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Dynamics of proton, ion, molecule, and crystal lattice in functional 
molecular assemblies 

 

Tomoyuki Akutagawa,* Takashi Takeda and Norihisa Hoshino
 

Dynamic molecular processes, such as short- or long-range proton (H+) and ion (M+) motions, and molecular rotations in 

electrical conducting and magnetic molecular assembly enable to fabricate the electron – H+ (or M+) coupling system, 

while crystal lattice dynamics and molecular conformation changes in hydrogen-bonding molecular crystals have been 

utilised in external stimuli responsible reversible gas-induced gate opening and molecular adsorption/desorption behavior. 

These dynamics of the polar structural units are responsible for the dielectric measurements. The H+ dynamics formed the 

ferroelectrics and H+ conductors, while the dynamic M+ motions of Li+ and Na+ involve ionic conductors and the coupling to 

the conduction electrons. In n-type organic semiconductor, the crystal lattices are modulated by replacing M+ cations, such 

as Li+, Na+, K+, Rb+, and Cs+. The use of a polar rotator or inverison structures suhc as alkyl amide, m-fluoroanilinium cation, 

and bowl-shaped trithiasumanene -core enable the formation of ferroelectric molecular assembly. The host–guest 

molecular systems of ESIPT fluorescent chromic molecule showed interesting molecular sensing properties using various 

bases, where the dynamic transformation of the crystal lattice and the molecular conformational change were coupled to 

each other. 

1. Introduction 

In contrast to inorganic materials, low-molecular-weight 

organic materials are ideally suited for designing purpose-built 

molecular assemblies and electronic structures. Among the 

closest-packing structures in solids, the short- and long-range 

motion of protons (H+) and ions (M+), not to mention molecular 

rotational freedom, can be introduced into molecular assemblies 

to achieve partially melted, dynamic crystal lattices.1 A vast 

array of physical properties can be realised using these dynamic 

molecular assembly structures. For example, the collective 

vibrations in periodically arranged atoms or molecules in the 

crystal lattice have been recognised as phonons with 

temperature (T)-dependent behaviour, which affects the 

electrical and thermal conductivities of the lattice.2 In addition, 

the energy range of H+ and M+ dynamics in solids, although 

distinctly different from the phonon energy, has the potential to 

influence the physical properties of molecular assemblies (Fig. 

1). Herein, we focus on the various types of thermally activated 

dynamics of H+, M+, molecular rotation, lattice transformation, 

and molecular conformational change reported in the molecular 

assemblies of low-molecular-weight organic compounds.1 In 

general, dynamic processes (disorder) diffuse phonon 

dispersion and detracts from the impressive electrical 

conductivity and superconductivity of single crystals.3 

Nevertheless, these dynamics play an important role in 

furnishing biological molecular assemblies with excellent 

functionality, where the H+-pump, M+-channel, and molecular 

motor work simultaneously to achieve energy conversion 

efficiencies approaching 100%.4 This study primarily aims to 

design artificial molecular assemblies with functionalities 

comparable to those of biological systems. We believe that this 

study has the potential to revolutionise the field of material 

chemistry. 

     Electron dynamics within the crystal lattice directly affect 

the electrical conductivity, magnetism, and optical properties of 

molecular crystals.5 For instance, the effective overlap of 

partially filled -molecules of tetrathiafulvalene (TTF) or 

7,7,8,8-tetracyano-p-quinodimethane (TCNQ) form a partially 

filled one-dimensional (1D) -band in the segregated stacked 

charge-transfer (CT) complex of (TTF)(TCNQ), which confers 

the complex with metallic electrical conductivity up to a 

temperature of 53 K and also results in a Peierls transition to 

compensate for the electronic stabilisation and lattice distortion 

of the 1D system.6 The weight of H+ is 1836 times greater than 

that of an electron (e−), which restricts the motional freedom of 

H+ during molecular assembly. However, intra- and 

intermolecular H+-transfer (PT) have been extensively 

examined in terms of memory,7 laser oscillations,8 and emission 

materials.9 In addition, applications involving ferroelectrics and 

fuel-cells are directly associated with the short- and long-range 

motional freedom of H+ in molecular assemblies.10,11 The 
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chemical control and design of these H+ dynamics in molecular 

assemblies are crucial for improving device performance. For 

example, short-range H+ dynamics generate a ferroelectric 

response in the double-well potential energy curve,10 while 

long-range H+ dynamics have been discussed with regard to H+ 

conduction via the Grötthuss and Vehicle mechanisms.12 

The design of dynamic molecular assembly environments is 

complicated for situations where the number of M+ ions far 

exceeds that of H+ ; however, such situations do facilitate the 

development of specific physical properties such as ion 

conduction, supercapacitance, and ion selective channel 

formation.13 Biological systems, in particular, typically exhibit 

large coupled ionic channels, such as Na+−K+, Na+−Ca2+, 

whereby the electrical signals transmitted through the 

membrane regulate activity and gate ionic transport in the 

system.14 Small monovalent cations, such as Li+ (ionic radius, ri 

= 0.59 Å), Na+ (ri = 0.99 Å), and Ag+ (ri = 0.81 Å), sometimes 

give rise to diffusion dynamics and ionic transport phenomena 

in molecular assemblies.15 Moreover, the short-range motional 

freedom of M+ ions is essential to generate polarity in inorganic 

ferroelectrics, which polar structure is classified to atomic 

displacement type dipole inversion mechanism found in 

BaTiO3.
16 In contrast, the long-range motional freedom of M+ 

ions corresponds to the ionic conduction rather than 

ferroelectric behaviour. For instance, the control of Li+ 

dynamics is vital to current electronic devices.17 In organic 

materials, many Li+ conductors based on polymers have been 

developed to improve the conductivity and stability of 

secondary Li+ batteries.18 Recently, Na+ and Mg2+ ionic 

conductors have also attracted attention for increasing cell 

capacity without using rare-earth metals.19 Achieving diffusion 

dynamics with heavy-weight cations such as Rb+ and Cs+ is 

challenging, and normally results in thermally activated 

fluctuations. 

Furthermore, it is difficult for molecules to exhibit diffusion 

dynamics in molecular assemblies. However, single crystals 

constructed from spherical molecules such as adamantane (AD) 

and C60 have demonstrated the order–disorder phase transition 

of the rotational dynamics for each molecule in the crystal 

lattice,20 with such crystals have known as rotator-phase or 

plastic crystals.21 To clarify the rotation mechanism, the 

dynamics in these molecular assemblies have been studied by 

T-dependent X-ray structural analysis, solid-state nuclear 

magnetic resonance (NMR), dielectric spectra, neutron inelastic 

scattering, and optical spectra.21 Simple rotation dynamics have 

been examined in methyl (–CH3) groups of hexamethylbenzene 

crystals.22 Various dynamics in molecular assemblies permit 

thermally activated motional freedoms in the case of small 

volume changes between the dynamic rotation and frozen states. 

The presence of large-amplitude motional freedom 

accompanied by a large apparent volume change destroys the 

crystal lattice, indicating melting or sublimation without 

dynamic rotation. Nevertheless, orientation disorder is 

frequently observed in X-ray structural analyses of single 

crystals, complicating the task of differentiating dynamic and 

static environments.23 Therefore, additional measurement 

techniques are needed to determine the presence of dynamic 

behaviour. However, it should be noted that relatively large 

structural units exhibit dynamic behaviour in the unit cell. For 

instance, solid-state molecular rotators and host–guest 

molecular crystals with specific hydrogen-bonding 

characteristics display large-amplitude dynamics in the crystal 

lattice.24,25 Recently, the elastic and plastic deformations of 

molecular crystals have been examined to understand 

mechanical responses and intermolecular interactions in single 

crystals exhibiting subtle orientation changes for each 

molecule.26 

In contrast to single crystals, molecular rotations are 

allowed in the less ordered plastic and liquid crystal phases, 

where the random rotations of rod-like, disc-shaped, and 

spherical molecules are thermally activated in the mesophase 

between the ordered crystal and liquid phases.21,27 Sufficient 

intermolecular interactions occur in these mesophases to 

maintain the molecular arrangement and prevent melting. In 

plastic crystal phases, isotropic three-dimensional (3D) 

rotation,20 uniaxial 1D rotation of n-alkane crystals,27 and in-

plane rotation of disc-shaped molecular crystals28 have been 

observed across diverse molecular systems. These dynamic 

molecular rotations cause an interesting order–disorder 

structural phase transition, which, unfortunately, is almost 

independent of the physical properties. Calamitic liquid crystal 

phases show structural diversity across differently oriented 

states from nematic (N) to smectic (SmA, SmC, SmB, and 

SmE) phases.29 Similarly, discotic liquid crystal phases 

comprising disc-shaped molecules have a variation in the 

ordering state of each molecule from discotic nematic (ND) to 

hexagonal columnar (Colh) and rectangular columnar (Colr) 

phases,30 with the latter two assemblies obtained during the 

stacking of each molecule along the 1D column. In liquid 

crystal phases, rod-like and disc-shaped molecules rotate 

thermally along the long axis and the normal to the disc-plane 

of the molecules, respectively, with the rotation axis termed the 

director.29 Typical liquid crystalline molecules have long alkyl 

chain(s), which are completely melted in the liquid crystal 

phase and rapid transformation between gauche- and trans-

conformations occurs at the C−C−C bonds. Therefore, 

relatively large-amplitude molecular dynamics are permitted in 

liquid crystal phases, which can be utilised for the design of 

dynamic environments that can couple with physical properties. 
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Fig. 1. Variation of dynamics; H+, M+, molecules, conformation, and crystal 
lattices in functional molecular assemblies. Molecular structures for fabricating 
dynamic molecular assembly in this review.  

Dynamic transformation of the crystal lattice has been 

reported in hydrogen-bonded organic frameworks (HOFs),31 

which can exhibit reversible gas and/or molecular adsorption–

desorption behaviours. The formation of hydrogen-bonding 

host−guest molecular crystals has been established in previous 

studies, making them promising candidates for reversible 

adsorption–desorption systems for guest molecules.32 No voids 

are present in the closest-packing structure of the host lattice, 

thus minimising the vacuum space for the stabilisation of the 

lattice energy. However, external stimuli, such as gas or 

molecular adsorption above the threshold pressure, form a new 

crystalline space for guest molecules to form hydrogen bonds 

with the host crystal lattice, indicating the reversible gate 

opening adsorption–desorption behaviour.31 This type of 

dynamic crystal lattice transformation is dominated by multiple 

intermolecular interactions with different energy scales, 

including electrostatic, hydrogen-bonding, and van der Waals 

interactions,32–34 where the host molecules are bonded by 

hydrogen-bonding interactions and the guest molecules interact 

weakly with the host lattice via van der Waals interactions. The 

latter can be easily modulated by external stimuli associated 

with the guest adsorption–desorption processes. Therefore, 

relatively high-energy hydrogen-bonding is utilised to maintain 

the host crystal lattice, and dynamic structural reconstruction 

occurs with the aid of weak van der Waals interaction sites 

during the guest adsorption–desorption cycles. The diversity 

and anisotropy of the intermolecular interactions in molecular 

assemblies are fundamental in constructing dynamic hydrogen-

bonding crystal lattices, where dynamic crystal lattice 

transformations sometimes accompany molecular 

conformational changes and optical responses. Various 

dynamics in molecular assemblies have been utilised for the 

design of functional molecular materials (Fig. 1). Although the 

dynamics of H+ and Li+ are dominated by small amplitude 

structural modulation, molecular motion and lattice 

transformation accompany large magnitude change. Therefore, 

dynamics in molecular assembly has a scale from H+, M+, 

molecule, conformational change, and lattice modulation. 

Short- and long-range dynamics of small size H+ show 

ferroelectricity and bulk H+ conductivity in TCNQ salts. Short- 

and long-range M+ motions in the cavity of crown ethers also 

appeared the structural phase transition and ionic conductivity, 

which was coupled with the electronic structure of the -system. 

Dynamics of the polar molecule and polar hydrogen-bonding 

unit have been utilized for an origin of ferroelectricity, while 

the bowl-to-bowl inversion of non-planar -system has been 

also applied for the ferroelectricity. Molecular tautomerism in 

the excited state is a keto – enol H+ dynamics applying for 

molecular sensing behaviour. Hydrogen-bonding molecular 

assemblies become a candidate of structurally dynamic system 

responsible for the outer stimuli. There are variety type of 

dynamics in molecular assemblies, which can be coupled with 

physical properties such as H+ conduction, M+ conduction, 

ferroelectricity, molecular sensing, molecular sorption 

behaviours. Herein, we introduce the representative results of a 

dynamic molecular system. 

2．Evaluations of dynamics 

Evaluating molecular assembly dynamics requires several 

measurement techniques; almost all the dynamic molecular 

assemblies are observed in the high-T disordered phase after 

transitioning from the low-T ordered state. The simplest 

measurement technique is the use of polarised optical 

microscopy (POM) under the cross-Nicole arrangement, which 

reveals changes in the birefringence between domains. Each 

liquid crystal state, such as N, SmA, and SmC, can be 

characterised based on its texture.35 In addition, differential 

scanning calorimetry (DSC) directly determines the phase 

transition temperature (Tc) and enthalpy change (H); in 

particular, the first-order phase transition manifests as a sharp 

phase transition peak, whereas the secondary order phase 

transition is represented by a notably broader phase transition 

peak. Significantly, conventional DSC measurements yield the 

change in transition entropy (S), which is useful for 

determining the change in the degree of motional freedom due 

to the phase transition. The magnitude of S is expressed as 

 

 S =  H/T = R ln (WH/WL),     (1) 

 

where R, WH, and WL are the gas constant and the degrees of 

freedom for the high-T and low-T phases, respectively. When 

the two orientations are observed at the high-T phase (WH = 2 

and WL = 1), S is obtained as ln(2) = 5.76 J K−1 mol−1. For the 

above case, S is a constant and the H values at Tc = 10 and 

300 K are 57.6 and 1730 J mol−1, respectively. 
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Fig. 2. Techniques for measuring dynamic molecular assembly. (a) T-dependent 
changes in the orientational disorder from single-crystal X-ray structural analyses. 
(b) An equivalent electrical circuit for a typical molecular material. (c) Dielectric 
response and P–E hysteresis curves corresponding to the ferroelectric–
paraelectric phase transition. (d) Theoretical calculation of the stepwise 
rotations for Ani+ and AD-NH3

+ on DB[18]crown-6. A plot of the relative energy 
change (E, kJ mol−1) and rotation angle () for Ani+ (red) and AD-NH3

+ (black) 
rotators, which have two- and three-fold rotational symmetry, respectively. 
Figure modified from Ref. 38. Copyright 2005 American Chemical Society.  

Other measurement techniques, including T-dependent 

single-crystal X-ray structural analysis, dielectric spectroscopy, 

neutron inelastic scattering, optical spectra, solid-state NMR, 

and theoretical calculations are useful for assessing dynamic 

behaviour in molecular assembly.36 In particular, T-dependent 

solid-state NMR spectroscopy is a powerful measurement tool 

for observing the local dynamic environment by using a 

different probe for each nuclear spin.37 For instance, selectively 

deuterated species in molecular assemblies can be probed by 2H 

NMR spectroscopy. Herein, we introduce the key concepts of 

T-dependent X-ray crystal structural analyses, dielectric 

spectroscopy, and theoretical calculations in relation to the 

evaluation of dynamic molecular assemblies. 

 

2.1. Single-crystal X-ray structural analysis 

T-dependent powder X-ray diffraction (PXRD) is the standard 

technique used to identify plastic crystal and liquid crystal 

phases. Long-range lattice periodicity is indicated by sharp 

Bragg diffraction peaks, while a broad hallow is typically 

observed for amorphous or liquid phases, which have a short-

range correlation length. In the liquid crystalline Sm phase, 

sharp diffraction peaks are observed in the low-angle region 

below 2 ~ 10° for the layered periodicity, and the complete 

melting state of alkyl chains is confirmed by the appearance of 

a broad diffraction peak around 2 ~ 20°.29 No in-plane 

periodicity is observed for the SmA and SmC phases, which do 

not exhibit sharp diffraction peaks around 2 ~ 20°. Symmetry 

lowering during the transition from the crystal to plastic crystal 

phase decreases the number of sharp Bragg diffraction peaks 

drastically. Therefore, T-dependent PXRD measurements 

provide important insights into the phase transition behaviour 

from the ordered phase to the dynamic disordered phase.21 

    Single-crystal X-ray structural analysis is applied to 

determine the molecular and packing structures, where 

orientational disorder is sometimes observed in the overlap of 

multiple orientations, leading to the sum of each occupation 

factor becoming unity. Usually, differentiating static and 

dynamic orientational disorder is difficult; however, in certain 

cases, dynamic behaviour can be identified from T-dependent 

structural analyses. For instance, when the space group and 

lattice parameter are almost independent of the T-change, 

observing the second new orientation in the high-T structural 

analyses implies the transformation from static to dynamic 

molecular assembly. T-dependent single-crystal X-ray 

structural analyses of Cs+
2([18]crown-6)[Ni(dmit)2]2 crystals 

have shown the same space group (P-1) and consistent lattice 

parameters at 100–350 K.38 In addition, the non-disordered 

[18]crown-6 structure was observed at 100 K, while the second 

disordered orientation emerged at T ~ 240 K (Fig. 2a). These 

two [18]crown-6 orientations overlapped each other at T > 240 

K, for which the occupation factor was approximately 0.5:0.5. 

In addition, the anisotropic thermal ellipsoid of oxygen and 

carbon atoms was larger in the crystal structures at high-T than 

at low-T, suggesting the thermally activated six-fold in-plane 

rotation of the disc-shaped [18]crown-6 molecules in single 

crystals. These results were consistent with the T-dependent 

solid-state 1H NMR and 133Cs NMR spectra.38 When the in-

plane rotation symmetry was three-fold, the two orientations 

overlapped each other and the dynamics were difficult to 

distinguish via T-dependent X-ray structural analysis. 

 
2.2. Dielectric measurements 

The electric circuit of dielectric materials is consistent with a 

parallel circuit including the intrinsic resistance (Rs) and 

capacitance (Cs), together with the parasitic reactance and the 

parasitic resistance of the measurement cable (Fig. 2b).39 The 

latter two components can be removed by the guard 

measurement technique by using a biaxial cable at a 

measurement frequency (f) below 10 MHz. Samples with a 

small Rs value correspond to electrical conductors, while those 

with a large Rs value become insulators or dielectrics. In fact, 

both components contribute to the solid state electrical 

property; therefore, the Rs and Cs components are separately 

measured using AC impedance spectroscopy for both the T- 

and f-sweeping modes. Typically, a T-range from 4~400 K and 

a f-range from 100 Hz~1 MHz are utilised in the four-probe 

method, where the real and imaginary parts of the dielectric 

constants 1 and 2 are represented as 

 

   1 = (s/r)[B / (20 f )]       (2) 

and 

   2 = (G − DC) / f,         (3) 

 

respectively. Here, G and B are the conductance and 

susceptance, respectively, while s, r, 0, and DC denote the 

measurement area, the distance of the electrodes on sample, the 

dielectric constant in a vacuum, and the DC electrical 

conductivity, respectively.39 The dielectric constant is 

composed of three independent polarisations representing 

electrons, ions, and the orientation, while the orientational 

freedom of the dipole moment can be monitored by AC 

impedance spectra from f = 100 Hz–10 MHz. However, 

dielectric spectroscopy is less effective for investigating 

dynamics that do not involve a change in dipole moments. 

Ferroelectrics show a sharp dielectric peak at Tc, which 

indicates the transition from a low-T ferroelectric to a high-T 

paraelectric phase (Fig. 2c).40 The Tc value is independent of 

the measured f value, while the peak intensity depends on the f 

value. Typical order–disorder organic ferroelectrics are 

associated with dielectric peaks at low-f conditions around 100 

Hz–10 kHz.41 Ferroelectrics are characterised by typical 

hysteresis behaviour in the polarisation–electric field (P–E) 

curve, and the lowering of crystal symmetry at the ferroelectric 

phase reactivates second harmonic generation (SHG) and the 

pyroelectric current.40 However, the contribution of the Rs 

component increases the leak current and results in an unclear 

P–E hysteresis curve, which can be improved by a new P–E 
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measurement method involving a double-wave Positive Up 

Negative Down (PUND) measurement.42 

Thermally activated dipole fluctuations without 

ferroelectric ordering have been observed in T- and f-dependent 

dipole relaxation process,39 where the f-dependent 1 and 2 

responses indicate a step-like drop and a peak, respectively. 

Plotting T- and f-values for each 2 peak yields a linear 

relationship in accordance with Arrhenius-type thermally 

activated behaviour with an activation energy (Ea). The 1–2 

plots (also known as Cole–Cole plots) show a semi-circular 

profile, and the relaxation time () is obtained from the top f 

value of the semicircle. For ionic conductors, the ionic 

conductivity (i) can be determined by the cross-sectional point 

of the horizontal 1 axis.43 Single-crystal measurements can be 

useful for evaluating anisotropic dielectric constants, depending 

on the dimensionality of the dynamics of the polar structural 

unit. For instance, H+ dynamics along the 1D hydrogen-

bonding chain were observed along the hydrogen-bonding 

direction, while there was no response along the measurement 

normal to the 1D chain. Therefore, the dielectric measurement 

using pellet sample unclarified the dielectric peak. Elucidating 

the dielectric anisotropy allows the mechanism of the molecular 

assembly dynamics to be discussed. 

 
2.3. Theoretical calculations 

Intra- and intermolecular H+-transfer in the hydrogen-bonding 

network and molecular rotation in single crystals have been 

discussed with reference to theoretical calculations of the 

potential energy curve along the motional coordinates. When 

the atomic coordinates are obtained via single-crystal X-ray 

structural analysis, the dynamic units, such as H+, or molecules 

are virtually moved to calculate the total energy for each atomic 

coordinate. For instance, the potential energy curves for the 

molecular rotations of anilinium (Ani+) and 

adamantylammonium (AD-NH3
+) ions on [18]crown-6 have 

been obtained through the virtual rotations of Ani+ and AD-

NH3
+, thereby clarifying the two- and three-fold rotational 

symmetry of Ani+ and AD-NH3
+, respectively, according to the 

molecular structures of the rotators.44 Isolated rotator – stator 

structure usually shows free rotation with small magnitude of 

rotation barrier around several kJ mol−1. However, the rotation 

energy is closely affected by the nearest-neighbouring unit in 

the closet-packing structure, which shows steric hindrance for 

the rotations. Although rotational symmetry was reproduced in 

the calculation, the magnitude of the potential energy barrier 

(E) was inconsistent with the experimental value. In the 

present calculation, only the nearest-neighbouring units were 

considerably included in the calculations. However, the 

collective motion of crystal lattice plays an important role to 

deform and relax the steric hindrance for the molecular rotation, 

which decreased an actual rotation barrier. The thermal energy 

at 300 K (kBT ~ 2.3 kJ mol−1) was considerably smaller than the 

calculated E value.44 However, actual molecular rotations 

were observed in the dielectric and solid-state NMR 

measurements for a relatively large E of approximately 100 kJ 

mol−1,45 where the collective lattice distortion effectively 

decreased the E value. 

A simple hydrogen-bonding system has been discussed in 

the double-well potential energy curve for the H+ coordinate. 

When the sum of kBT and the applied outer energy (Eout) is 

larger than E, PT and dipole inversion occur in the hydrogen-

bonding network. Homo-type hydrogen-bonding systems, such 

as O−H•••O and N−H•••N, which possess the same 

heteroatoms, form a symmetrical double-well potential energy 

curve for the PT process, while the hetero-type systems, such as 

N−H•••O and O−H•••N, which possess two different 

heteroatoms produce an asymmetrical double-well potential 

energy curve and tend to exhibit H+ localising on one side of 

the heteroatom.46 In general, the PT process occurs readily in 

homo-type hydrogen-bonding networks. In addition, the 

magnitude of the potential energy barrier,E, is an important 

parameter governing proton-transfer, where strong hydrogen-

bonding interactions with short X•••X distances (dX-X) decrease 

the magnitude of E. A relatively strong hydrogen-bonding 

interaction was observed at dO-O <2.5 Å in the O-H•••O 

hydrogen-bonding structure, which shows a single minimum 

potential energy curve in the absence of intermolecular proton-

transfer. In the single minimum potential energy curve, the 

order-disorder phase transition of the protonic orientation 

should be completely suppressed. The quantum paraelectric 

state, arising due to the quantum protonic frustration, was 

observed in the low temperature phase in the absence of the 

protonic ordering ground state. Lowering in the E of the 

double-wall potential energy curve is favorable for 

intermolecular proton transfer and order-disorder phase 

transition at relatively low temperatures. In the ferroelectric 

phase, the coercive electric field (Eth) is also decreased by low 

E caused by lowering the dipole inversion energy, whereas the 

elongation of the intermolecular hydrogen-bonding distance 

increases the dipole moment,  and remanent polarization (Pr). 

3．Dynamics of H+ 

In contrast to e− dynamics, molecular assemblies are rarely 

designed to promote H+ dynamics. Hydrogen can exit at three 

different form of hydride (H−), hydrogen atom (H•), and proton 

(H+), which transfer and storage are important technologies in 

the environmental friendly energy consumption. Hydride (H−) 

ions are an interesting hydrogen species, with H−-transfer 

playing an important role in chemical reactions in biological 

systems such as nicotinamide adenine dinucleotide (NADH).47 

Incorporating functional molecular assembly with the H−-

transfer process is a major objective in the design of physical 

properties. Although our next target is chemical control of 

dynamic behaviour of H− species in molecular assembly, there 

is no ideal for controlling in the dynamics of H− to associate 

with physical property. Herein, we focus predominantly on 

short- and long-range PT systems as well as H+−e− coupling 

phenomena in electrically conducting molecular assemblies. 

 

3.1. Short-range H
+
 motion 

The H+ dynamics in the X−H•••Y(X) hydrogen-bonding 

network show thermally activated fluctuation states between 
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X−H+•••Y(X) and X•••H+−Y(X) structures, whose motion is 

dictated by the double-minimum potential energy curve for the 

H+ coordinate.46 Simply, intermolecular PT can be controlled 

via the acidity (pKa) of the H+ donor (HD) and the acidity of the 

conjugated acid of the H+ acceptor (HA+).48 In the 

X−H+•••Y(X) system, pKa value differences, pKa = pKa(HD) – 

pKa(HA+), are a useful indicator of the PT state in molecular 

assemblies. When pKa approaches zero, a strong hydrogen-

bonding interaction with a small E is observed.49 Strong 

hydrogen-bonding interactions decrease the E value, resulting 

in a single-minimum (rather than double-minimum) potential 

energy curve. For example, a single-minimum potential energy 

curve has been observed in strong O•••H•••O hydrogen-

bonding interactions with an O•••O distance less than 2.4 Å; in 

such cases, the H+ exists at the midpoint between the two O 

atoms.34,49,50 The intramolecular hydrogen-bonding system has 

a tendency to form relatively strong interactions. For instance, 

quantum H+ tunnelling in strong zero-dimensional O•••H•••O 

hydrogen-bonding interactions has been reported in 5-bromo-9-

hydroxyphenalenon and ferroelectric K+H2PO4
−

 (KDP) 

crystals.51,52 Furthermore, keto (=O) and enol (−OH) 

tautomerism shows an interesting structural and electronic 

transformation, and the excited-sate intramolecular proton 

transfer (ESIPT) indicates fluorescence owing to a large Stokes 

shift exceeding 10,000 cm−1, which makes such tautomers 

suitable for use as near-infrared fluorescent probes for 

biological sensing.53,54 

 

 

Fig. 3. T-dependent order–disorder phase transition of PT in the 1D N−H+
•••N 

hydrogen-bonding chain. (a) Molecular structure of (HDABCO+)2(TCNQ)3. (b) Unit 
cell viewed along the 1D (N-H+•••N)∞ hydrogen-bonding chain and electrical 
conducting -column of TCNQ. (c) The ordered state of H+ generates a 
macroscale dipole moment along the 1D chain, while the thermal fluctuation of 
H+ in the double-minimum potential energy curve delocalises each H+ in the 
N•••H+

•••N hydrogen-bonding system. 

The motional freedom of H+ in the hydrogen-bonding 

system is followed by an ice rule without the formation of 

disproportional H+ species;34 instead, a collective PT process 

occurs along the hydrogen-bonding chain. For instance, the 

collective PT in the 2D O−H•••O hydrogen-bonding network of 

squaric acid (SQ) single crystals accompanies the structural 

reconstruction between the C−C and C=C (O−H and =O) bonds 

of the SQ molecule. This indicates that a paraelectric–

antiferroelectric phase transition occurs at 375 K.55 In the high-

T paraelectric phase, the melting state of the H+ lattice in the 

O•••H•••O network generates thermally fluctuating H+ ions in 

the 2D layer. Interestingly, the ferroelectric ordering of 

croconic acid crystals has been observed as a slight structural 

anomaly in SQ molecules.56 The PT processes accompanying 

changes in the dipole moment can be detected using dielectric 

measurements. 

The 1D N−H+•••N hydrogen-bonding chain of mono-

protonated 1,4-diazabicyclo[2.2.2]octane (HDABCO+) 

generates a macroscale dipole moment, for which the 

appearance of PT with the melting state of the H+ lattice is 

determined by the magnitude of kBT + Eout rather than E. 

When all hydrogen-bonding dipole structures are inverted in 

response to applying Eout, a ferroelectric ground state is 

observed in the molecular assembly. Indeed, ferroelectric–

paraelectric phase transitions have been reported in simple salts 

of (HDABCO+)(BF4
−) and (HDABCO+)(ClO4

−).57 We 

introduced this ferroelectric hydrogen-bonding 1D N−H+•••N 

chain into the semiconducting TCNQ salt (Fig. 3a), forming 

(HDABCO+)2(TCNQ)3, an electrically conducting anion radical 

salt.58 The -stacking column of TCNQ and the N−H+•••N 

hydrogen-bonding chain were aligned parallel to each other 

(Fig. 3b), where the dielectric constant along the hydrogen-

bonding chain showed a dielectric peak at 306 K for low-f 

measurements (i.e., < 10 kHz). The dielectric peak disappeared 

along the normal to the 1D hydrogen-bonding chain. In addition, 

the deuterated effect of the N−D+•••N hydrogen-bonding chain 

raised its Tc to 376 K, suggesting the presence of H+ dynamics 

in the hydrogen-bonding chain. Single-crystal X-ray structural 

analysis at 100 K revealed H+ localisation at a single N-site in 

the N−H+•••N interaction, while at 350 K, the electron density 

was found to coincide with the midpoint between the two N-

sites in the N•••H+•••N structure (Fig. 3c). These H+ dynamics 

are dominated by the double-minimum potential energy curve 

for H+ coordinates, where the localisation–delocalisation of the 

H+ position is directly associated with the order–disorder phase 

transition of the ferroelectrics. By applying an Eout + kBT that 

exceeds E, the direction of the dipole moment between the 

N−H+•••N and N•••H+−N orientations can be inverted. The 

existence of electrical conductivity in the TCNQ -stack (10−3 

S cm−1 at 298 K) affected the P−E hysteresis curve of the 

ferroelectric phase. However, the DC value of 

(HDABCO+)2(TCNQ)3 was slightly influenced by the 

ferroelectric–paraelectric phase transition, suggesting a weak 

coupling between the ferroelectric polar chains with internal 

electric field and the conduction electrons on the TCNQ stacks. 

 

3.2. Long-range H
+
 motion 

Long-range H+ dynamics have been observed in H+ conduction, 

which has important implications for fuel-cell applications.11 

Nevertheless, maximising the proton conductivity (H+, S cm−1) 

in molecular assemblies remains an ongoing challenge. The 

conductivity of solids is expressed as follows: 

 

 = ne          (4) 

 

where n, e, and  are the carrier density, charge, and mobility, 

respectively. The chemical design of n and  determines the 

magnitude of H+. For e− transport, both n and  are controlled 

1D H.B. 1D -Stack

Ordered Disordered 

306 K

o

a+b

c
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(b)

(c)
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according to the chemical design of the molecular arrangement 

and/or physical devices such as field effect transistors (FETs),59 

where herringbone and brick-like stacking arrangements of 2D 

electrical conducting layers have been utilised to increase the  

value. Conversely, there is no useful design strategy for 

increasing the H+ value controlling n and  during molecular 

assembly. Additionally, no chemical means of controlling the 

strength of hydrogen-bonding interactions have been 

established. Strong, uniform, high-dimensional hydrogen-

bonding networks are considered an effective approach for 

increasing the magnitude of . Controlling the n value relies on 

the coexistence of many H+ carriers in the molecular assembly. 

Chemical control of hydrogen-bonding interactions can 

effectively increase the H+ value, which should be correlated 

with the crystal structures. However, anisotropy measurements 

of H+ using single crystals have been used to identify a 

correlation between the hydrogen-bonding pattern and the 

magnitude of H+ in various molecular assemblies. 

  A use of H2PO4
− unit is one of the useful method to increase 

the H+ value. For instance, a high H+ value of 2.2×10−2 S 

cm−1 at 513 K has been reported in the inorganic salt 

CsH2PO4,
60 where the uniform intermolecular O−H•••O 

hydrogen-bonding network between H2PO4
− anions and the 

rotation of spherical H2PO4
− anions increase the H+ value. In 

contrast, replacing Cs+ cations with K+ cations formed to the 

ferroelectric crystal KDP (with Tc = 122 K).52 In this case, the 

chemical design of the cation in the H2PO4
− anion is essential in 

enabling long- and short-range H+ dynamics. Herein, we 

focused on the single crystals of H2PO4
− salts with various 

organic cations, which were tuned by replacing the original 

cations with conventionally available organic cations. Among 

them, the O−H•••O hydrogen-bonding networks of H2PO4
− 

anions with Ani+ and 2,2‟-diaminobithiazolium (2,4-

H2DABT2+) cations formed a variety of hydrogen-bonding 

patterns and H+ values, and the anisotropicH+ values in single 

crystals were evaluated precisely.61,62 The trivalent H+ source of 

H3PO4 can generate H2PO4
− anion and HPO4

2− dianion species, 

both of which can form O−H•••O hydrogen-bonding networks 

in molecular assemblies. From the organic cation variations, we 

selected the conventional Ani+ derivative bearing halo 

substituents of F, Cl, Br, and I at the o-, m-, and p-positions, 

which were easily introduced into the H2PO4
− salts. In contrast, 

the -planar DABT molecule has two di-protonated structural 

isomers, namely 2,4-H2DABT2+ and 2,5-H2DABT2+, which 

have almost identical molecular structures (Fig. 4a).62 However, 

these two isomers can generate different crystal structures and 

H+ values in the 2D or 3D H+ conducting layers. Eighteen 

distinct single crystals were obtained by combining either Ani+ 

or DABT and H3PO4 in solution phase, which clarified the 

correlation between hydrogen-bonding patterns and H+ value 

magnitudes. First, we confirmed that divalent HPO4
2− salts do 

not exhibit H+ behaviour, while H2DABT2+ salts exhibit an 

interesting mixed proton state, (H2PO4
−)(H3PO4), in response to 

changing the crystal growth conditions. These mixed 

protonated crystals included multiple H+ carriers and increased 

n values. 

Figure 4b summarises the schematic representations of five 

varieties of hydrogen-bonding network based on 2,4-

H2DABT2+ and 2,5-H2DABT2+ salts with H2PO4
− anions, 

where single and double O−H•••O hydrogen-bonding 

interactions are observed between adjacent H2PO4
− anions.62 

The typical O−H•••O 1D chain structure was elongated in type-

I salts, where single and double hydrogen-bonding interactions 

alternated along the chain direction. On the contrary, 2D 

O−H•••O networks were observed in type-II and type-III salts, 

although only the single O−H•••O hydrogen-bonding 

interaction was observed in the type-II salts. Type-IV and type-

V salts both formed 3D O−H•••O networks, with the hydrogen-

bonding interactions in type-V salts showing greater uniformity 

than in the type-IV salts. Notably, O−H•••O hydrogen-bonding 

networks with high uniformity and dimensionality 

demonstrated considerably higher H+ values. The hydrogen-

bonding networks of these molecular crystals are rather 

complicated and involve a complex H+ conduction mechanism. 

However, anisotropic H+ measurements of single crystals 

clarified the relationship between the hydrogen-bonding pattern 

and the H+ value, which is vital for designing high H+ 

materials. Recall that uniform and strong hydrogen-bonding 

interaction tend to show much higher H+ values. 

 

 

Fig. 4. (a) Structures of H
+
 conducting H2PO4

− salts with structural isomers of 2,4-
H2DABT

2+
 and 2,5-H2DABT

2+
. (b) Schematic of type-I, -II, -II, -IV, and -V hydrogen-

bonding structures. Single and double O−H•••O hydrogen-bonding interactions 
between H2PO4

− anions are drawn in green and blue lines, respectively. (c) 
Maximum H+ values for each hydrogen-bonding type. Figure modified from Ref. 
62. Copyright 2020 American Chemical Society. 

Controlling the n value for H+ conduction during molecular 

assembly is a difficult task, particularly considering that the H+ 

carrier of H2PO4
− anions can exist on any of the four O sites of 

the anion in a highly localised environment. Unfortunately, the 

doping procedure and control of the H+ carrier concentration 

have not been established. When the different protonated states 

were obtained at (H2PO4
−)0.5(H3PO4)0.5, H2PO4

−, and HPO4
2−, 

the n value for these three states decreases, yielding values of 

Type-I Type-II

Type-III Type-IV Type-V

Single 

Double

(b)

(c)

(a)
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2.5, 2, and 1, respectively, suggesting that the 

(H2PO4
−)0.5(H3PO4)0.5 mixed protonated state is a good 

candidate for generating multiple H+ carriers and increasing n. 

However, an efficient method for designing such mixed H+ 

states to control the n value in H+ conducting organic materials 

has yet to be established. 

 

3.3. H
+
 − e− coupling 

The dynamic N−H+•••N hydrogen-bonding chain in 

(HDABCO+)2(TCNQ)3 showed a paraelectric–ferroelectric 

phase transition, where the H+ dynamics were weakly coupled 

with the conduction electrons on the TCNQ column.58 

Simultaneous dynamics involving H+ ions and CT interactions 

between aniline and nitrophenol derivatives have been reported 

in binary molecular complexes by Saito and Matsunaga,63 

where the ionic ground state of (Ani+)(nitorophenolate−) salts 

transformed to the neutral (aniline) (nitrophenol) complex in 

response to increasing T. The apparent colour change of 

crystals from yellow to red-green through CT interactions was 

observed in the high-T phase; other physical properties were 

not affected by the phase transition. Quinhydrone crystals are 

well-known hydrogen-bonding CT complexes, with properties 

between weak electron donors of hydroquinone (H2Q) and 

weak electron acceptors of p-benzoquinone (BQ).64 The role of 

the semiquinone neutral radical state (HQ•) in the generation of 

a new electronic phase of degenerate neutral radical species in 

crystals has been discussed by Mitani and Saito.65 

Unfortunately, such HQ• states have yet to be obtained under 

ambient conditions, with pressures as high as 30 kbar required 

to generate the HQ• species in solids. Moreover, the physical 

properties of HQ• crystals, such as electrical conductivity and 

magnetic susceptibility, have not been examined. Recently, 

cation radical salts of hydrogen-bonding catechol-fused TTF 

molecules have been reported to exhibit an interesting electrical 

conducting property when coupled with the PT in O−H•••O 

hydrogen-bonding interactions, with the deuterated effect 

observed in the electrical conducting behaviour.66 The H+ 

dynamics play an important role in the electrical conductivity 

of the -stack of TTF, suggesting relatively strong H+–e− 

coupling phenomena in the electrically conducting crystals. 

 

 

Fig. 5. Schematic of the H+
−e- coupling system of H2BBIM in TCNQ. (a) Multiple 

H
+
 and e

-
 transfer diagram of 2,2’-bi-1H-dibenzoimidazole (H2BBIM). (b) Uniform 

-stacking structure of TCNQ and H3BBIM+ in (H3BBIM+)(TCNQ)(Cl-)0.5(H2O) single 
crystals. (c) 1D hydrogen-bonding channel between the -stacking columns of 
H3BBIM+, where Cl- anions (yellow) and H2O molecules (red) occupy the channel 
in addition to highly acidic H+ ions. 

Using the concept of H2Q−BQ coupling, we focused on 

multiple H+ and e− transfer systems based on 2,2‟-bi-1H-

imidazole (H2BIM), which has a complicated 4H+−4e− system, 

to design strong H+−e- coupling in a crystalline state (Fig. 5a).67 

In the 2,2‟-bi-1H-benzeimidazole (H2BBIM) molecule, the 

fully oxidised BBIM was isolated as a 5–5 electron acceptor, 

while the 7−7 electron donor of H4BBIM was difficult to 

identify. However, all closed-shell H+ species, including 

H4BBIM2+, H3BBIM+, H2BBIM, HBBIM-, and BBIM2-, were 

isolated as the stable 6–6 electron system, and were 

introduced into the counter cation or anion in electrically 

conducting radical salts.68 The electrochemical reduction of 

TCNQ in the presence of (H3BBIM+)Cl− formed black single 

crystals of (H3BBIM+)(TCNQ)(Cl-)0.5(H2O), which showed a 

high electrical conductivity of 10 S cm−1 at 298 K.68 Structural 

analysis of the crystals revealed segregated uniform -stacks of 

H3BBIM+ and partially reduced TCNQ−0.5 (Fig. 5b). 

Additionally, the 1D hydrogen-bonding channel was elongated 

between the H3BBIM+ columns. The channel was occupied by 

Cl− anions and H2O molecules, as well as highly acidic H+ 

arising from the H3BBIM+ cation (Fig. 5c). T-dependent H+ 

values were measured using the H+ blocking electrode of 

Nafion films, which indicated an H+ value of 10−3 S cm−1 at 

298 K. In the high-T region, both the H+ ions and the H2O 

molecules thermally fluctuate and melt in the channel, while 

these dynamics freeze when the T is lowered, and the electrical 

conductivity and magnetic susceptibility are modulated by H+ 

dynamics. The H+ localisation in the 1D channel affects the 

conduction electrons on the TCNQ stack via the generation of 

the charged pinning potential. A similar order–disorder phase 

transition involving the coupling of H+ dynamics with the 

conduction electrons on the TCNQ stack has been observed by 

Kitagawa et al. in the Pd-coordination complex of 

diaminoglyoxim with TCNQ.69 

4．Dynamics of ions 

Short-range ionic displacement in inorganic ferroelectrics such 

as BaTiO3 indicates a bistable dipole arrangement, while long-

range ionic motion has been observed in ion-conducting 

perovskites, including vacant oxygen sites.70 Previously, M+ 

dynamics in closed-packing molecular crystals have been 

chemically designed using a supramolecular approach,71 often 

involving small Li+ and Na+ ions. 

 
4.1. Short-range M

+
 motion 

Crown ethers can selectively encapsulate M+ ions within the 

molecular cavities, thereby forming M+/crown-ether 

supramolecular cations.72 As opposed to simple inorganic 

anions, various functional counter anions are utilised as 

supramolecular cations to design functional molecular 

(b) (c)

(a)
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crystals.73 The central pore of crown ether forms dynamic M+ 

environment in single crystals (Scheme 1). Small size M+ = Li+ 

and Na+ in contrast with cavity of [18]crown-6 allows the 

motional freedom to exist M+ at the upper and the lower 

position to the molecular plane of [18]crown-6. On the contrary, 

regular array of [18] crown-6 formed the ionic channel for 

small size Li+ and Na+, where the M+ can flow along the 1D 

channel by the application of the outer electric filed. In 

biological channel, M+ selectivity, gated, and passive M+ 

transport have been observed. Such artificial M+ channel is one 

of essential structural unit for the feature molecular machines. 

Herein, we utilised electrically conducting or magnetic TCNQ 

and [Ni(dmit)2] anions to realise M+/crown-ether 

supramolecular cation combinations (Fig. 6a). Short-range Li+ 

and Na+ dynamics were successfully designed to form 

[15]crown-5 and [18]crown-6 for the semiconducting TCNQ 

salts.74 The size mismatch between M+ ions and pores of crown 

ethers is important for generating a dynamic environment in 

single crystals. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 1. Fabrication of dynamic environment using central pore of [18]crown-
6. Isolated M+([18]crown-6) structure with the upper and lower M+ position to 
[18]crown-6 plane (left). Regular array of [18]crown-6, forming ionic channel and 
long-range M+ motion along the 1D pore.  

Semiconducting TCNQ salts comprising all possible 

combinations of M+ (Li+ or Na+) and crown ethers ([12]crown-

4, [15]crown-5, or [18]crown-6) were examined by Sambe et al. 

Specifically, the authors systematically investigated which 

crystal structures, dielectric responses, electrical conductivities, 

and magnetic susceptibilities were optimum for designing 

dynamic structures.74 Notably, structural phase transitions 

coupled with Li+ and Na+ dynamics were observed in 

Li+([15]crown-5)(TCNQ)2 and Na+([15]crown-5)(TCNQ)2 

(Figs. 6b and 6c). T-dependent single-crystal X-ray structural 

analyses of Li+([15]crown-5)(TCNQ)2 at 100 and 200 K 

clarified the T-dependent Li+ coordination environment for five 

O atoms of [15]crown-5 and two –CN groups of the two TCNQ 

stacks at axial positions, where the asymmetrical axial –CN 

coordination to Li+ was observed in the crystal structure at 100 

K. After the structural phase transition, the unit cell at 200 K 

was reduced to half its volume in the low-T phase, where the 

orientational disorder of [15]crown-5 and the equivalent –CN 

coordination to Li+ from the two TCNQ stacks were observed 

in the high-T crystal phase. These structural changes were 

consistent with the T-dependent dielectric measurements, and 

the dynamic Li+ motion affected both the structural phase 

transition and the change in crystal symmetry. The formation of 

a strong TCNQ -dimer was observed in the orthogonally 

interacting packing structure, forming a 2D electrical 

conducting layer. Such 2D conducting layers have not been 

observed in previous studies involving TCNQ stacks and show 

a relatively high electrical conductivity of 1 S cm−1 at 298 K 

despite the non-uniform -dimer arrangement. A similar 

structural phase transition, as well as the formation of a 2D 

layer of TCNQ stacks, was observed in Na+([15]crown-

5)(TCNQ)2. 

The crystal structure of Li+([18]crown-6)(TCNQ)2(H2O)2 

was constructed by a non-uniform 1D -dimer stack of TCNQs 

with an electrical conductivity of 1.810−3 S cm−1 at 298 K. In 

the crystals, T-dependent Li+ dynamics were observed inside 

the Li+([18]crown-6)(H2O)2 supramolecular cations. The 

single-crystal X-ray structural analysis at 100 K indicated the 

two orientations of the Li+ cation at the left and right pore 

boundaries of [18]crown-6, where H2O molecules interacted 

with Li+ at the pentagonal structure representing the Li+•••O5 

coordination environment (Fig. 5d). The dynamics of the Li+ 

cations inside [18]crown-6 were observed in both the T- and f-

dependent dielectric constants, indicating two Debye-type 

relaxation peaks corresponding to 2 values at 100 and 150 K. 

The dielectric constants were measured along the direction 

normal to the TCNQ stack, which removed the contribution 

from the electrical conductivity. According to the masses of Li+ 

and H2O, these low-T and high-T dielectric relaxations were 

assigned to the Li+ and H2O dynamics, respectively. 

Unfortunately, the coupling between the Li+ dynamics and the 

conduction electrons on the TCNQ stack was too weak to have 

a meaningful impact. The dynamics of Na+ ions within 

polyoxomethalate were successfully coupled with its 

ferroelectric properties by Nishihara et al., who reported a 

ferroelectric-like response in the P–E hysteresis curve.75 The 

Na+ displacement inside the cavity of polyoxomethalate 

induced dipole inversion; however, T-dependent dielectric 

constants were inconsistent with the typical ferroelectric 

behaviour associated with simple Debye-type relaxation. 

Single-molecule ferroelectrics have been proposed in this 

system. 

 

T = 200 K

A

A

A

B

Li+ - H2O motion 

T = 100 K
(b) (c)
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Fig. 6. Dynamic M+ cations inside the cavity of crown ethers. (a) Dynamic Li+ 
cation in [15]crown-5 and [18]crown-6 in TCNQ and [Ni(dmit)2] salts. (b) 
Structural phase transition coupled with dynamic Li+ (or Na+) cations inside the 
cavity of [15]crown-5. (c) Side views of Li+ (or Na+) positions in the low-T and 
high-T phases and the orientational disorder of [15]crown-5 in the high-T phase. 
(d) Li+ and H2O dynamics within the cavity of [18]crown-6. Figure modified from 
Ref. 74. Copyright 2020 American Chemical Society. 

4. 2. Long-range M
+
 motion 

Long-range M+ dynamics result in ionic conduction during 

molecular assembly. Small Li+ and Na+ cations can form a 1D 

ionic channel consisting of a regular array of [15]crown-5 and 

[18]crown-6 molecules, with thermally activated Li+ and Na+ 

dynamics observed in the electrically conducting [Ni(dmit)2] 

salts (Fig. 7a).76 In the TCNQ salts, ionic channel formation has 

not been observed for any of the aforementioned combinations 

of M+ ions and crown ethers, suggesting the importance of 

molecular structure of the counter anion.74,77 Single crystals of 

Li+
x([15]crown-5)[Ni(dmit)2]2(H2O) (where x is less than unity) 

exhibit high electrical conductivity at approximately 100 S 

cm−1 at 298 K, and the presence of Li+ dynamics was confirmed 

by solid-state 7Li NMR spectra.76a Using an electron blocking 

electrode comprising Li+(polyethyleneoxide)X− to evaluate Li+ 

conductivity (Li+) revealed a Li+ value of 10−6 S cm−1 at 298 

K, which was eight orders of the magnitude lower than the 

electrical conductivity. The Li+ dynamics in the 1D channel 

influenced the localisation–delocalisation behaviour of the 

conduction electrons on the [Ni(dmit)2] stacks. Lowering the T 

decreased the thermally activated Li+ dynamics in the channel, 

which generated a positively charged pinning potential for the 

conduction electrons.76b In contrast, large Cs+ cations in the 

regular array of [18]crown-6 molecules cannot pass through the 

central cavity of [18]crown-6. However, a relatively high 

electrical conductivity was observed for Cs+
x([18]crown-

6)[Ni(dmit)2]2 crystals even at 10 K, which was attributed to the 

regular arrangement and high polarisability of Cs+ cations in the 

channel.76b 

     The crystal lattice of these ionic salts is governed primarily 

by the electrostatic cation–anion Coulomb interaction, which 

shows high thermal and chemical stability even in organic 

materials. For instance, the benzenesulfonate (BS−)-substituted 

bis(naphthalene diimide) (NDI), -molecular framework has 

excellent n-type semiconducting properties, with the Na+ salt of 

(Na+)2(BS-NDI2−) exhibiting thermal stability up to 850 K and 

an electron mobility of 0.22 cm2 V−1 s−1 at 298 K.78 The more 

structurally flexible propionate-substituted NDI dianions (PS-

NDI2−) form a series of crystals of hydrated (M+)2(PS-

NDI2−)(H2O)n, with M+ = Li+, Na+, K+, Rb+, and Cs+, whose 

crystal structures, H2O adsorption–desorption isotherms, 

dielectric constants, and electron transport properties were 

examined by Abe et. al (Fig. 7b).79 A common crystal structure 

involving these salts was the formation of electrically 

conducting NDI layers and M+~O coordination network layers, 

which alternated along the c-axis (Fig. 7c). Three kinds of 

M+~O interactions, namely M+~O=, M+~−OOC−, and M+~H2O 

coexisted in the 2D layer, where the reversible H2O adsorption–

desorption cycle occurred via the gate-opened H2O sorption 

processes at 298 K. The H2O adsorption–desorption property 

influenced the electron mobility of the NDI layer and the M+ 

conductivities for small Li+, Na+, and K+ cations. In general, the 

electron mobility was suppressed in the presence of H2O 

molecules.80 However, the electron mobility of (M+)2(PS-

NDI2−)(H2O)n  salts was enhanced by the presence of H2O 

molecules, facilitating the formation of H2O-tolerant n-type 

semiconducting materials. In contrast, the presence of H2O 

molecules drastically suppressed the ion conductivity. All the 

salts showed a semi-circular trace in the corresponding Cole–

Cole plots, while maximum Li+, Ns+, and K+ values of 

3.0×10−7, 1.0×10−4, and 3.4×10−5 S cm-1, respectively, were 

observed for unhydrated crystals (Fig. 7d). The existence of 

H2O molecules led to the formation of the M+~(H2O)n 

coordination structure, which increased the apparent ionic 

radius and decreased the ionic conductivity. Reversible H2O 

adsorption–desorption switching behaviour was observed with 

respect to the electron mobility and ionic conductivity of 

(M+)(PS-NDI2−)(H2O)n crystals for M+ = Li+, Na+, and K+. 
 

 

Fig. 7. Long-range M+ dynamics in [Ni(dmit)2] and (M+)2(PS-NDI2−)(H2O)n salts. (a) 
1D regular array of [18]crown-6 and the formation of the dynamic Li+ channel in 
(Li+)x([18]crown-6)[Ni(dmit)2]2 crystals. (b) (M+)2(PS-NDI2−)(H2O)n crystals with M+ 
= Li+, Na+, K+, Rb+, and Cs+ for different H2O amounts. (c) Schematic crystal 
structure of (M+)2(PS-NDI2−)(H2O)n, where the H2O molecules indicate reversible 
adsorption–desorption behaviour into the 2D layer between the electrically 
conducting NDI layers. (d) T-dependent Cole–Cole plots of unhydrated (Na+)(PS-
NDI2−) crystals. Figure modified from Ref. 79. Copyright 2021 American Chemical 
Society. 

On the contrary, large cations of Rb+ and Cs+ completely 

suppressed the long-range ionic motions in the crystals, instead 

exhibiting thermally activated short-range fluctuations as two 

distinct Debye-type relaxation processes in the dielectric 

measurements.79b The crystal structures of these two salts were 

almost identical to those of Na+ and K+ cations within alternate 

layers of electrically conducting NDI and inorganic M+~O 

layers. In contrast with small cations, large and heavy cations 

formed a rigid crystal lattice, which was consistent with the 

substantially higher relative pressure for the gate-opened H2O 

adsorption behaviour. The rigid crystal lattice and highly 

polarised Rb+ and Cs+ cations increased the electron mobility, 

in contrast with those of Na+ and K+ salts. The systematic 

modification of M+ in PS-NDI2− salts adjusted the lattice 

softness and hardness with respect to cation–anion electrostatic 

Coulomb interactions, thus affecting the electron mobility. The 

reversible H2O adsorption–desorption cycle at the M+ sites was 

(M+)2 •(H2O)n

PSNDI2-

M+ n
1: Li+     0.25
2: Na+ 6
3: K+ 4
4: Rb+ 6
5: Cs+ 2

o b

c

Conducting 
layer

H2O sorption
M+ conduction

(a) (b)

(c) (d)
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observed in the crystal lattice, which featured tight electrostatic 

bonding. 

5．Dynamics of molecules 

Both H+ and M+ dynamics play an important role in the 

chemical design of ferroelectricity and ion conductivity, 

whereby structural units can coexist in electrically conducting 

molecular crystals to couple with dynamic motions and 

conduction electrons. However, fabricating molecular assembly 

environments that promote molecule dynamics has traditionally 

been more difficult. For example, it is difficult to achieve long-

range diffusion using large molecules, although rotational 

dynamics can be introduced into the molecular assembly. The 

complicated, functional molecular assemblies found in 

biological systems are dynamic, non-equilibrium systems, and 

require a continuous supply of external energy to maintain the 

structure. Such biological systems cannot be fabricated using 

current synthetic approaches. One potential starting point is the 

fabrication of artificial molecular rotators that can be coupled 

with the physical properties of molecular assemblies. 

 
5. 1. Molecular rotation 

The dynamic behaviours of molecules in solids have been 

examined in spherical, rod-like, and disc-shaped molecules 

such as AD, C60,
20 n-alkanes,27 and pyrene complexes,28 where 

they behave as plastic crystals. However, owing to their 

physical and chemical properties, these dynamic molecular 

assemblies are almost inert. Recently, polar ionic plastic 

crystals have been utilised as ferroelectrics,81,82 while coupling 

phenomena between dielectric, magnetic, and optical properties 

have been observed in polar N-oxyl-AD (NOAD) neutral 

radical crystals at approximately 300 K.83 The formation of the 

singlet spin and antiferroelectric ground state of NOAD crystals 

can be thermally activated to form paramagnetic and 

paraelectric states via molecular rotation and breaking in 

NOAD pairs. Using molecular design to synthesise dynamic 

plastic crystals is an interesting approach for fabricating 

multifunctional molecular materials. In addition, the 

supramolecular approach is a powerful technique for forming 

dynamic environments in the highly ordered single-crystalline 

phase.71 

    Disc-shaped molecules bearing long alkyl chains can appear 

as discotic columnar liquid crystal phases,30 whereas disc-

shaped -molecules, such as binary pyrene complexes, also 

form a thermally activated in-plane molecular rotator phase in 

the -stacking column.28 Herein, we focused on the formation 

of the polar in-plane rotator phase of dibromoiodo-mesitylene 

(DBIM) crystals84 in the -stacking columnar structure. To 

elucidate the mechanism of in-plane dipole rotation, non-polar 

tribromo- mesitylene (TBM) was compared with polar DBIM 

(Fig. 8a). Both DBIM and TBM formed a similar -stacking 

columnar structure, and first-order phase transitions were 

observed at 358 and 298 K in the second heating cycle. The 

low-T and high-T phases correspond to the static-ordered 

crystal phase and the thermally activated disordered rotator 

phase, respectively. The in-plane rotation of DBIM molecules 

induces slight changes in the dipole moment, which can be 

detected by dielectric measurements, while the in-plane rotation 

of TBM is inert and does not affect the in-plane dipole moment. 

The singe crystal X-ray structural analysis of DBIM at 100 K 

revealed static orientational disorder in the Br and I groups in 

an average molecular structure overlapping Br and I positions, 

which changes to the dynamic in-plane rotation phase above 

358 K. 

Changes in the birefringence and domain structure were 

confirmed via POM images after the phase transition to the 

rotator phase, phenomena typically observed in the order–

disorder phase transition of plastic crystals. Ferroelectricity was 

not observed in the low-T phase of the DBIM crystal, and the 

high-T rotator phase corresponds to the paraelectric phase. 

Therefore, the phase transition in DBIM crystals is an 

antiferroelectric–paraelectric phase transition; however, the T- 

and f-dependent dielectric constants of DBIM crystals are not 

consistent with typical behaviour. To understand this 

inconsistency, collective in-plane molecular rotation, which 

was instigated by intermolecular I•••I interactions, was applied 

in the 1D -stacking column. However, collective rotation in 

one molecular assembly column is independent to each other, 

suggesting a random rotation overall. Therefore, unidirectional 

molecular motors were not obtained in DBIM crystals. The 

chemical design of the rotator unit enables the formation of the 

collective rotary mode, which is important for realising 

unidirectional molecular motor in molecular assembly. 

 

 
Fig. 8. Collective and polar molecular rotators. (a) In-plane molecular rotators of 
DBIM and TBM, where the in-plane dipole moment is observed in the DBIM 
molecule. (b) Collective in-plane rotation of DBIM in the -stacking columnar 
structure, which occurs with the aid of effective I•••I interactions. (c) Flip-flop 
dipole rotator of m-FAni+ in m-FAni+(DB[18]crown-6)[Ni(dmit)2]− crystals. The 
average structure was observed in the X-ray structural analysis. (d) Unit cell 
viewed along the b axis (left) and 2D arrangement of m-FAni+(DB[18]crown-6).  

 Molecular dynamics are introduced into single crystals using 
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have been reported in molecular turnstiles and gyroscopes,85 

and many molecular gyroscopes have been developed in the 

covalently bonded molecules of the rotator–stator structure by 

Garcia-Garibay et al.86 Furthermore, we have reported 

supramolecular rotators of large club-sandwich-type 

supramolecular cations of Cs+
2([18]crown-6)3 in [Ni(dmit)2]

− 

crystals, in which the molecular rotation affects the T-

dependent magnetic susceptibility of [Ni(dmit)2]
− -dimers.38 

The rotational dynamics of disc-shaped [18]crown-6 molecules 

was confirmed by T-dependent solid-state 1H NMR and 133Cs 

NMR spectra, where the in-plane rotation of large 

Cs+
2([18]crown-6)3 supramolecules was insufficient to 

modulate the occupancy volume in the unit cell. However, the 

molecular rotation modulates the crystal lattice and the 

magnitude of the intermolecular magnetic exchange energy 

between [Ni(dmit)2]
− anion radicals through the two S = 1/2 

spins, which corroborates the T-dependent magnetic 

susceptibility. 

     Simple supramolecular Ani+([18]crown-6) cations were 

identified in [Ni(dmit)2]
− crystals, where they serve as dynamic 

dual-rotator structures with the Ani+ and [18]crown-6 

components exhibiting different rotation speeds, as evidenced 

by T-dependent solid-state 1H NMR and 2H NMR spectra.45 In 

addition, according to single-crystal X-ray structural analyses 

and theoretical calculations of the potential energy curves, the 

Ani+ and AD-NH3
+ rotators demonstrated two- and three-fold 

rotational symmetry, respectively.44 Replacing the disc-shaped 

[18]crown-6 with the bulky DB[18]crown-6 and 

dicyclohexyl[18]crown-6 led to the formation of rotator–stator 

supramolecular structures in [Ni(dmit)2]
− crystals.87 This 

supramolecular cation approach is a conventional and easy to 

implement design approach for fabricating various types of 

solid-state rotator–stator structures. Symmetrical rotators with 

an invariant dipole moment yield an inert dielectric response. 

Therefore, we designed polar rotator units ranging from Ani+ to 

the polar m-FAni+ cation in m-FAni+(DB[18]crown-

6)[Ni(dmit)2]
− crystals.88 The 2D layer structure of rotator –

stator unit of m-FAni+(DB[18]crown-6) and magnetic 

[Ni(dmit)2]
− arrangement was alternatively elongated along the 

c axis (Fig. 8d). The disordered orientation of F-group of m-

FAni+ was observed in the structural analysis, and the one m-

FAni+ cation was surrounded by four DB[18]crown-6 and two 

nearest neighbouring [Ni(dmit)2]
− anions along the c axis. 

Therefore, the potential energy curve for the rotation of m-

FAni+ was dominated by the two [Ni(dmit)2]
− anions. Both the 

T- and f-dependent dielectric constants revealed a dielectric 

peak at 356 K, which was not clearly observed in the 

isostructural crystals of Ani+(DB[18]crown-6)[Ni(dmit)2]
−. The 

flip-flop rotation of polar m-FAni+ cations gave rise to a 

distorted P–E hysteresis curve, where the leak current of the 

electrically conducting [Ni(dmit)2]
− salt (~1 Mcm−1) 

disturbed the ideal P–E response. Therefore, the dynamic two-

fold molecular inversion of the polar m-FAni+ cation is the 

origin of the ferroelectric behaviour (Fig. 8c). The single-

crystal X-ray structural analysis at 100 K indicated a disordered 

F-orientation at both the left and right sides of the m-FAni+ 

cations, with a non-equivalent occupation factor of 0.6:0.4 for 

the as-grown single crystals. However, after the phase transition 

to the paraelectric phase, this occupation factor changed to an 

equivalent value of 0.5:0.5, while the poling process of single 

crystals in the paraelectric phase, together with cooling to 298 

K, changed the occupation factor to the non-equivalent ratio of 

0.7:0.3, thereby suggesting that the application of Eout and the 

ferroelectric ground state of m-FAni+(DB[18]crown-

6)[Ni(dmit)2]
− single crystals induces the dynamic rotation of 

m-FAni+ cations. The molecular dynamics of m-FAni+ cations 

are associated with macroscale ferroelectric properties. In 

general, the closet packing structure in single crystals 

disappears within the molecular rotation space, where the use of 

a supramolecular cation approach is useful for designing a 

dynamic environment for the polar rotator. Solid-state 

molecular rotators are a useful starting point for obtaining 

artificial molecular motors in molecular assemblies. 

 

5. 2. Inversion of polar alkylamide chains in liquid crystals 

Conventionally, dynamic motional freedom is observed in the 

rotation of the director in liquid crystal phases, and relatively 

large dynamic structural units can coexist in liquid crystals.29,30 

We focused on polar alkylamide (−CONHCnH2n+1) chains as a 

dynamical structural unit to design physical properties. These 

chains were combined with -molecular systems, such as 

benzene, pyrene, and tetrabenzoporphyrin, to fabricate 

ferroelectric liquid crystalline materials.89 The usefulness of 

alkylamide chains in stabilising the discotic hexagonal 

columnar (Colh) liquid crystal phase has been discussed by 

Matsunaga et al., who described their formation via N−H•••O= 

hydrogen-bonding interactions in the original liquid state.90 The 

1D N−H•••O= hydrogen-bonding chains along the -stacking 

column generate a macroscale dipole moment along the column 

direction, which can be inverted by the application of E. In the 

Colh phase, the lateral –(CH2)nCH3 alkyl chains are completely 

melted, while the formation of N−H•••O= hydrogen-bonding 

interactions plays an important role in forming molecular 

assemblies in the Colh phase. The Colh phase and the formation 

of organogels have previously been reported in a 1,3,5-

alkylamide-substituted benzene derivative (3BC),91 while 

ferroelectric P–E hysteresis behaviour in the Colh phase was 

first reported by Sijbesma et al.92,93 We also examined the 1,4-, 

1,2,4,5-, 1,2,3,4,5-, and 1,2,3,4,5,6-alkylamide-substituted 

benzene derivatives (2BC, 4BC, 5BC, and 6BC) in terms of 

molecular assembly structure, dielectric response, 

organogellation ability, and ferroelectric properties.93 Among 

them, 2BC, 3BC, and 5BC showed ferroelectric behaviour, 

where the steric hindrance of the rotation of the neighbouring 

N−H•••O= hydrogen-bonding sites is a key point in realising 

dipole inversion and ferroelectricity. 

Page 12 of 25ChemComm



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13  

Please do not adjust margins 

Please do not adjust margins 

 

 

Fig. 9. Dynamic motion of N−H•••O= hydrogen-bonding alkylamide chains in 
liquid crystals. (a) Molecular structures of alkylamide-substituted pyrene (4-Py) 
and helicene (HC) derivatives. (b) Hydrogen-bonding N−H•••O= amide chains 
along the -stacking direction and the inverted form necessary for ferroelectric 
behaviour. (c) Doping effect on P–E hysteresis curves when chiral S-4Py is 
inserted into the ferroelectric 1D column of 4-Py. (d) Schematic model of the 
doping state of S-4Py and the formation of the pinning potential in the 1D 
ferroelectric column. Figure modified from Ref. 97. Copyright 2019, Wiley –VCH 
Verlag GmbH & Co. KGaA. 

The systematic evaluation of benzene derivatives clarified a 

design strategy for ferroelectricity, which enabled the design of 

multifunctional physical properties based on the -extended 

pyrene core. Significant research has been devoted to the study 

of pyrene derivatives, with blue monomer and green excimer 

emissions typically observed in the concentration-dependent 

emission spectra in the solution phase.94 At temperatures above 

295 K, the Colh liquid crystal phase exhibited four –

CONHC14H29 chains in the pyrene -core (4Py), which affected 

the P–E hysteresis curve (Fig. 9c).95 In the Colh phase, 1D 

N−H•••O= hydrogen-bonding -stacking columns are arranged 

hexagonally, and the application of E inverts the polarisation 

direction (Fig. 9b). The remanent polarisation (Pr) and coercive 

electric field (Vth) of the ferroelectric P–E hysteresis curve of 

4Py at 453 K were 1.79 C cm−2 and 1.5 V m−1, respectively, 

at f = 0.1 Hz. These values were similar to those of 3BC at 343 

K (Pr = 0.8 C cm−2 and Vth = 25 V m−1, respectively, at f = 

0.1 Hz).92 The formation of the hydrogen-bonding aggregate of 

(4Py)n was observed in solution phase, where monomer–

excimer emission conversion was observed at a considerably 

lower concentration (10−6 M) than that of pyrene itself (10−3 

M).96 

In contrast, chiral alkylamide-substituted S-4Py showed 

circular polarised luminescence behaviour at g factor of glum ~ 

0.03 in methylcyclohexane, implying the formation of a highly 

ordered chiral -stacking aggregate.96 However, the chiral S-

4Py structure did not exhibit the Colh phase or ferroelectric 

properties. Therefore, we prepared mixed crystals comprising 

both ferroelectric 4Py and chiral, non-ferroelectric S-4Py in 

order to examine the ferroelectric correlation length in the 1D 

column.97 Bulky S-4Py molecules were inserted at random into 

the 1D ferroelectric hydrogen-bonding column of (4Py)∞ to 

create the pinning potential required for dipole inversion. An S-

4Py doping concentration of just 3% was sufficient to suppress 

ferroelectric behaviour (Fig. 9c), suggesting a correlation length 

of 12 nm for the ferroelectric -stacking (4Py)33 via each S-4Py 

(Fig. 9d). Similarly, mixed crystals consisting of ferroelectric 

3BC and antiferroelectric 4BC, (3BC)1-x(4BC)x, have been 

examined in the Colh phase, where both molecules can form the 

same Colh liquid crystal phase.98 The ferroelectric correlation 

length of 3BC, in response to 3% doping of 4BC, was 

approximately 12 nm. For 1D columnar systems, a ferroelectric 

correlation length of 12 nm is typical for the possible dipole 

inversion of N−H•••O= hydrogen-bonding interactions between 

the CONHC14H29 chains. 

  The application of E along the -stacking direction of the 

Colh liquid crystal phase can invert the direction of the dipole 

moment and generate a local electric field (Eloc) along the -

stack of 4Py. The current–voltage (I–V) characteristics of the -

stacking 4Py column depend on the direction of ±Eloc, where E 

+ Eloc and E – Eloc modulate the I value.95 Consequently, 

current-switching phenomena have been observed in the 

ferroelectric dipole switching phenomenon. The molecular 

design of functional - molecules bearing alkylamide chains is 

a conventional procedure for synthesising multifunctional 

dynamic molecular assemblies. 

This concept can be expanded to the other novel -

molecular systems containing the non-planar dimethyl-helicene 

(HC) -core to obtain ferroelectric molecular assemblies (Fig. 

9a).99 The Colh liquid crystal phase gives way to the 2D 

lamellar liquid crystal phase in racemic HC derivatives bearing 

two –CONHC14H29 chains (2HC) at 330 < T < 424 K. The 

density of hydrogen-bonding sites in the 2D lamellar structure 

far exceeds that of the 1D columnar structure, leading to 

excellent Pr responses compared to those of the 1D system. The 

Pr- and Et-values of racemic 2HC at 413 K and f = 0.5 Hz were 

11.1 C cm−2 and 20 V m−1, respectively, with the Pr-value of 

2HC two and twelve times larger than of the corresponding 

values for 3BC and 4Py, respectively. However, the Vth value 

for 2HC is much larger than that of the 1D system. It should be 

noted that there was no poling process in the 2D hydrogen-

bonding assembly owing to the well-oriented domains 

associated with ferroelectric P–E hysteresis. Therefore, 2D 

hydrogen-bonding molecular assemblies are good candidates 

for high-performance ferroelectric materials, and the chemical 

design of intermolecular hydrogen-bonding interactions is a 

useful approach to control ferroelectric properties. 

 

5. 3. Bowl-to-bowl inversion 

Several dynamic molecular assembly variants have been 

designed in which the motional freedom is accompanied by a 
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double-minimum type potential energy curve, giving rise to 

ferroelectric behaviour. For instance, the bowl-inversion of 

non-planar -molecules is one interesting approach for 

designing ferroelectric molecular assemblies. Alternatively, 

non-planar -molecules such as sumanene and corannulene 

have attracted considerable attention as partial structural units 

for the preparation of C60.
100,101 The bowl-to-bowl inversion of 

sumanene occurred in the solution phase, which activation 

energy was approximately 18.2 kcal mol−1.100 Such molecular 

inversion is usually suppressed in closest-packing structures. 

We focused on the trithiasumanene (SS) molecule, replacing 

three peripheral –CH2 units with S atoms, which decreased the 

depth of the bowl sphere and resulted in a bowl-to-bowl 

inversion activation energy of 1.9 kcal mol−1.102 Thermally 

activated bowl-to-bowl inversion in molecular assembly 

represents a potential avenue for creating organic ferroelectrics. 

Furthermore, the introduction of six –OCnH2n+1 chains into the 

SS -core (CnSS) enhances the flexibility of the molecular 

assembly and facilitates the generation of dynamic motional 

freedom via bowl inversion (Fig. 10a).103 

     Five CnSS derivatives with different alkyl chain lengths (n = 

2, 6, 8, 10, and 16) were prepared, with their phase transition 

behaviours evaluated using POM and DSC measurements.103 

Notably, three compounds, C6SS, C8SS, and C10SS, showed a 

solid–solid (S1–S2) phase transition before melting to form an 

isotropic liquid (L), where the high-T phase (S2) demonstrated 

high viscosity and plasticity without forming a liquid crystal 

phase (Fig. 10b). In contrast, the longest chain derivative 

(C16SS) showed a Colh liquid crystal phase after transitioning 

from the S2 phase. 

   Sharp Bragg diffraction peaks were observed in the T-

dependent PXRD patterns of the crystalline S1 phase, while a 

diffraction pattern resembling that of the Colh phase was 

observed for the high-T viscous S2 phase. In the S2 phase, the 

(100), (110), and (200) reflection peaks were attributed to the 

formation of a hexagonal lattice, while a broad reflection peak 

representing the melting of the alkyl chains was observed at 

approximately 2~ 20°. An average -stacking distance of 3.5 

Å at 2~ 25° implied the formation of -stacking hexagonal 

columnar molecular assemblies and a liquid-like melting state 

of the lateral alkyl chains without the formation of a liquid 

crystal phase. Thermally activated in-plane free rotation of the 

bowl-shaped molecules in the column was suppressed in the S2 

phase, similar to the behaviour observed for plastic crystals. 

Only the C16SS derivative showed the Colh liquid crystal phase, 

where the in-plane rotation of the molecules was activated to 

form a liquid crystal phase. 

 

 

Fig. 10. Molecular structure of (a) CnSS and (b) the phase transition behaviour of 
C10SS together with POM images of the S1 and S2 phases.  

No dielectric anomalies were detected in the T-dependent 

behaviour at the S1–S2 phase transition temperature, while the 

2 peak was observed in the S2 phase before melting to form a 

liquid. The latter dielectric anomaly was consistent with the 

thermally activated motional freedom of the polar structural 

unit, suggesting the existence of bowl-to-bowl inversion 

between the lower (A) and the upper (B) bowl conformations in 

the 1D columnar molecular assembly (Fig. 10b). This bowl-to-

bowl inversion was confirmed in the T-dependent P–E 

hysteresis curves (Fig. 10c). After the phase transition to the 

viscous S2 phase, f-dependent dielectric enhancement was 

thermally activated in the high-T region, which showed clear 

P–E hysteresis curves for the C10SS derivative at 353 K. The 

Pr- and Et-values of C10SS were 0.5–0.7 C cm–2 and 1.5 V 

m–1, respectively. The P–E hysteresis curves at f = 100 and 

200 Hz displayed almost identical profiles, suggesting a bowl-

to-bowl inversion frequency of several hundred hertz. To 

confirm the bow-to-bowl inversion mechanism, we prepared a 

similar shallow bowl molecule, namely C4Se, by replacing 

three S atoms with larger Se atoms, which decreased the bowl-

depth. Furthermore, the -planar triphenylene (C6TP) 

derivative was compared with the ferroelectric response of 

C10SS. The P–E hysteresis curve of C4Se had a low magnitude, 

and hysteresis behaviour was not observed in the -planar 

C6TP without bowl inversion. These P–E hysteresis curves for 

different molecular systems were consistent with the bowl-to-

bowl inversion mechanism observed for the ferroelectric CnSS 

molecule. Single columns of CnSS measure approximately 1 

nm2, with the application of single-column ferroelectric 

memory enabling organic memory devices with a high density 

of 12.8 Tb cm−2. 
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Fig. 11. Bowl-to-bowl inversion and ferroelectricity in CnSS. (a) Molecular 
inversion between the lower bowl (A) and the upper bowl (B). (b) Schematic 
representation of the polarisation inversion between the lower (A) and upper (B) 
bowl columns in response to applying E. (c) T-dependent P–E hysteresis curves of 
C10SS at f = 100 Hz.  

5. 4. Dynamics and thermal conductivity 

A family of organic-inorganic 2D layered compounds of the 

formula (CnH2n+1NH3)2MX4 (CnNH3MX4, M2+ = Cu2+, Mn2+, 

Zn2+, etc., X− = Cl− and Br−) have been extensively studied with 

respect to their structural phase transitions,104 2D 

ferromagnetism,105 and ferroelectric behaviour.106 The 

molecular motions of flexible CnH2n+1NH3
+ chains are 

thermally activated in the high-T phase, where a glassy phase 

emerges because of the disordered organic layers. Recently, 

drastic changes in the heat transport properties have been 

reported in the sequential phase transitions of 

(C4H9NH3
+)2CuCl4

2− (C4NH3CuCl4) by Hoshino et al.107 The 

DSC diagram of C4NH3CuCl4 crystals shows reversible three-

step phase transitions in the 176–218 K temperature range (Fig. 

12a). The tilted C4H9NH3
+ alkyl chains in the α- and β-phases 

change to a fully elongated state in the δ-phase, and the 

interlayer distances between the inorganic CuCl4
2− planes 

increased significantly. 

The γ-phase is an intermediate incommensurate phase. 

Single-crystal X-ray structural analysis revealed third-order 

satellite peaks, which are characteristic of modulated 

incommensurate crystals.108 The crystal structure was modelled 

in the P21/c (α0γ)00 super space group, in which the CuCl4
2− 

sheets formed wave-like structures consisting of connected 

alternating regions of β-like and δ-like structures. 
 

 

Fig. 12. Phase transition behaviour and crystal structures of C4NH3CuCl4. (a) DSC 
chart spanning each phase. (b) Diagrams of α-, β-, γ-, and δ-phases viewed along 
the b axis (produced using ORTEP software). The grey lines in the β-phase 
correspond to the disordered alkyl-chains. Figure modified from Ref. 107. 
Copyright 2020 Wiley –VCH Verlag GmbH & Co. KGaA. 

 
Fig. 13. Phase transition behaviours of C4NH3CuCl4. (a) T-dependent changes of 
the structural parameters based on PXRD patterns. Calculated densities, 
distances between CuCl4

2− layers, and Cu–Cu distances in the CuCl4
2− layers. T-

dependent (b)  and (c) vl for a single crystal. Figure modified from Ref. 107. 
Copyright 2020 Wiley –VCH Verlag GmbH & Co. KGaA. 

In the γ- and δ-phases, thermal fluctuations in the 

C4H9NH3
+ chains were observed in the single-crystal X-ray 

structural analyses. The PXRD pattern also indicated that the 

thermal expansion of the flexible C4H9NH3
+ chains between the 

rigid CuCl4
2− layers was restricted (Fig. 13a). This structural 

environment induced glass-like thermally conducting 

properties. Figure 13b shows the T-dependent thermal 

conductivity (κ, W K m−1). Below 85 K, the κ value has a 

positive T-coefficient because the mean free path (l) of the 

phonons is maximised owing to imperfections in the crystal 

lattice. From approximately 85–200 K, the T-coefficients 

became negative, which was attributed to the decrease in l for 

phonon scattering. This behaviour is typical in insulating 

crystalline materials. However, above 200 K, the T-coefficient 

for the κ value changes to a positive value, which is typical for 

glassy solids, liquids, and gases. 

In simple gas kinetics,  is expressed as κ = 1/3Cvl, where 

C is the heat capacity, v is the phonon velocity, and l is the 

phonon mean free path. In crystalline materials, l is 

proportional to T−1, while in glassy materials, it is 

approximately constant.109 The vl values based on the 

experimental κ values and the normal heat capacity (Cp) 

correlate closely with a T−1 function (solid line in Fig. 13c) 

between 80 and 200 K. However, above 200 K, the vl values 

diverged from the T−1 function and became approximately 

constant. This behaviour corresponds to the phase transition 

from crystalline to glassy states, which is activated by the 

molecular dynamics of alkyl chains. Similar dynamic behaviour 

has also been observed in the T-dependent thermal conductivity 

measurements for order–disorder type inorganic ferroelectrics, 

namely RbHSO4 and NH4HSO4.
110 

6．Dynamics of crystal lattices 

The intermolecular interactions in molecular crystals vary 

widely, encompassing strong electrostatic, hydrogen-bonding, 

CT, and weak van der Waals interactions.33 Certain hydrogen-

bonding molecular crystals show reversible gas or molecular 

adsorption–desorption behaviour.31 Single-crystal X-ray 

structural analysis, thermogravimetric analysis, and adsorption–

desorption isotherm have been typically utilised the external 

stimuli responsible crystal lattice transformation between host 

and host – guest assembly. Typical molecular crystals did not 

exhibit reversible molecular adsorption behaviour, which 

expands and destroys the crystal lattice. However, the 

hydrogen-bonding crystal lattice is constructed with a bonding 

energy of 10–20 kJ mol−1, and the intermolecular interaction for 

the guest adsorption process is dominated predominantly by 

weak van der Waals interactions of ~5 kJ mol−1 during the 

reversible molecular adsorption–desorption cycle. Although the 

dynamics of the host crystal lattice occur at much larger 

amplitudes than those of H+ and M+ dynamics, many HOF 
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crystals have been developed using high-performance gas 

adsorption materials with relatively large BET surface 

areas.31,111 The structural recovery and reconstruction of HOFs 

is easily achieved via the recrystallisation process, which offers 

low-energy consumption and environmentally friendly organic 

functional materials. Herein, we introduce three types of 

hydrogen-bonding host–guest molecular crystals with 1D, 2D, 

and 3D networks. 

 

6. 1. Molecular rearrangement by guest sorption 

A variety of hydrogen-bonding sites have been designed using 

organic synthetic techniques to fabricate 1D, 2D, and 3D 

hydrogen-bonding supramolecular assemblies.112 For example, 

1D hydrogen-bonding channels have been reported in bisurea-

macrocycle (BIUM) derivatives,113,114 while 2D networks have 

been confirmed in 2,5-DABT115 and (G)2(BDS2−) 

structures,116,117 where G and BS2− are guanidinium and 1,4-

benzene-bisulfonate, respectively (Fig. 14). These hydrogen-

bonding molecular assemblies show reversible gas (N2 and 

CO2) and adsorption–desorption behaviours for pyridine (Py), 

benzonitrile (PhCN), piperidine (Pipe), DMF, THF, 1,4-

dioxane (Diox), CH3OH, aniline (Ani), coumarin (Coum), 

nitrobenzene (PhNO2), hexamethylenetetramine (HMTA), and 

quinoline (Quino), accompanied by the crystal lattice 

transformation of the host framework.114,115,117 

Two N−H•••O= hydrogen-bonding sites in the BIUM 

molecule formed a regular 1D array and a channel via the 

recrystallisation of acetic acid (AcOH),113, 114 where the AcOH 

molecules were within the channel to form 1:1 host–guest 

molecular crystals. Photo-polymerisation reactions have been 

examined for use within the crystalline space of the channel.113 

The guest AcOH molecules inside the channel can be removed 

by thermal treatment at 450 K, with the N2 molecules 

introduced into the channel space by cooling to 298 K (Fig. 

15a). Reheating the empty channel to 510 K transformed to the 

zigzag 1D stack to minimise the empty vacuum space in the 

crystal. The vapour diffusion of pyrrole (Pyrr), Py, and 2,3-

difluoroaniline (F2-Ani) to form zigzag channels rearranged the 

crystal structure of the host–guest molecular crystals, and the 

guest molecules were reversibly removed using thermal 

treatment. The zigzag structures were again transformed to the 

structure of the channel after the vapour diffusion of AcOH. 

The reversible structural transformation between the 1D and 

zigzag channels was realised by the stepwise procedure of 

thermal treatment, guest adsorption, thermal annealing, and 

vapour diffusion of AcOH. From the N2 and CO2 adsorption – 

desorption isotherms, the N2 molecule can only pass through 

the 1D channel without the sorption of CO2.  Neither N2 nor 

CO2 can pass through the small void space zigzag structure. 

 
Fig. 14. Molecular structures of the 1D and 2D hydrogen-bonding systems of the 
BIUM, 2,5-DABT, and (G

+)2(BS2−) frameworks. 

  Although H+ conductivity has been reported in (2,5-

H2DABT2+ salts with H2PO4
−,62 neutral 2,5-DABT can form a 

variety of hydrogen-bonding host–guest molecular crystals 

involving guest molecules of Py, PhCN, Pipe, DMF, THF, Diox, 

CH3OH, Ani, Coum, PhNO2, HMTA, and Quino.115 Moreover, 

reversible guest adsorption–desorption cycles have been 

observed in relatively small guest molecules, where the 

reversible transformation of the N−H•••N hydrogen-bonding 

host crystal lattice is observed during the sorption of highly 

crystalline guests. Two kinds of hydrogen-bonding sites, 

namely −NH2 groups and the ring nitrogen of the thiazole (Thz) 

ring, can contribute to the formation of host hydrogen-bonding 

lattices (Fig. 15b). The vapour adsorption of Py molecules into 

a host 2,5-DABT lattice formed single crystals of (2,5-

DABT)(Py)2, where the guest Py molecules were inserted in the 

space between the 2D layers of hydrogen-bonding 2,5-DABT. 

A slight change in the orientation of the 2,5-DABT molecules 

occurred in the 2D layer, thereby generating an adequate 

crystalline space for guest adsorption. The Py molecules were 

reversibly removed by thermal annealing in the highly 

crystalline state, while Py re-adsorption was observed by the 

vapour diffusion of Py. The reversible adsorption–desorption 

cycle for highly crystalline Py guests was observed (Fig. 15c). 

Similar structural transformations have been observed in the 

molecular adsorption of Pipe, DMF, Diox, and PhCN.115 

Dynamic crystal lattice transformation according to the guest 

molecules occurs owing to the energy consumption of the 

hydrogen-bonding crystal lattice and the weak bonding of guest 

molecules to the host lattice through van der Waals interactions. 

In the case of 2,5-DABT, interlayer van der Waals interactions 

can easily open space for guest adsorption. 
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Fig. 15. 1D and 2D hydrogen-bonding host–guest molecular crystals. (a) 
Formation of various types of 1D molecular assemblies of BIUMs. (b) 2D 
hydrogen-bonding layer of 2,5-DABT and its structural transformation by Py 
adsorption. (c) The desorption – readsorption cycle of host-guest crystals 2,5-
DABT•(Py)2. PXRD patterns of i) as-grown crystals 2,5-DABT•(Py)2, ii) Py 
desorption crystals 2,5-DABT after the thermal treatment at 370 K, iii) 
simulation pattern of 2,5-DABT based on the single crystal X-ray analysis, and 
iv) Py re-adsorption crystals 2,5-DABT•(Py)2 at room temperature. (d) The 
electrostatic –NH2

+
•••

–SO3− hydrogen-bonding layer of a (G+)2(BDS2−) host with a 
CPK representation, where the guest adsorption space exists in the host lattice. 
(e) Adsorption–desorption isotherm of THF for (G+)2(BDS2−) at 298 K. Figure 
modified from Refs. 115 and 117. Copyright 2019 and 2021 Royal Society of 
Chemistry and the American Chemical Society. 

The energy of electrostatic hydrogen-bonding interactions is 

far higher than that of neutral hydrogen-bonding interactions, 

which enhances the stability of the host crystal lattice. The rigid 

(G+)2(BDS2−) host lattice in which electrostatic –NH2
+•••−SO3− 

hydrogen-bonding interactions form various host–guest single 

crystals involving H2O, Pyrr, pyrazine (Pyz), thiophene (TP), 

Py, Diox, and Ani was discovered.116,117 The crystal formula of 

(G+)2(BDS2−)•(Guest)x (where x = 1, 2, or 3) was observed 

according to the size of the guest molecule. The guest 

molecules were inserted into the pores between the 2D layers 

comprising the pillared (G+)2(BDS2−) electrostatic lattice (Fig. 

15c). As the initial (G+)2(BDS2−) crystal contained no voids, the 

guest adsorption-induced transformation to form pillared crystal 

structures is key. The electrostatic interactions of the host 

crystal lattice maintain the pillared crystal lattice after guest 

adsorption, while weak van der Waals interactions between the 

host lattice and the guest molecules form dynamic host–guest 

molecular crystals. The reversible guest adsorption–desorption 

cycle into the host lattice has also been confirmed in the gate-

opened adsorption–desorption isotherms for THF and benzene 

(Fig. 15d).117 The thermal stability of the rigid (G+)2(BDS2−) 

host lattice was higher than those of the 1D channel of BIUM 

and the 2D layer of 2,5-DABT.114,115 The low-molecular-weight 

hydrogen-bonding molecular crystals can form a unique 

dynamic host lattice that shows a reversible molecular 

adsorption–desorption cycle for diverse guest molecules; in 

particular, electrostatic hydrogen-bonding interactions facilitate 

the generation of dynamic, rigid host crystal lattices. In addition, 

energy variations between the molecules in solids should it be 

the formation of interesting dynamic crystal lattice that 

regulates external stimuli such as molecular adsorption. 

 

6. 2. Dynamic Hydrogen-Bonded Framework 

Functional HOFs have attracted significant attention for their 

potential applications in gas sorption, separation, and 

catalysis.118 Although the design of dynamic organic 

frameworks has been geared primarily toward the above 

technological applications, these dynamics are also utilised in 

the development of bulk physical properties. However, the 

reports on mechanically responsive molecular crystals, 

including thermo-responsive and light-responsive crystals, are 

comparatively limited.119 Rigid and static molecular crystals 

with closest-packing structures are less open to structural 

distortion, which hampers the development of thermo-

responsive molecular crystals. The thermosalient effect is a 

thermo-responsive phenomenon that induces a mechanical 

force owing to the response to an external thermal stimulus.120 

However, there are few thermosalient active crystalline 

materials. To explore the potential application of such 

materials, new thermosalient molecular crystals must be 

discovered, and their underlying mechanisms require 

clarification in order to establish an appropriate design strategy. 

In our study on dynamic aromatic molecular systems,121 we 

found that HOF crystals with twisted dynamic  units of 

tetra[2,3]thienylene tetracarboxylic acid ([2,3]ThTCA) 

demonstrated a thermo-responsive jumping behaviour, which 

was triggered by specific structural changes in the twisted  

structure (Fig. 16a).122 

The connection of twisted -units of [2,3]ThTCA by 

symmetric hydrogen-bonding –COOH groups results in a 

unique HOF structure. The hydrogen-bonding network of the 

saddle-shaped [2,3]ThTCA scaffold forms a 3D supramolecular 

structure. Six discrete molecules formed six-membered rings, 

which were connected to each other (Fig. 16b). The diamond-

like structure of [2,3]ThTCA was constructed using a fully 

fused -system and a highly twisted tetra[2,3]thienylene -

node, closer to a regular diamondoid structure. The spatial 

structure and periodicity of the [2,3]ThTCA framework 

(2.362.21 nm2) lead to six-fold interpenetration of the 

diamond layers with stacked dynamic  units along the a axis. 

The molecular assembly of [2,3]ThTCA produces 1D rhombic 

channels (approximately 5.69.8 Å2), which run parallel to the 

a axis and facilitate the accommodation of solvent molecules 

by providing permanent porosity. The surface area and pore 

size corresponding to the N2 isotherm are 465 m2 g−1 and 6.52 

Å, respectively. 

 

 

Fig. 16. Diamondoid structure and its interpenetration assembly of [2,3]ThTCA. 
(a) Molecular structure of [2,3]ThTCA and its structural features. (b) Diamondoid 
structure formed by the hydrogen-bonding assembly of [2,3]ThTCA. (c) Six-
membered ring of the diamondoid substructure. (d) Six-fold interpenetration 
assemblies of the diamondoid structure leading to the formation of the HOF 
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assembly of [2,3]ThTCA. Figure modified from Ref. 122. Copyright 2019 Wiley–
VCH Verlag GmbH & Co. KGaA. 

The most striking feature of the [2,3]ThTCA crystals was the 

observation of thermo-responsive crystal jumping behaviour. 

Upon heating the single crystals, the birefringence of the crystal 

changed at approximately 400–420 K, followed by the crystal 

jumping phenomenon. This behaviour was triggered by THF 

desorption from the 1D channel. The removal of guest THF 

generated additional space in the host crystal lattice required for 

the transformation to a stable crystal form. The cooperative 

anisotropic motion of each molecule released stress, thus 

generating mechanical force and inducing the crystal jumping 

behaviour. The newly formed narrower void space was filled 

with H2O molecules to stabilise the molecular assemblies. 

There are no previous reports of organic frameworks that can 

produce mechanical force based on the dynamic motion of the 

host lattice caused by guest-molecule desorption. This system 

offers a pathway to designing thermally stable thermosalient 

molecular materials, with the origin of the thermosalient 

behaviour clearly deriving from collective molecular motion in 

the molecular assemblies. 

 

 

Fig. 17. Molecular mechanism of the crystal jumping in HOF [2,3]ThTCATHF. (a) 
Significant changes in the molecular structure of the tetra[2,3]thienylene -core 
from HOF [2,3]ThTCATHF (before jumping) to HOF [2,3]ThTCAH2O (after 
jumping). The cooperative molecular motion of [2,3]ThTCA triggered by the 
removal of THF produces the mechanical force requisite for crystal jumping. 
Figure modified from Ref. 122. Copyright 2019 Wiley –VCH Verlag GmbH & Co. 
KGaA. 

 

6. 3. Conformational change by molecular sensing 

Structural transformation of the host crystal lattice is sometimes 

accompanied by an interesting physical response associated 

with guest adsorption. For instance, the physical properties of 

the electrical conductivity, dielectric constant, and emission 

behaviour have the potential to be modulated in host–guest 

molecular crystals via external stimuli. We focused on the 

dynamic crystal lattice of solid-state ESIPT fluorescent chromic 

materials for molecular sensing, where the intramolecular PT 

from enol (−OH) to keto (=O) isomers showed a large Stokes 

shift of approximately 10,000 cm−1 owing to guest 

adsorption.123 The 2-(2‟-hydroxyphenyl)benzothiazole (HBT) 

molecule is a well-known solid-state ESIPT compound in 

which the intramolecular O–H•••N hydrogen-bonding 

conformation shows the intramolecular PT process in the 

excited state. This phenomenon has been observed in non-polar 

solvents, such as CHCl3, or in the solid state. However, the 

HBT crystal lattice did not exhibit dynamic behaviour in the 

absence of external-stimuli responsive units. Herein, we 

designed a highly acidic HBT molecule bearing the –SO3H 

group (SHBT) as an external-stimuli responsive unit for the 

detection of basic molecules (Fig. 18a), resulting in a dynamic 

host lattice and ESIPT fluorescent chromic behaviour.124 The 

guest recognition abilities of SHBT drastically changed the 

ESIPT fluorescence behaviour, and the thermal annealing of the 

host–guest crystals removed the guest molecules and recovered 

the initial state. The vapour diffusion of guest molecules 

reversibly recovered the highly crystalline state of the host–

guest crystals. The conformational isomer of the intramolecular 

O−H•••N hydrogen-bonding structure (trans-isomer of SHBT) 

showed strong green-coloured ESIPT fluorescence, while weak 

blue-coloured non-ESIPT fluorescence was observed in the 

non-hydrogen-bonding cis-isomer (Fig. 18a). The structural 

conversion of SHBT between these two isomers dominated the 

guest adsorption-induced ESIPT fluorescent response. 

    Although the solid-state HBT itself showed strong green-

coloured ESIPT fluorescence, the solid-state SHBT was almost 

inert regarding the fluorescence response.123 Single-crystal X-

ray structural analysis of SHBT clarified the zwitterionic 

molecular structure comprising –SO3
− and a thiazolium-ring 

after the PT process from –SO3H to the thiazole-ring (Fig. 18b). 

Interestingly, the non-fluorescent SHBT drastically changed to 

a strong green-coloured ESIPT fluorescent state after the 

vapour diffusion of guest base molecules such as Py, Ani, Quin, 

and thiazole (Fig. 18b). Single-crystal X-ray structural analysis 

of (SHBT)(Py) revealed the formation of the intermolecular H+-

transferred (HPy+)(SHBT−) salt from the highly acidic –SO3H 

to the basic N-site of Py, where the N–H+•••–O3S– hydrogen-

bonding interactions dominated the intermolecular interactions. 

In addition, the intramolecular O–H•••N hydrogen-bonding 

conformation was consistent with the ESIPT active molecular 

structure after guest adsorption. Changing the molecular 

structures of Py, Ani, and Quin to thiazole slightly modulated 

the ESIPT fluorescent colours, suggesting molecular sensing 

properties. 
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Fig. 18. Fluorescent ESIPT chromic molecule of SHBT. (a) Structural 
transformation between non-ESIPT (ESIPT) trans-conformer without (with) an 
intramolecular O−H•••N hydrogen-bonding structure. (b) ESIPT fluorescence 
responses of SHBT for various aromatic bases. (c) Two-step ESIPT chromism for 
NH3 and C3H7NH2 and the formation of monoanionic and dianionic states. Figure 
modified from Ref. 123 Copyright 2018 American Chemical Society. 

The neurotransmiter molecule of hystamine was also 

detected by the ESIPT fluorescent chromism from non-ESIPT 

weak blue to ESIPT strong green fluorescence. This ESIPT 

fluorescent chromic behaviour for strong bases such as NH3 

and R-NH2 was manifested via a two-step process (Fig. 18c), 

where the fluorescence changed from weak non-ESIPT blue, to 

strong ESIPT blue, and finally to strong non-ESIPT green 

emission in solids. The detection limit of the NH3 molecule was 

approximately 10 ppm using a spin-coated SHBT thin film. 

Single-crystal X-ray structural analyses of (C3H7NH2)(SHBT) 

and (C3H7NH2)2(SHBT) clarified the molecular structures of 

each SHBT variant, forming H+-transferred 

(C3H7NH3
+)(SHBT−) and (C3H7NH3

+)2(SHBT2−), respectively. 

The former monoanionic SHBT− has an O−H•••N hydrogen-

bonding ESIPT conformation with strong green-coloured 

ESIPT fluorescence, while the latter dianionic species has two 

different anionic sites (–SO3
− and −O−) with the non-ESIPT 

conformation, which does not possess intramolecular O−H•••N 

hydrogen-bonding interactions, and shows non-ESIPT blue-

coloured fluorescence. These examples of two-step ESIPT 

fluorescent chromism occurred in a highly crystalline state 

based on the change in the PXRD patterns, where the rotational 

dynamics of the benzothiazole unit in the solid enabled the 

ESIPT conformation to be switched on and off. The 

conformational freedom and fluorescent chromic behaviour 

were coupled to each other, which is advantageous for 

designing multifunctional external-stimuli responsive materials. 

7．Summary and feature perspective 

This review discusses the roles of H+, M+, molecules, and 

crystal lattices as dynamic structural units in molecular 

assemblies. These assemblies involve diverse intermolecular 

interactions, including strong electrostatic, hydrogen-bonding, 

CT, and weak van der Waals interactions. The motional 

freedom of small H+ ions encompasses short- and long-range 

dynamics in ferroelectrics and H+ conductors, respectively, 

while the dynamic M+ motions of Li+ and Na+ involve ionic 

conductors and the coupling to the conduction electrons as a 

pinning potential. The softness and hardness of crystal lattices 

are modulated by replacing M+ cations, such as Li+, Na+, K+, 

Rb+, and Cs+, with an n-type organic semiconductor in the form 

of dianionic NDI derivatives. The dynamics of molecular 

rotation in plastic crystals and liquid crystals are well 

established, although their role in the design of physical 

properties have yet to be sufficiently examined. The use of a 

polar rotator structure based on a supramolecular approach 

enables the formation of ferroelectric molecular crystals. 

Hydrogen-bonding molecular crystals are also interesting 

structural motifs for enabling reversible molecular adsorption–

desorption. Further investigation of these host–guest molecular 

systems resulted in ESIPT fluorescent chromic behaviour and 

showed interesting molecular sensing properties using various 

bases, where the dynamic transformation of the crystal lattice 

and the molecular conformational change were coupled to each 

other. Recently, such dynamic behaviours have been linked to 

physical responses including hybrid electrical conduction, 

ferroelectricity, and fluorescent chromism. In section 2–6, we 

introduced variety of dynamics form H+, M+, molecule, 

conformation, to crystal lattice. The organic molecular 

assembly is completely different from the crystal lattice of 

inorganic compounds, and has a potential to fabricated new 

multi-functional materials similar to excellent function in 

biological assembly. A softness of crystal lattice is responsible 

for various outer stimuli. More complicated dynamic molecular 

systems such as catenanes and rotaxanes are also interesting 

structural modules; however, designing motional freedom in 

solids remains a challenge. Therefore, simple molecular 

systems are useful as structural units for introducing dynamics 

into the molecular assembly. In contrast, non-equilibrium 

dynamic molecular assemblies, such as biological systems, are 

interesting functional molecular assemblies, where various 

dynamic processes coexist and couple with each other. 

However, realising molecular assembly structures that combine 

the functionalities associated with proteins and low-molecular-

weight compounds is an ongoing research objective. One 

essential point to solve in the near feature is a design of 

directional motion in molecular assembly. Thermally activated 

random Brownian motion is never associated with the work of 

the molecular machine. A possible proposal is an introduction 

of asymmetry into the motional environment (Brownian ratchet 

model), which enable to extract the directional motion by the 

application of external bias. Artificial H+ pump and molecular 

motor are the candidate to be designed in molecular assembly. 

However, exact artificial fabrication of these dynamic 
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molecular assembly is quite hard task utilising in the present 

scientific standard. Therefore, the first stage is a coupling of 

dynamics to physical properties and its understanding in 

molecular science is the most essential point of view to 

progress the feature dream for fabricating molecular machines. 

Achieving protein-like functionality is a goal of our search on 

artificial molecular motors, and is poised open a new field of 

molecular science and technology. Nevertheless, coupling 

dynamic molecular assembly with various physical properties is 

a useful starting point for realising dynamic hierarchal 

molecular assembly systems based on functional molecules. 
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