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Tetranitro- and Tetraamino- dibenzo[18]crown-6-ether 
Derivatives: Complexes for Alkali Metal Ions, Redox Potentials, 
Crystal Structures, Molecular Sorption, and Proton Conducting 
Behaviours 

Yuta Shimizu,a Takashi Takeda,a, b* Norihisa Hoshino,a, b and Tomoyuki Akutagawa a, b* 

Tetranitro-dibenzo[18]crown-6 (1) and tetraamino-dibenzo[18]crown-6 (2) are ion-recognition electron acceptor and 

electron donor molecules, respectively. The electron-accepting ability of 1 is lower than that of o-dinitorobenzene, whereas 

the electron-donating ability of 2 exceeds that of tetrathiafulvelene, a typical electron donor. The oxidation potential of 2 is 

drastically reduced by di-protonation at the two –NH2 sites under acidic conditions. Thermally annealed 1 exhibits gate-

opened gas adsorption–desorption behaviors for CO2 at 200 K and N2 at 77 K. The central cavity of 1 can bind alkali metal 

ions (M) to form M(1) complexes for M = Na+, K+, Rb+, and Cs+; these crystallize into monomers (M = Na+ and K+), dimers (M 

= Rb+), and one-dimensional polymers (M = Cs+) in single crystals of [M(1)I]·nCH3CN. Multiple M+•••O2N− axial coordination 

at the M+ site generates dimer and polymer networks in solids. Single crystals of [Na(2)(H2SO4)3]·nH2O and 

[K(2)(H2SO4)3]·nH2O  were obtained by crystallization of 2 in the presence of Na+ and K+, respectively, in dilute H2SO4. The 

single crystals formed an ionic channel in the one-dimensional array of ••• [(Na)0.25(2)]•••H2O•••[(H3O)0.25(2)]•••H2O•••, 

and the mixed protonated state of HSO4
− and H2SO4 formed an O−H•••O= hydrogen-bonding network with the aid of 

additional H2O molecule occupation around the ionic channels. In contrast, the two oxygen atoms of HSO4
− were axially 

coordinated to the K(2) complex, which isolated them from each other, and HSO4
− and H2O occupied [K(2)(H2SO4)3]. These 

two hydrated crystals showed a proton conductivity (H+) of ~5 μS cm−1 at 310 K, while the dehydrated crystals disappeared 

the H+ values; furthermore, the motional freedom of the polar HSO4
− was observed in the Debye-type dielectric relaxations.

Introduction 

Cyclic oligo(ethylene glycol) derivatives such as [15]crown-5 and 

[18]crown-6 can selectively recognize alkali metal ions (M+) 

according to their central cavity size.1-3 This has been applied in 

ion sensing,4, 5 ion transport,6, 7 and catalytic properties.8 A 

variety of functional crown ethers have already been prepared 

for applications in material chemistry. For instance, simple 

molecules of [15]crown-5 and [18]crown-6 exhibit high Na+ and 

K+ recognition abilities, respectively; here, the multiple 

electrostatic M+•••O interactions between M+ and the lone 

pairs of oxygen atoms effectively fix the M+ inside the cavity.1-3, 

10 The selective M+ recognition ability of crown ethers has been 

implemented for material designs with various physical 

properties, including absorption–fluorescence,11-13 electrical 

conduction,14-16 magnetic,17-20 dielectric,21, 22 and ferroelectric 

responses.23-24  

     The physical properties of -conjugated molecules are 

dominated by the frontier orbitals of the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) in the solution and solid phases, which can be 

controlled by the chemical design of the molecule. The redox 

properties of the electron donor and acceptor are governed by 

the HOMO and LUMO energy levels, respectively; these are 

controlled by the introduction of electron-withdrawing and 

electron-donating substituents to the -core. The strengths of 

the electron acceptor and donor are determined using the 

electron affinity (EA) and ionization potential (IP), respectively. 

For instance, the typical electron acceptors of 7,7,8,8-

tetracyano-p-quinodimethane (TCNQ) and p-benzoquinone 

(pBQ) exhibit electron affinities of 2.90 and 1.91 eV, 

respectively,25 while the electron donating abilities of 

tetrathiafulvalene (TTF) and p-phenylendiamine are 6.4 and 

6.84 eV, respectively.27, 28 The conventional chemical design for 

the introduction of electron-withdrawing groups such as −NO2 

and =O groups or electron-donating −NH2 and -OH substituents 

represents a typical technique used to tune the redox 

properties of -molecules. In contrast, the energy stabilization 

achieved by aromaticity in the oxidation and reduction 

processes realizes the strong electron donor property of TTF 

and the acceptor property of TCNQ. In these donor–acceptor 

systems, the charge transfer and recombination processes 
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between the electron-donating and electron-accepting 

molecules play an important role in the electrical conduction 

and emission properties of the molecular assembly.29-31 

     Both electron and ion transport processes play an essential 

role in biological systems, including multiple electron transfer 

and ionic channels.32 In addition, fast ionic transport has been 

observed as an important phenomenon in secondary batteries. 

Therefore, many ion-conducting materials have been 

developed for application in such batteries. Recently, the fast 

Na+ and Mg2+ ionic conducting materials have attracted 

significant attention for the realization of the next generation 

secondary batteries instead of the Li+ ones.33, 34 Acyclic 

oligo(ethylene glycole) has been utilized for the solid state Li+ 

and Na+ conducting polymers,35-37 and a regular array of the 

central pores of [18]crown-6 can produce ionic channels in the 

molecular assembly.14, 15, 38, 39 For instance, the ionic channel of 

[(Li+)x([18]crown-6)]∞ and [(Na+)x([18]crown-6)]∞ have been 

introduced into the electrically conductive [Ni(dmit)2] (dmit = 2-

thioxo-1,3-dithiole-4,5-dithiolate) and TCNQ salts as a counter-

cation structure to compensate the total charge valance of the 

crystals.14, 15, 40-42 The motional freedom of Li+ and Na+ in the 

ionic channels influenced the freedom of conduction electrons 

on the -stacking column of [Ni(dmit)2].14, 15 The coexistence of 

two different dynamics for the M+ and electron can produce 

hybrid ion–electron transport materials, which can be utilized 

for the feature electronic device and the electrode materials of 

the secondary battery. For instance, the ion transport property 

combined with the redox behaviors of the metal ions and 

electrode surface (in a solid state) was used to produce a 

memristor device in inorganic metal oxide compounds.43-46 

Even in organic materials, ion–electron coupling phenomena 

have been designed in -molecular systems bearing crown 

ether derivatives. Electron-donating crown ether-fused TTF and 

phthalocyanine (Pc) derivatives have been reported in ion–

electron coupling systems,47-52 while the electron-accepting 

pBQ and N-heteroacene derivatives were also hybridized with 

crown ethers.53-55 The redox behaviors of crown-ether-fused 

electron donor and acceptor molecules in the solution phase 

are affected by the presence of M+ cations. For instance, the 

oxidation process of crown-ether-fused TTF generates the 

cation radical TTF+•, where the electrostatic repulsive force 

between TTF+• and the M+(crown ether) in the molecule 

reduces the electron-donating ability of TTF.49 On the contrary, 

the reduction process of crown-ether-fused electron acceptor 

molecules (e.g., pBQ) generates anion radical species, where 

the electrostatic attractive force between M+(crown ether) and 

pBQ−• increases the electron accepting ability via M+ 

complexation.55 A chemical design for solid-state M+ dynamics 

is difficult to achieve in closest-packing structures. For instance, 

the formation of ionic channels has been reported in the -

molecular system of crown-ether-fused Pc; this formed a one-

dimensional wire array of -stacking Pc and crown ethers.47, 28 

However, most of the crown ether derivatives fused to the -

molecular system did not form ionic channels. The coupling 

between the dynamics of M+ (inside the cavity of the crown 

ether) and the electronic properties has been reported in the 

phase transition and dielectric behaviors of M+(crown 

ether)(TCNQ)x crystals.40-42 The coexistence of a dynamic M+ 

environment and redox active structural unit is one possible 

approach to design the outer stimuli responsible for 

multifunctional molecular materials.56-58   

     Simple redox-active crown ethers of tetranitoro-

dibenzo[18]corwn-6 (1) and tetraamino-dibenzo[18]crown-6 

(2) become electron-accepting and electron-donating 

molecules (Scheme 1), respectively; these have already been 

reported as reaction intermediates.59 However, the redox 

behaviors, ion complexation ability, crystal structure, and 

physical properties of 1 and 2 have not been sufficiently 

examined. The cavity sizes of dibenzo[18]crown-6 (DB18C6) 

were found to be well fitted to K+ and to have a high K+ affinity.1-

3 Depending on the size of M+, a variety of molecular assembly 

structures are expected in a combination of M+ for 1 and 2. First, 

we examined the reduction and oxidation behaviors of 1 and 2 

in the solution phase; then, single-crystal X-ray structural 

analyses of M(1) complexes for M = Na+, K+, Rb+, and Cs+ were 

obtained for the counter cation of I−,  to discuss the complex 

formation abilities and intermolecular interactions. The 

electron donor 2 features four proton-accepting −NH2 groups in 

its molecule; this complicates the redox behavior and crystal 

structure. Two types of single crystals of [Na(2)(H2SO4)3] and 

[K(2)(H2SO4)3] were isolated using a complicated crystal formula 

and hydrogen-bonding networks; furthermore, their dielectric 

responses and proton conductivity were examined in terms of 

their responses for H2O desorption. paragraph text follows 

directly on here. 

 

Scheme 1. Molecular structures of the electron-accepting tetranitoro-

dibenzo[18]crown-6 (1) and electron-donating tetraamino-dibenzo[18]crown-6 (2). M+ 

complexes of 1 and 2 in this study. 

Results and discussion 

Redox properties of 1 and 2.  

The crown ether derivatives of 1 and 2 are electron acceptor 

and donor molecules, respectively. Fig. 1 and Table 1 summarize 

the redox potentials of 1 and 2 in dimethyl sulphoxide (DMSO) 

(1 mM, vs. SCE) and the effects of 5 equivalent of M+ addition 

(Figs. S1 and S2). All other reference compounds of o-

dinitrobenzene (o-DNB), o-phenylenediamine (OPD), and TTF 

were measured at the same condition to those for 1 and 2. The 

1

1·2CH3CN

[Na(1)I]·3CH3CN
[K(1)I]·4CH3CN
[Rb(1)I]·3CH3CN
[Cs (1)I]

2·0.33(H2O)

[Na(2)(H2SO4)3]·nH2O
[K(2)(H2SO4)3]·nH2O

2

Electron acceptor

Electron donor
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first-wave reduction potential (E1
1/2) of 1 was reversibly 

observed at E1
1/2 = −0.780 V, which was ~0.07 V lower than the 

E1
1/2 = −0.706 V observed for o-DNB. The introduction of 

[18]crown-6 into the o-DNB unit reduced its electron-accepting 

ability, which was explained by the electronic effect of the 

electron-donating –C2H4O– units upon the o-DNB -core. The 

presence of the [18]corwn-6 subunit in molecule 1 can 

effectively capture alkali metal cations (M+) in the cavity, which 

affects the redox behavior via the attractive electrostatic 

interaction between M+ and the anion radical state of 1−•. For 

instance, [18]crown-6 fused pBQ derivatives exhibited an 

anodic shift in E1
1/2,53, 55 where the anion radical state was 

stabilized by the addition of M via attractive electrostatic 

interactions. The E1
1/2 = −0.780 V of molecule 1 indicated a 

subtle anodic shift following the addition of Li+ (E = −11.0 mV), 

Na+ (E = −6.0 mV), and K+ (E = −0.5 mV). Molecule 1 was only 

soluble in highly polar DMSO or dimethylformamide (DMF), 

where the formation of M+(1) complexes was restricted in the 

solution phase without a sufficient value of E for the addition 

of M+.  

Table 1. Redox potentials of 1 and 2 in DMSO.a 

 Eox, V Ered, V E1
1/2, V E, mV b 

1 −0.721 −0.839 −0.780 − 

o-DNB −0.668 −0.745  −0.706  −74.0  

1 + Li+ −0.738 −0.844 −0.791 −11.0 

1 + Na+ −0.731 −0.841 −0.786 −6.0 

1 + K+ −0.734 −0.827 −0.781 −0.5 

2  +0.109 +0.039   +0.074 − 

OPD  +0.525 −   − (+416)  

TTF  +0.393 +0.326  +0.360  +286  

2 + Li+  +0.112  +0.037 +0.075  +0.5  

2 + Na+  +0.123  +0.042 +0.083 +8.5 

2 + K+  +0.119 +0.047  +0.083  +9.0 

[Na(2)·(H2SO4)3]c   +0.531 +0.095  +0.313  +239 

[K(2)·(H2SO4)3] c  +0.516 +0.122  +0.319  +245  
a Ligand concentration was fixed at 1 mM and 5 molar M+ was added for the 

measurements. b E was defined as the difference in the first-wave redox 

potential E1
1/2 between parent 1 or 2 and 10M+ + 1 or 2 in DMSO. b Single-crystals 

were directly dissolved in the electrode cell for cyclic voltammetry (CV) 

measurements.    

 

The oxidation process of 2 exhibited complicated behaviors, 

in contrast to the reduction process of 1. Molecule 2 acted as 

both an electron donor and proton acceptor at the OPD units. 

Fig. 1b shows a possible two-step proton- and electron-transfer 

scheme for 2. One OPD unit can accept one proton (H+) at the –

NH2 group to form mono-protonated HOPD+ cations, whereas 

the 2H+ accepting H2OPD2+ dication becomes an unstable 

chemical species because of the large electrostatic repulsive 

interaction between the two nearest-neighboring –NH3
+ 

groups. The acid dissociation constant (pKa) of H2OPD2+ has 

been reported at pKa1 = 4.57 and pKa2 = 0.80 in H2O, suggesting 

an unstable di-protonated state in the solution phase.60 

Therefore, the diagonally di-protonated H222+ is the most stable 

and reasonable proton-transferred chemical species for 2. The 

electron-donating ability of di-protonated H222+ differed 

substantially from that of neutral 2. Fig. 1c shows the first-wave 

oxidation potential of 2, together with the typical electron 

donors of TTF and OPD. The half-wave first oxidation potential 

E1
1/2 of 2 was observed at +0.074 V; it was +0.286 and +0.416 V 

stronger than those of TTF and OPD, respectively (lower in Fig. 

1c). The reasonably high electron-donating ability of 2 was 

associated with the effective introduction of two electron-

donating –OC2H4– units into the OPD -core. In the DFT 

calculation based on the B3LYP / 6-31G (d, p) basis set,61 the 

energy of the HOMO for OPD (–5.04 eV) was ~0.6 eV lower than 

that of 4,5-dimethoxy-OPD (–4.40 eV), which was consistent 

with the difference in E1
1/2 values between 2 and OPD. The E1

1/2 

value of 2 following the addition of Li+, Na+, and K+ indicated 

almost negligible shifts of E = +0.5, +8.5, and +9.0 mV, 

respectively. 

 
Fig. 1. Redox properties of the electron acceptor 1 and electron donor 2. a) CV 
charts of 1 and 1 + M+ under the addition of 10 molar M+ of Li+, Na+, and K+ in 
DMSO (0.1 M TBA•BF4 vs SCE), along with the CV chart of o-DNB. b) The 2H+ 
accepting process from the neutral 2 to the di-protonated H22+. c) The electron 
donating process of 2, [Na(2)(H2SO4)3], and [K(2)(H2SO4)3] (upper graph), as well as 
the oxidation processes of typical electron donors of TTF and OPD. 

a)

b)

c)

2

H222+
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The repulsive electrostatic interaction between 2+• and M+ 

reduced the electron-donating ability of 2 following the 

addition of M+ in the solution phase. However, dissociation 

from the M+(2) complex to M+ + 2 occurred in DMSO during 

oxidation. We attempted to measure the oxidation behavior of 

the M+(2) complexes using single-crystals of 

[Na(2)(H2SO4)3]·nH2O and [K(2)(H2SO4)3]·nH2O in DMSO (upper 

graph in Fig. 1c). The Eox values of [Na(2)(H2SO4)3]·nH2O and 

[K(2)(H2SO4)3]·nH2O were irreversibly observed at almost 

identical potentials of Eox = +0.531 and +0.516 V, respectively, 

while the reduction potentials of Ered exhibited large anodic 

shifts to +0.095 and +0.122 V, similar to the Ered = +0.039 V for 

2. In DMSO, the presence of acidic HSO4
− generated an 

equilibrium between the 2 and H222+ species, and the oxidation 

of the most stable di-protonated H222+ state was observed in 

the oxidation process at Eox = +0.52 V. The theoretical energy 

calculations of HOMOs for OPD, HOPD+, and H2OPD2+ were 

obtained at −5.04, −11.2, and −15.9 eV, respectively, while 

those for 4,5-dimethoxy-OPD (DMOPD), HDMOPD+, and 

H2DMOPD2+ were observed at −4.40, −9.27, and −13.1 eV (Fig. 

S6). Protonation of the OPD -core drastically reduced the 

electron-donating ability. In contrast, the reduction of the di-

protonated H222+ state readily occurred in the de-protonation 

reaction of H222+ → 2H+ + 2, which showed an Ered value of ~0.10 

V for neutral 2. The protonation and de-protonation processes 

are associated with the redox behavior of the proton-accepting 

strong electron donor of 2 in DMSO.  

      The electronic spectra of 1 and 2 in DMSO showed 

absorption peaks at 323 and 348 nm, respectively (Figs. 3 and 

4). The theoretical HOMO–LUMO energy gap of the isolated 

molecule 2 (based on DFT calculations) was observed to be ~1.2 

eV lower than that of 1. The addition of 10 M+ to 2 in DMSO did 

not change the absorption spectra, suggesting that the 

presence of excess Na+ and K+ cations insufficiently affected the 

electronic structure of 2. The high electron-donating ability of 2 

resulted in a new electronic absorption band at ~450 nm after 

3 days (Fig. S5), which is consistent with the formation of 

oxidation species in the presence of O2 and H2O. The formation 

of a charge transfer complex between acceptor 1 and donor 2 

was not observed upon mixing with DMSO. The addition of a 

strong electron acceptor, TCNQ, into a solution of 2 in DMSO 

produced a black solution. However, the solid-state charge 

transfer complex was not isolated, although the anion radical 

TCNQ−• was observed in the absorption spectra in DMSO 

following the addition of 2. 

Crystal structure of 1 and its adsorption properties.  

Single-crystals of 1·2CH3CN were isolated following the 

recrystallization of 2 from CH3CN. Figs. 2a and 2b summarizes 

the crystal structure of 1·2CH3CN at 100 K. Molecule 1 produced 

a butterfly conformation with a dihedral angle of 120° between 

the two phenyl-rings (Fig. 2b), and the terminal nearest-

neighboring –NO2 groups were twisted to avoid steric repulsion. 

Fig. 2b shows the unit cell of 1·2CH3CN viewed along the a-axis 

without a draw of CH3CN in CPK mode. A central pore of the 

[18]crown-6 unit was observed in the bc plane, and two moles 

of CH3CN occupied the space around the array of 1 in this plane. 

The one-dimensional (1D) zig-zag arrangement of 1 was 

observed along the a-axis (Fig. 2b), where each central pore 

overlapped the –OC2H4– units at the upper and lower 

molecules, without the formation of ionic channels. Only the 

van der Waals interaction connecting molecule 1 and CH3CN 

adsorption–desorption behavior was not confirmed in the 

adsorption–desorption isotherm at 298 K.   

    CH3CN molecules in the crystal lattice were gradually 

eliminated at 298 K under ambient conditions. Thermal 

annealing at 373 K under vacuum conditions formed desolvated 

1 (Fig. S7), which was used for gas (CO2 and N2) and molecular 

(CH3OH, CH3CN, and H2O) adsorption–desorption experiments. 

The annealed crystal 1 showed Bragg diffraction peaks similar 

to those of 1·2CH3CN, suggesting a crystalline state after the 

desorption of two molar CH3CN molecules. Fig. 2c shows the gas 

adsorption–desorption isotherms of CO2 at 200 and 298 K and 

N2 at 78 and 298 K, respectively. The gate-opened adsorption 

behavior of CO2 was observed in the adsorption–desorption 

isotherm at 200 K, where a significantly low relative pressure of 

P/P0 ~ 0 at 200 K opened the CO2 adsorption crystalline 

environment to an adsorption quantity of nmol = 1.0 mol mol−1. 

In contrast, half the level of adsorption at nmol = 0.4 mol mol−1 

was gradually observed at 298 K without the gate-opening 

behavior. Similarly, gate-opened N2 adsorption was confirmed 

at 77 K with nmol = 0.5 mol mol−1, whereas no N2 adsorption 

behavior was observed at 298 K. The adsorption amount of 

CH3OH gradually increased up to P/P0 ~ 0.2 and reached nmol = 

1.0 mol mol−1 at P/P0 ~ 0.5, while the monotonic nmol 

enhancement at the crystal surface adsorption process was 

observed in the adsorption–desorption isotherm of CH3CN at 

298 K and H2O at 273 and 298 K. The initial crystals of 1·2CH3CN 

were not recovered by the re-adsorption of CH3CN at 298 K. The 

polarized CO2 molecules were well fitted to open the void space 

of thermally annealed 1 in the presence of CO2 gas. 

 

 

Fig. 2. Crystal structures and adsorption–desorption behavior of 1·2CH3CN at 100 
K. a) Unit cell viewed along the a-axis without the CPK-based representation of 
CH3CN molecules. b) Zig-zag stacking arrangement of 1 along the a-axis. c) Gas 
adsorption–desorption isotherm of CO2 (200 and 298 K) and N2 (78 and 298 K). d) 
Molecular adsorption–desorption isotherm of CH3OH at 298 K, CH3CN at 298 K, 
and H2O at 273 and 298 K.  

o b

a

c

a) b)

c) d)
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Crystal structures of the [M(1)I] salts.  

Mixing of 1 with NaI, KI, RbI, and CsI in CH3CN formed single 

crystals of [Na(1)I]·3CH3CN, [K(1)I]·4CH3CN, [Rb(1)I]·3CH3CN, 

and [Cs(1)I], respectively (Figs. S8-S11).62,63 The former three 

single-crystals (M+ = Na+, K+, and Rb+) included crystallized 

CH3CN molecules in the unit cells; meanwhile, no CH3CN was 

observed in the case of Cs+. Fig. 3 summarizes the crystal 

structures of [M(1)I]·nCH3CN obtained by changing the M+ to 

Na+, K+, Rb+, and Cs+. All M ions were coordinated by six oxygen 

atoms inside the cavity of [18]crown-6, where the coordination 

structure of 1 was influenced by the cation size (Figs 3a–3d). 

Beside the O6-cooridnaton from the [18]crown-6 unit, the axial 

–CN coordination of CH3CN was observed at the M+ site, with 

coordination numbers from CH3CN for Na+, K+, Rb+, and Cs+ 

cations of 2, 3, 1, and 0, respectively. The dihedral angles 

between the terminal two phenyl-rings for Na+, K+, Rb+, and Cs+ 

coordination complexes were 123, 124, 139, and 130°, 

respectively. The average Na+−O, K+−O, Rb+−O, and Cs+−O 

distances were observed at 2.69, 2.81, 3.02, and 3.24 Å (Table 

S3), where the relatively small Na+ and K+ cations were well 

fitted inside the cavity of [18]crown-6 and large size Rb+ and Cs+ 

cations were present at the upper position in the cavity. The 

Na+, K+, Rb+, and Cs+ were deviated from the average O6-plane 

of [18]crown-6 at 0.10, 0.49, 1.22, and 1.67 Å, respectively, 

according to the ionic radius of Na+ (1.02 Å), K+ (1.38 Å), Rb+ 

(1.52 Å), and Cs+ (1.67 Å). 

Figs 3e–3h summarizes the unit cells of [M(1)I]·nCH3CN for 

M+ = Na+, K+, Rb+, and Cs+. The O6N2-coordinated [Na(1)I] 

·2CH3CN units are arranged in the bc-plane without effective 

intermolecular interactions. Only a weak -overlap at the 

terminal benzene units was observed along the 1D array along 

the c-axis. One CH3CN and one I− anion filled the space between 

the layers of [Na(1)I]·2CH3CN. The crystal structure of 

[K(1)I]·4CH3CN resembled that of [Na(1)I]·3CH3CN. The O6N3-

coordinated unit of [K(1)I]·3CH3CN was arranged along the c-

axis with the aid of a weak -stacking interaction at the terminal 

benzene units, and CH3CN and I− were observed in the space 

between the layers of [K(1)I]·3CH3CN. In these two crystals, 

weak van der Waals layers of [M(1)I]·nCH3CN were commonly 

observed in the -overlaps of the terminal benzene units. In 

contrast, a dimer arrangement of {[Rb(1)I]·2CH3CN]}2 was 

observed in the additional axial O coordination at the Rb+ site 

from the −NO2 groups (Fig. 3g).64, 65 The face-to-face 

arrangement of two O6N1-coordinated [Rb(1)I]·CH3CN forms a 

cage-like Rb+-encapsulated structure. Further increasing the 

cation size from Rb+ to Cs+ generated a 1D coordination polymer 

along the b-axis, where the oxygen atoms of all –NO2 groups 

were coordinated to Cs+ cations, forming a 1D Cs+-coordination 

polymer (Fig. 3h). Between the 1D polymer chains, effective 

intermolecular interactions were not observed along the c-axis. 

The M-coordination environments for Na+, K+, Rb+, and Cs+ were 

observed in the O6N2, O6N3, O6N1(O2), and O6(O4) structures, 

respectively, where the latter two large cations of Rb+ and Cs+ 

were coordinated by the oxygen atoms of the –NO2 groups.      

Crystal structures of 2 and [M(2)(H2SO4)3]·nH2O. 

Fig. 4 shows the crystal structure of 2·0.33H2O at 100 K, where 

three crystallographically independent 2 and 0.33 molar H2O 

were observed in the unit cell. The butterfly shaped 

conformation of 2, with a dihedral angle of 135° between the 

two terminal benzene units, resembled that found in 1. Fig. 4a 

shows the unit cell of 2·0.33H2O, as viewed along the b-axis. The 

central pores of the [18]crown-6 unit were orthogonally 

arranged along the b-axis. Therefore, no ionic channel was 

observed in the crystal structure of 2. One H2O molecule per 

 

Fig. 3. Crystal structures of [M(1)I]·nCH3CN. Coordination structures and conformations of a) [Na(1)I]·2CH3CN, b) [K(1)I]·3CH3CN, c) [Rb(1)I]·CH3CN, and d) [Cs(1)I]. 
Unit cells of e) [Na(1)I]·2CH3CN viewed along the a-axis, f) [K(1)I]·4CH3CN viewed along the b-axis, g) [Rb(1)I]·3CH3CN viewed along the b-axis, and h) [Cs(1)I] 
viewed along the a-axis. 
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three 2 molecules was occupied in the crystal space, to maintain 

the closest-packing structure.    

Single-crystals of [Na(2)(H2SO4)3]·nH2O and 

[K(2)(H2SO4)3]·nH2O were obtained via a two-phase diffusion 

method using CH3OH in the presence of 2 + NaI (or KI) in a 

diluted H2SO4 solution. It was difficult to produce high-quality 

single-crystals using other combinations of inorganic salts for 2. 

The formulas and protonated states of these two single-crystals 

differed from the simple formula of [Na(2)(H2SO4)3]·nH2O and 

[K(2)(H2SO4)3]·nH2O, where the proton-transferred H222+ 

species and disordered H2O molecules are present in the single-

crystals (Fig. S12). We assumed a possible single-crystal formula 

based on the charge compensation requirement derived from 

single-crystal X-ray structural analyses, X-ray photoelectron 

spectroscopy (XPS) spectra, and elemental analyses. To 

compensate for the charge valance of single-crystals, di-

protonated H222+ species should be present in the crystal 

formula under acidic crystallization conditions; this provides 

one possible chemical formula of [Na+(H222+)(HSO4
−)3]·nH2O. 

However, both elemental analysis and XPS measurements 

clarified the elemental ratio of Na : 2 : HSO4 = 0.25 : 1 : 3 without 

the fully occupied state of Na+ inside the cavity of the 

[18]crown-6 unit. 

 

 

Fig. 4. Crystal structure of 2·0.33H2O at 100 K. a) Unit cell viewed along the b-axis. 
b) 1D zig-zag orthogonal array of 2 along the b-axis.  

  

Fig. 5a shows the unit cell of [Na+(H222+)(HSO4
−)3]·nH2O 

viewed along the b-axis. The 1D channel array of 2 was observed 

along the b-axis, and HSO4
− and H2O were present around the 

channel structure of the [18]crown-6 units, where the 

disordered 6 H2O molecules occupied the unit cell. Two 

crystallographically independent 2 molecules and three HSO4
− 

anions were observed. From the electron density inside the 

cavity of two [18]crown-6 units, one cavity was occupied by half 

of the Na+ cations, and the second cavity was filled with H3O+. 

The formation of hydronium salts of H3O+([18]crown-6)X− has 

been reported in previous studies, which revealed the stable 

H3O+ complexation of 2. Between the ion-capturing units of 

(Na+)0.5(H222+) and (H3O+)(H222+), the electron density assigned 

to the other H2O molecules was observed at the midpoint 

between the Na+ and H3O+ cations along the b-axis and was 

bridged to the two cations (Fig. 5b). The channel structure was 

assumed to be 

•••(Na+)0.5(H222+)•••H2O•••(H3O+)(H222+)•••H2O•••, which is 

consistent with the molar ratio of Na : 2 = 0.25 : 1 in the XPS 

spectra and elemental analyses. The total positive charge of 

+2.75 for [(Na+)0.25(H3O+)0.5(H222+)] unit was compensated by 

three molar HSO4
− anions, suggesting that the HSO4

− anions 

should be neutral H2SO4, to compensate for the total charge 

valance of the single crystals. Based on these considerations, 

the single-crystal formula was assumed to be  

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25], which is 

consistent with the occupation factor of Na+ in the single-crystal 

X-ray structural analysis at 100 K, elemental analysis, and XPS 

measurements. The mixed protonated state of 

(HSO4
−)x(H2SO4)1-x was observed in single-crystals of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]. The ionic 

channels of (H222+)∞ interacted with the intermolecular –

NH3
+•••O= and –NH2•••H–O hydrogen-bonding interactions 

between H222+ and HSO4
− or H2SO4 along the b-axis, the 

hydrogen-bonding structures of which were not clearly 

confirmed by structural analysis. The existence of six types of 

crystallographically independent HSO4
− species in the unit cell 

complicated the hydrogen-bonding arrangements between 

HSO4
− anions and H222+ in the ab plane (Fig. S13), where the 

disordered H2O molecules also occupied the crystal space 

between the hydrogen-bonding networks.  

 

 

Fig. 5. Crystal structure of [(Na+)0.25(H3O+)0.5(H222+)•(HSO4
−)2.75(H2SO4)0.25] at 100 K. 

a) Unit cell viewed along the a-axis. b) 1D array of 
•••(Na+)0.5(H222+)•••H2O•••(H3O+)(H222+)•••H2O••••••(Na+)0.5(2)•••H2O•••H3
O+(2)•••H2O••• along the b-axis.  

The crystal structure of [K+(H222+)(HSO4
−)3]·nH2O simple, in 

contrast to that of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]. One K+, one 

H222+, three HSO4
−, and four H2O molecules form 

crystallographically independent structural units in the unit cell 

of [K+(H222+)(HSO4
−)3]·4H2O. Figs. 6a and 6b show the unit cells 

of  [K+(H222+)(HSO4
−)3]·nH2O viewed along the a- and b-axes, 

respectively. The channel structure of the H222+ array was not 

observed, and tight K+ complexation in the cavity of the 

[18]crown-6 unit was observed at dK-O = 2.78 Å. In addition, one 

H2O and two oxygen atoms of HSO4
− were axially coordinated 

to the K+ site at dK-O = 2.70 and dK-O = 2.86 Å, respectively, 

forming in the O9-coordination environment at the K+ cation. 

The XPS spectra were also consistent with the ratio of K : 2 : 

HSO4
− = 1 : 1 : 3, which is likewise consistent with the formula 

of the single-crystal X-ray structural analysis. Therefore, the 

charged state of  [K+(H222+)(HSO4
−)3]·4H2O is the most 

reasonable crystal formula, which differs substantially from the 
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mixed protonated single-crystals of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]. Slight 

modulation of the cation size from Na+ to K+ drastically altered 

the M+-coordination environment and packing structure. The 

coordinated structures of [K+(H222+)(HSO4
−)3] interacted weakly 

with the -stacking interaction at the terminal benzene units 

and the N−H•••O= and N−H+•••O= hydrogen-bonding 

interactions between the terminal and NH2 and –NH3
+ groups of 

H222+ and the other two HSO4
− anions along the c-axis (Fig. 6b). 

H2O molecules are present in the space between the hydrogen-

bonding networks in the ac-plane. The 1D hydrogen-bonding 

chain of (HSO4
−)∞ was elongated along the c-axis via K+ 

coordinated HSO4
−, and the O−H•••O= hydrogen-bonding 

interaction between HSO4
− anions was also observed along the 

b-axis. The two-dimensional (2D) hydrogen-bonding network 

was extended in the bc-plane.       

 

 

Fig. 6. Crystal structure of [K+(H222+)(HSO4
−)3]·4H2O at 100 K. Unit cells a) viewed 

along the a-axis and b) along the b-axis. Both H2O and I− were omitted for clarity. 

Dielectric behavior and proton conductivity. 

The temperature (T) and frequency (f) dependent dielectric 

responses were evaluated in hydrated crystals of 

[M(2)(H2SO4)3]·nH2O and dehydrated [M(2)(H2SO4)3] for M+ = 

Na+ and K+ (Figs. S14-S17). The dielectric constants are sensitive 

to the motional freedom of the polar structural unit and the 

presence of ionic conductivity in the molecular assembly.66 A 

parallel circuit of resistance (R) and capacitance (C) is utilized for 

the analyses of proton conductivity. When the system is a 

perfect insulator, the contribution from R component is 

negligible for the analysis. The proton conductivity is largely 

influenced by the humidity of measurement condition. 

Therefore, almost the non-humidity condition under the dry N2 

condition was utilized for the T- and f-dependent dielectric 

measurements. The hydrated crystals of [M(2)(H2SO4)3]·nH2O 

had multiple motional freedoms of Na+, K+, H+, HSO4
−, and H2O; 

this was responsible for the T- and f-dependent dielectric 

constants. The long-range motional freedoms of M+ and H+ 

indicate their ionic and protonic conductivities, respectively. 

Figs. 7a and 7b show the imaginary component dielectric 

constant (2) of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]·6H2O and 

dehydrated [(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25] on 

the compressed pellets. The dehydrated sample was covered 

with an epoxy rinse to prevent H2O adsorption during dielectric 

measurement. The 2 value corresponds to the dielectric loss 

from the contribution of the conductivity. The appearance of 

the T- and f-dependent2 peaks was consistent with the 

motional freedom in the hydrated crystals of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]·6H2O, where 2 

peaks at f = 100 and 316 Hz were observed at 260 and 300 K, 

respectively. The absolute 2 values at 300 K reached 2 = 740 

for 1 kHz and 2 = 330 for 10 kHz. In contrast, monotonic 2 

enhancement up to 400 K was observed at low-f measurement 

conditions for the dehydrated crystals of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25], where the 2 

values at f = 1 and 10 kHz were observed at 2 = 11 and 2 = 3, 

respectively; these were approximately two orders of 

magnitude smaller than those of the hydrated crystals. The 

existence of polar H2O molecules contributed to the poor 

motional freedom and large dielectric loss of ionic conductivity. 

In the crystal structure of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]·6H2O, the cation 

of Na+ was present inside the cavity of the [18]crown-6 unit 

bridge formed by axial H2O molecules, which was in accordance 

with the insufficient Na+ conductivity in the bulk. However, the 

2D hydrogen-bonding network of mixed protonated acidic 

(HSO4
−)2.75(H2SO4)0.25, aided by H2O molecules, can contribute to 

the H+ conductivity (H+). Therefore, the presence of H+ 

resulted in dielectric loss under the low-f measurement 

condition. 

 

 

Fig. 7. T- and f-dependent dielectric responses and proton-conducting behavior of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]·6H2O. The 2 responses of the a) 

hydrated and b) dehydrated crystals. c) Hydrogen-bonding network of HSO4
− and 

H2SO4 along the b-axis, where six species of A, B, C, D, E, and F were the 
independent molecules. d) T-dependent Cole–Cole plots of the hydrated crystals 
on the compressed pellets covered by epoxy rinse. 

Fig. 7c shows the O−H•••O= hydrogen-bonding network of 

HSO4
− and H2SO4 along the b-axis, where anionic HSO4

− and 

neutral H2SO4 coexisted in the network via the hydrogen-

bonding interactions of –NH2 and –NH3
+ groups at H222+ and 

H2O. The complicated hydrogen-bonding network and presence 
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of H+ carriers indicate the H+ value for the hydrated crystals of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]·6H2O.  

Fig. 7d shows the T-dependent Cole–Cole plots for the 

evaluation of H+ values. The H+ = 2.23 μS cm−1 at 299 K 

increased up to 15.4 μS cm−1 at 341 K. The T-dependent H+ 

values followed an Arrhenius plot, and the activation energy (Ea) 

was obtained at 640 meV for a typical proton-conducting 

material (Fig. S14). The Ea of nafion films were obtained at ~360 

meV (240~298 K) and ~670 meV (140~240 K), where the liquid- 

and solid-like H2O molecules played an important role to decide 

the Ea values.67 The Ea value of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]·6H2O was similar 

to that of low-T nafion film, suggesting in the less mobile H2O 

environment. After the complete dehydration of 

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25], the magnitude 

of the dielectric loss was suppressed without proton-conducting 

behavior, with no semicircular traces in the Cole–Cole plots (Fig. 

S15). The participation of H2O molecules in the hydrogen-

bonding network produced the H+ value, with the help of a 

flexible hydrogen-bonding structure for H+ transport. Complete 

H2O removal from the crystals suppressed the H+ hopping 

process and the motional freedom of HSO4
− and H2SO4 in the 

bulk.    

     

 

Fig. 8. Motional freedom and dielectric responses of [K+(H222+)(HSO4
−)3]·4H2O. T- 

and f-dependent dielectric responses of a) the hydrated crystals of 
[K+(H222+)(HSO4

−)3]·4H2O and b) the dehydrated crystals of [K+(H222+)(HSO4
−)3]. c) 

T-dependent Cole–Cole plots of the hydrated crystals of [K+(H222+)(HSO4
−)3]·4H2O. 

d) Schematic images of thermally activated motional freedom for the axially 
coordinated HSO4

− anion at the K+ site. 

Figs 8a and 8b show the T- and f-dependent 2 responses of 

hydrated [K+(H222+)(HSO4
−)3]·4H2O and dehydrated 

[K+(H222+)(HSO4
−)3], respectively. The 2 values of the former 

crystals were approximately two orders of magnitude higher 

than those of the latter. At a fixed f-value of 100 Hz, 2 = 55000 

at 350 K for hydrated [K+(H222+)(HSO4
−)3]4·H2O was much larger 

than the 2 = 580 at 350 K for dehydrated [K+(H222+)(HSO4
−)3]. 

The 2D hydrogen-bonding network of HSO4
− supplemented by 

H2O molecules exhibited proton-conducting behavior similar to 

that of [(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]·6H2O. Fig. 

8c summarizes the T-dependent Cole–Cole plots of 

[K+(H222+)(HSO4
−)3]·4H2O. T-dependent semicircular traces were 

observed in the typical proton-conducting behavior. The Ea = 

420 meV (Fig. S16) for [K+(H222+)(HSO4
−)3]·4H2O was ~200 meV 

smaller than that of the hydrated Na+ salts (Ea = 640 meV), and 

the H+ = 22.7 μS cm−1 at 341 K for the hydrated 

[K+(H222+)(HSO4
−)3]·4H2O was 1.5 times higher than that of H+ = 

15.4 μS cm−1 at 341 K for Na+ salts. The connectivity and 

dimensionality of the hydrogen-bonding network of HSO4
− with 

the aid of H2O molecules determines the magnitude and 

activation energy of the proton-conducting behavior. The redox 

active and proton conducting MOF and ionic framework have 

been prepared for the application of proton – electron hybrid 

conducing electrode materials.68,69 After H2O removal from the 

hydrated crystals of [K+(H222+)(HSO4
−)3]·4H2O, the proton-

conducting pathway was limited to reduce the H+ value to 

below 1.96 μS cm−1, whilst Debye-type dielectric relaxation was 

observed in the f-dependent 2 peaks in the 2–T plots of 

[K+(2)(HSO4
−)3] (Fig. 8b). The 2 peaks at f = 0.1, 0.316, and 1 kHz 

shifted to 360, 378, and 393 K, respectively (Fig. 8b). Motional 

freedom in the dehydrated crystals of  [K+(H222+)(HSO4
−)3] was 

observed under the thermally activated fluctuation of the polar 

HSO4
−, where the two types of HSO4

− anions were present at the 

axially coordinated site (Fig. 8d) to the K+ cation and the 

hydrogen-bonded HSO4
− around the [K+(2)(HSO4

−)] units. 

Distinguishing between these two motions was difficult in terms 

of the dielectric responses. However, the suppression of the H+ 

values realized motional freedom of polar HSO4
− in the 

dehydrated crystals. The thermally activated fluctuation for 

HSO4
− anions was observed at Ea = 545 meV (Fig. S17), which 

was ~100 meV larger than the Ea value of the proton 

conductivity. 

Conclusions 

The electron-accepting –NO2 and electron-donating –NH2 

groups were introduced into the ion-recognized 

dibenzo[18]crown-6 (DB18C6), forming a weak electron 

acceptor, tetranitro-DB18C6 (1), and a strong electron donor, 

tetraamino-DB18C6 (2). The electron donating ability of 2 was 

~0.29 V larger than that of the typical electron donor of TTF. 

Effective modulation of the redox behavior was not observed in 

1 and 2 under the addition of Li+, Na+, and K+ in DMSO, 

suggesting insufficient ion recognition inside the cavity of 

DB18C6. Single crystals of [M(1)I]·nCH3CN revealed M+-

dependent molecular and packing structures. The crystal 

structure of [Rb(1)I]·3CH3CN was constructed from the cage-like 

dimer structure of [Rb(1)I]·2CH3CN, whilst the crystal structure 

of [Cs(1)I] formed a 1D coordination polymer via effective axial 

NO2•••Cs+ coordination. Electron donor 2 simultaneously 

realized proton-accepting abilities; it readily generated the di-

protonated H222+ state under acidic conditions. The electron 

donating ability of the di-protonated H222+ was ~0.24 V lower 

than that of the neutral 2. Single-crystals of  

[(Na+)0.25(H3O+)0.5(H222+)(HSO4
−)2.75(H2SO4)0.25]·6H2O and 

a) b)

c) d)
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[K+(H222+)(HSO4
−)3]·4H2O were isolated (via crystallization) from 

a diluted H2SO4 solution. The former Na+ crystals generated the 

ionic channel of 

•••(Na+)0.5(H222+)•••H2O•••(H3O+)(H222+)•••H2O•••, as 

determined by single-crystal X-ray structural analysis, XPS 

photoelectron spectroscopy, and elemental analysis. The mixed 

proton-transferred state of (HSO4
−)2.75(H2SO4)0.25 was assumed, 

to compensate for the charge valance of the single-crystals. In 

contrast, an isolated coordination structure of 

[K+(H222+)(HSO4
−)] was observed in single-crystals of 

[K+(H222+)(HSO4
−)3]·4H2O. The two oxygen atoms of the HSO4

− 

anion were axially coordinated to the K+ cation inside the H222+ 

cavity. In both single-crystals, the anionic HSO4
− formed an 

O−H•••O= hydrogen-bonding network with the aid of H2O 

molecules; this produced a proton-conducting pathway at a 

proton conductivity of 23 μS cm−1. However, the dehydration of 

H2O molecules suppressed the formation of a suitable proton-

conducting hydrogen-bonding network. The simultaneous 

implementation of redox properties and proton conduction can 

produce an ion–electron molecular coupling system, a concept 

that has been observed in biological energy transfer and 

conversion systems. 
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