures in liquid states. However,
these species are generally considered to have high melting
points. To address this challenge, we devised a solution
involving a combination of imidazolium ions as counter cations
owing to their ease of design and synthesis and anionic open-
shell metal complexes as stable spin sources with aggregated
properties. Consequently, we focused on salts of imidazolium
ions and the anionic metal complex, Ni(mnt)2

� .[15] We found that
nickel salt 4+ ·Ni(mnt)2� exhibited changes in the electronic
spectra even in the SWIR-region through solid-liquid phase
changes and shifts of the dimer-monomer equilibrium in the
liquid state achieved via temperature modulations (Figure 7).[20]

The electronic spectra of 4+ ·Ni(mnt)2� showed stepwise
changes in the SWIR photophysical properties (Figure 7b). In
the solid state, complex 4+ ·Ni(mnt)2� exhibited broad absorp-
tion bands from 1800 nm to the visible-light region (State-I).
Upon heating to 90 °C, it transformed into a liquid state (State-
II), accompanied by a slight blue-shift in absorption compared
to State-I. Furthermore, the electronic spectra changed upon
further heating to 150 °C (State-III), characterized by weak
absorption in the SWIR region.[25] Intriguingly, the electronic
spectra in State-II and -III were similar to those of 5+ ·Ni(mnt)2�

and 6+ ·Ni(mnt)2� in the solid state, respectively. Therefore,
crystal structure analyses provided insights into the underlying

Figure 6. a) Packing of 3*+ ·NTf2� in the crystal along the c axis. Molecular
frameworks of radical cation species and counter ions are shown in orange
and green colors. b) ORTEP views of the stacking modes of intra-π-dimer
(left) and inter-π-dimer (light). The pink frameworks are located behind the
front ones. c) Proposed associated structures during changes in SWIR light
transparency for 3*+ ·NTf2

� . The red and orange broken lines denote
interactions in intra-π-dimer and inter-π-dimer. The images in Figure 6 are
reproduced from Ref. [19] with modification and permission from Wiley-VCH.

Figure 7. a) Chemical structure of 4+ ·Ni(mnt)2� , 5+ ·Ni(mnt)2� , and 6+ ·Ni-
(mnt)2

� . b) Electronic spectra in State-I, -II, -III (top to bottom), respectively,
measured at 30, 90, and 150 °C. b) Temperature-dependent χpT plots of
4+ ·Ni(mnt)2

� . The solid and dashed line show simulation based on singlet-
triplet models. c) Proposed associated structures of 4+ ·Ni(mnt)2� in State-I,-
II, and -III. The red and orange broken lines show intra-columnar and intra-
dimer interactions, respectively. The images in Figure 7 are reproduced from
Ref. [20] with modification and permission from Wiley-VCH.
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mechanisms of the spectral changes. Comparative analyses of
the packing in the crystals revealed that the Ni(mnt)2

� species
in 4+ ·Ni(mnt)2� , 5+ ·Ni(mnt)2� and 6+ ·Ni(mnt)2� formed
columnar, dimer, and monomer structures, respectively. These
structural variations probably account for the broad SWIR
absorptions observed in the longer-wavelength regions of
State-I and -II, which are attributable to the columnar and dimer
structures of the Ni(mnt)2

� entities. Additionally, the NIR
absorption of State-III was ascribed to the monomer structure
of the Ni(mnt)2

� unit.
The magnetic susceptibility measurements provided addi-

tional insights into the changes in the SWIR absorption of 4+

·Ni(mnt)2
� (Figure 7c). The χpT values in State-I gradually

increased upon heating. This value increased abruptly at the
melting point. Subsequently, the χpT values in State-II gradually
increased again upon heating. Then, the χpT values in State-III
further increased again on heating. The observed χpT values in
State-I and -II were smaller than the calculated value for the S=

1/2 system, suggesting the presence of considerable antiferro-
magnetic interactions between the Ni(mnt)2

� species. The χpT–T
curves for State-I and -II can be reproduced using the
appropriate singlet-triplet models. These results indicate that
the chromic behavior in the SWIR region was due to a
sequential dissociation of the associated structures of the
Ni(mnt)2

� species as follows (Figure 7d): dissociation from
columnar to dimer structures during the solid-liquid phase
transition (State-I to State-II), followed by a shift of the dimer-
monomer equilibrium in the liquid state (State-II to State-III).

5. Summary and Outlook

Herein, we propose stimuli-responsive functionalities using
liquescent open-shell ionic molecular systems. The platforms of
these species are known to be stable. By incorporating certain
substituents and flexible counter ions into conventional open-
shell ionic entities, we revealed unprecedented functionalities
arising from solid-liquid phase transitions and unusual con-
densed states generated from the liquid states. In particular,
changes in magnetic and NIR/SWIR transparency/absorption
properties derived from the spins and singly-occupied molec-
ular orbitals of the open-shell molecular species have not been
achieved by chemical species with closed-shell entities, such as
typical organic compounds. Our experimental results indicate
that the conformational and translational dynamics of the
molecular units in the liquescent open-shell ionic molecular
systems remain unimpeded in both liquid and solid states, as
evidenced by the significant conversions of the functionalities
prompted by comparatively weak stimuli. These findings can
pave the way for developing intricately designed molecular
architectures with functionalities previously deemed unattain-
able under standard ambient conditions.
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This concept presents liquescent
open-shell ionic molecular systems
that exhibit fascinating switching
magnetic and near-IR/short-wave-IR
absorption/transparency properties by
external stimuli under condensed and
ambient conditions. These property
variations originate from the signifi-
cant transformations of their associ-
ated structures caused by phase tran-
sitions or related state changes.
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