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Dynamic molecular assemblies toward a new
frontier in materials chemistry

T. Akutagawa (2

The crystal lattice energy of m-molecules is dominated by weak and anisotropic intermolecular
interactions ranging in energy from 1 to ~20 kJ mol™}, which can be tuned by the introduction of
specific interaction sites to the parent m-molecular core. In various types of m-molecular crystals,
supramolecular approaches using directional hydrogen-bonding, halogen bonding, n-stacking, host—guest,
and hydrophobic interactions have been effectively used to achieve lattice dynamics including proton
transfer, ionic transport, and molecular rotations in the closest-packing molecular assemblies. Such
approaches enable the formation of dynamic multi-functional intrinsic m-electronic materials with
electrical conductivity, magnetism, and unique optical responses. Short-range collective proton transfer
occurs along intermolecular hydrogen-bonding networks and is correlated with the dipole inversion and
ferroelectricity, whereas long-range proton transport is directly associated with bulk protonic conduction.
Dynamic proton and ionic transport in the molecular assemblies can be designed for protons via
hydrogen bonding and for Li* and/or Na* via ionic channels, where the freedom of motion is coupled
with the intrinsic mt-electronic properties. When the dynamic molecular rotation of the polar structural unit
is controllable by an outer electric field, the dipole inversion and dielectric responses of the molecular
assemblies are associated with ferroelectricity. Careful design of the polar rotary unit has the potential to
create artificial molecular motors or futuristic molecular assembly machines. These dynamic molecular
assemblies can be coupled with intrinsic m-electronic functions, offering a new direction in the future of
materials chemistry.

Dynamic molecular assemblies

Both covalent- and ionic-bonds contribute to the interatomic
interaction in typical inorganic materials, resulting in higher
thermal stability and excellent physical properties compared to
those of organic materials." The crystal lattice energy of the
organic molecules is dominated by various kinds of inter-
molecular interactions including electrostatic, charge-transfer,
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hydrogen-bonding, halogen-halogen, van der Waals (dipole-
dipole, dispersive polarization, induced polarization, etc.), and
hydrophobic interactions. The different magnitudes of these
interactions play an important role in the design of multi-
functionalities towards obtaining soft molecular assemblies.>
Therefore, one of the advantages of using organic molecular
assemblies is their wide variation of possible intermolecular
interactions. Relatively strong electrostatic Madelung energy is
the most essential aspect of an ionic charge-transfer complex,
(Donor*)(Acceptor °), with a magnitude of charge-transfer
8 =1.% Directional intermolecular hydrogen-bonding interactions
have been observed in a large number of molecular assemblies,
such as one-dimensional (1D) chains of phthalic and isophtahlic
acids,” two-dimensional (2D) layers of squaric acid or trimesic
acid,” and three-dimensional (3D) diamond-like networks of
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Scheme 1 Hierarchal energy scale of intermolecular interactions in protein and molecular assembly machines.

tetracarboxylic acid derivatives.® In contrast, weak van der Waals
interactions are useful for fabricating flexible and dynamic
molecular crystals, such as adamantane and n-alkanes.”® Both
the magnitude of energy and the directionality of intermolecular
interactions are essential for determining the intrinsic electrical
conductivity, magnetism, and optical properties of the fabricated
material.” Physical parameters of superconducting and/or
ferromagnetic phase transition temperatures of the weakly
interacting organic n-molecules are much lower compared to
those of strongly interacting inorganic ones.'® However, the
precise design of these weak intermolecular interactions as part
of molecular assemblies is useful to fabricate dynamic and soft
molecular assembly structures similar to those found in bio-
logical systems. For instance, polypeptide chains are obtained
through covalent bonding of twenty possible amino acids,
and the secondary molecular assembly structures including
a-helices and B-sheets are assembled by amide-type N-H-: - -O—
hydrogen-bonding interactions (Scheme 1)."' Molecular assembly
of the secondary structures forms hierarchical ternary structures
through weak van der Waals interactions, which allows for the
plasticity and reconstructivity of biological system at room
temperature.’* Since biological molecular assemblies are con-
structed by different magnitudes of intermolecular interactions
from covalent bonds, hydrogen-bonding, to van der Waals inter-
actions, reversible association and dissociation processes are
easily achieved around room-temperature energy (kg7) to realize
self-healing and effective enzyme reaction cycles. Dynamic and
elastic molecular assemblies have been well utilized and orga-
nized to create dynamically ordered biological molecular assem-
blies. However, some organic molecules and virus crystals are
obtained in the static state with a large minimum free energy.
If dynamic ordering molecular assemblies can be freely designed
and applied in molecular assembly devices, new kinds of mole-
cular machines will be possible for use in highly efficient energy
conversion systems.'” Currently, there are insufficient design

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018

strategies available to fabricate such complex and futuristic
molecular assembly machines.

Various types of dynamics including proton transfer, ionic
motion, and molecular rotation have been examined in molecular
assembly structures. For instance, cooperative intermolecular
proton-transfer of a carboxylic acid dimer,"® rotation of methyl
(-CH3) groups in benzene derivatives,"* in-plane rotation of
aromatic n-molecules," rotator phases of spherical molecules
of Cgo,'® and adamantane (C;oH;6)"” have been evaluated by
the spectroscopic techniques and X-ray inelastic scattering
measurements.'® These solid-state dynamic behaviors occur
via thermally activated random Brownian motion. Although
the motional freedoms of rotation frequency and symmetry can
be controlled by the molecular design and crystal engineering,
the control of unidirectional rotary motion in a clockwise or
anti-clockwise direction has yet to be achieved in the molecular
assemblies confounding the production of an artificial molecular
motor. Thermally activated Brownian motions, such as the rota-
tion of ~CH; groups and proton transfer in hydrogen-bonding
systems, are observed as stochastic phenomena with an equal
probability for clockwise and anti-clockwise rotations. These
random molecular motions can never be transformed into
a work function according to the second law of thermo-
dynamics."® A molecular motor and a proton pump coopera-
tively operate the biological molecular system in ATPase,>
where the unidirectional molecular motor activates the proton
pump to catalyze ATP production from ADP with high energy
conversion efficiency of approximately 100%. The unidirectional
biological molecular motor has a completely different working
principle compared to an artificial random molecular rotator.
Therefore, the design of the dynamic molecular environment
in the molecular assemblies must be carefully controlled to
fabricate dynamic and functional molecular assembly systems,
which can be used to mimic biological molecular machines.
From this perspective, we discuss the dynamic behaviors
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Fig. 1 Molecular assemblies including intrinsic-r functions such as electrical
conducting, magnetic, and optical properties coupled with the dynamic
functions of proton transfer, ion channel, and molecular motion.

of protons, ions, and molecules in n-functional molecular
assemblies (Fig. 1).

Proton dynamics in molecular
assemblies

The mass of a proton is an approximately one thousand times
larger than that of an electron, resulting in a proton mobility
one thousand times lower than that of electrons in the mole-
cular assemblies. Proton transfer in hydrogen-bonding struc-
tures plays an essential role in realizing the biological functions
such as proton pumping, electron transport coupled with
the 2H'-2e~ reaction of p-benzoquinone (BQ)-hydroquinone
(H2Q), redox pairs of ubiquinone, and photo-isomerization of
the retinal-retinol tautomer in optic nerve of rhodopsin.”" In
biological systems, both proton and electron transfer have been
cleverly used in energy transfer processes and for information
transmittance. In solid state physics, the cooperative proton
and electron transfer phenomena in hydrogen-bonding charge
transfer complexes of quinhydrone (BQ)(H2Q) between the
electron acceptor, BQ, and the electron donor, H2Q, indicated
an interesting phase transition behavior to a semiquinone
neutral radical state, HQ®, under high pressure.*? Proton transfer
in the organic n-molecules has the potential to form new dynamic
molecular assemblies.”?

Short-range proton transfer in hydrogen-bonding molecular
assemblies is followed by a double-wall potential energy curve
creating bi-stable energy minima for the protonic coordinate,
whereas the long-range transfer is observed in hydrogen-bonding
network structures (Fig. 2).”* Short-range cooperative proton-
transfer along the 1D hydrogen-bonding chain generates a
macro dipole moment and its inversion by the outer electric
field can result in a ferroelectric response (Fig. 2b). For
instance, thermal fluctuations of proton arrangements in the
1D N-H---N hydrogen-bonding chains of (HDABCO")-ClO,~
and (HDABCO')-BF,~ crystals were frozen at 377 and 378 K,
respectively, resulting in a high temperature paraelectric and
low temperature ferroelectric phase transition (HDABCO' is
mono-protonated 1,4-diazabicyclo[2.2.2]octane).”> Lower thermal
energy (kg7) and smaller energy barrier (AE) of the double-wall
potential energy curve results in proton ordering in the 1D hydrogen-
bonding chain according to the ice rule. Here, the ice rule indicates
that the uniformly monoprotonated HDABCO" arrangement in
the 1D chain is much more stable than the formation of
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Fig. 2 Short-range and long-range proton transfer and potential energy
curves for the proton coordinates in the molecular assemblies. (a) Bi-stable
short-range proton transfer for switching behavior. (b) Collective short-
range proton transfer in a hydrogen-bonding network for the ferroelectric—
paraelectric phase transition. (c) Long-range proton transfer for protonic
conductivity along a hydrogen-bonding network.

disproportionation states of diprotonated H,DABCO®" and neutral
DABCO species within the 1D N-H- - -N hydrogen-bonding chain.
In this assembly, each proton is arranged in the same orientation
along the 1D chain to generate the macro dipole moment with a
ferroelectric response.>®

The thermally activated order-disorder phase transition of
proton orientation in the 1D hydrogen-bonding chain is closely
associated with its ferroelectric-paraelectric phase transition
behavior, which can be also coupled with the intrinsic electrical
conductivity (Fig. 3). The highly electrical conducting anion

Fig. 3 Dynamic short-range collective proton transfer and dielectric
switching in the organic semiconductor (HDABCO™),(TCNQ)s. (a) Unit cell
viewed along the 1D (N-H*---N)_, hydrogen-bonding chain and electrical
conducting m-column of TCNQ. (b) High temperature 1D (N-H*---N)_,
hydrogen-bonding chain of HDABCO™ cations along the a + b axis.
Schematic potential energy curves of the N-H*...N hydrogen-bonding
chain (c) at the high temperature paraelectric disordered phase (upper)
and at the low temperature ordered ferroelectric phase (lower) for the
proton orientation.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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radical salt (HDABCO'),(TCNQ); has been used as an organic
semiconductor with dielectric switching behavior (TCNQ is
7,7,8,8-tetracyano-p-quinodimethane). The dielectric phase transi-
tion of 1D hydrogen-bonding of the (HDABCO"),, chain from the
low temperature ferroelectric to high-temperature paraelectric
states affects its electrical conductivity on the m-column of
partially reduced TCNQ.?” The 1D N-H"---N hydrogen-bonding
chains can elongate along the a + b axis parallel to the electrical
conducting n-stack of TCNQ (Fig. 3a and b). The symmetrical
potential energy curve of the N-H"- - -N hydrogen-bonding chain
determines the collective motion of the protons according to
the temperature. At temperatures above 306 K, the thermally
activated fluctuation of protons occurs and cancels the macro
dipole moment along the 1D (N-H'---N),, chain in a para-
electric state (Fig. 3c). When the thermal energy (kzT) is smaller
than the potential energy barrier, below 306 K (Fig. 3c), each
proton in the 1D (N-H"- - -N),, chain was fixed along one direc-
tion according to the ice rule to generate a macro dipole moment
with a ferroelectric state.

Recently, new ferroelectric-paraelectric phase transition
materials coupled with intermolecular proton transfer have been
examined using hydrogen-bonding n-molecular crystals such as
croconic acid and 5,6-dichloro-2-benzoimidazole.?®*° In these
materials the remnant polarization (P,) in the polarization-
electric field (P-E) curves was reached at approximately 22 and
10 pC cm™?, respectively,”®* similar to that of typical inorganic
ferroelectrics of BaTiO; crystals (P, ~ 26 pC cm™?). The
order-disorder phase transition temperature of these hydrogen-
bonding ferroelectrics was observed at relatively high tempe-
rature, which is potentially useful for use in ferroelectric
random-access memory devices.

The long-range proton-transfer system along the hydrogen-
bonding networks achieves proton conduction instead of a
ferroelectric phase transition material (Fig. 2c). However, the
hydrogen-bonding ferroelectrics and proton conductors are
related. Dynamic and highly mobile hydrogen-bonding networks
are essential to design of proton conducting materials for
applications in fuel cells. High protonic mobility, larger than
10 cm® V™' 57, in the solid state is challenging to reach, but
is required for superprotonic conductors for use in light-weight
and low-cost fuel cells.*

The shape of the double-wall potential energy curve for the
proton coordinate is useful for understanding dynamic proton
transfer phenomena (Fig. 4). Hetero-type X-H- - -Y intermolecular
hydrogen-bonding interactions, such as N-H-:--O and O-H: - N,
generate an asymmetrical potential energy curve for the proton
coordinate (Fig. 4a).>* Conversely, homo-type X-H- - -X hydrogen-
bonding interactions, such as O-H---O and N-H-- N, create a
symmetrical double-wall potential energy curve, which is suit-
able for intermolecular proton-transfer (Fig. 4b).>* In addition, the
magnitude of the potential energy barrier, AE, is an important
parameter governing proton-transfer, where strong hydrogen-
bonding interactions with short X:--X distances (dx x) decrease
the magnitude of AE. A relatively strong hydrogen-bonding
interaction was observed at do.o < 2.5 A in the O-H---O
hydrogen-bonding structure, which shows a single minimum

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 4 Controlling the hydrogen-bonding potential energy curves. (a) Asym-
metrical potential energy curve of hetero-type X—H---Y and (b) symmetrical
potential energy curve of homo-type X-H---X hydrogen-bonding structures.
(c) Single minimum potential energy cure of the strong homo-type hydrogen-
bonding structure. (d) Brensted acid—base approach for the intermolecular
N—H- - .O hydrogen-bonding system of (4,4’-bipyridine)(polynitorophenol),
complexes to control the potential energy curves. (e) Relative energy vs.
dn-n in the theoretical potential energy curves of proton-transferred ionic
(4,4’ -bipyridinium?*)(picrate ™), (1), (4.4’ -bipyridine)(2,4-dinitrophenol), (2),
and (4,4’-bipyridine)(2,5-dinitrophenol), (3) complexes.

potential energy curve in the absence of intermolecular proton-
transfer (Fig. 4c).*' In the single minimum potential energy
curve, the order-disorder phase transition of the protonic orien-
tation should be completely suppressed. The quantum para-
electric 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 AE of the
double-wall potential energy curve is favorable for inter-
molecular proton transfer and order-disorder phase transition
at relatively low temperatures. In the ferroelectric phase, the
coercive electric field (Ey,) is also decreased by low AE caused
by lowering the dipole inversion energy, whereas the elongation
of the intermolecular hydrogen-bonding distance increases the
dipole moment, y, and P,.

The potential energy curve for the intermolecular hydrogen-
bonding structure was designed by considering the acid
dissociation constant (pK,) of the proton-donor (HD) and proton-
acceptor (A) in the hydrogen-bonding D-H- - -A system. Fig. 4d and
e show the theoretical potential energy curves at relative energy vs.
dy_p1 of the proton transferred ionic (4,4’-bipyridinium®")(picrate ),
(1), neutral (4,4’-bipyridine)(2,4-dinitrophenol), (2), and neutral

Mater. Chem. Front., 2018, 2, 1064-1073 | 1067
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(4,4'-bipyridine)(2,5-dinitrophenol), (3) complexes. The asymme-
trical potential energy curves of hetero-type N-H---O hydrogen-
bonding structure were observed in neutral hydrogen-bonding 2
and 3 complexes, whereas the symmetrical potential energy curve
was obtained in the proton-transferred ionic 1 complex. Although
the potential energy barrier at approximately 20 k] mol " in 1 was
higher than the energy at room temperature (k7' ~ 2.5 k] mol ™),
the application of sufficient thermal energy could induce the
phase transition from the ionic to neutral complexes according
to the bi-stable potential energy curve (Fig. 4e). In H,O, the
difference in pK, values between proton donor, HD, and proton
acceptor, A, molecules; ApK, = pK,(HD) — pK,(HA"), becomes
an indicator that can be used to evaluate the possibility
of proton transfer between the neutral hydrogen-bonding
(D-H---A) and ionic proton transferred (D ---HA") states.**
When ApK, > 0, the proton transfer reaction follows the general
guidelines of a Brensted acid-base reaction. In the solid state,
although a simple relationship for the neutral-ionic boundary at
approximately ApK, ~ 0 has not been observed in acid-base
binary molecular complexes, a design strategy based on ApkK,
value has become a useful parameter to estimate the proton
transfer state of molecular assemblies. The binary molecular
complexes formed between polynitrophenol (DH) and aniline
derivatives (A) indicate a neutral-ionic boundary of ApK, ~ +1
between the neutral (DH)(A) molecular complex (ApK, > +1)
and the proton transferred ionic (D”)(HA") complex (ApK, < +1)
(Fig. 5). In this system, the electrostatic Madelung energy in the
latter ionic complex shifts the boundary condition to a pK, of
approximately 0.** Interestingly, several ionic binary molecular
complexes of (D7)(HA') near the neutral-ionic boundary indi-
cated a phase transition between low temperature (D™ )(HA") and
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1T () — 0
e e o
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Fig. 5 Formation of the neutral (HA)(B) and ionic (A7)(HB*) hydrogen-
bonding binary molecular complexes through the combination of poly-
nitrophenol (HA) and aniline (B) derivatives. (a) A design strategy where
ApK, = pK,(HD) — pK,(HA™) is useful in determining the type of binary
hydrogen-bonding molecular complexes (ionic or neutral). (b) Complex
isomerization from ionic yellow (o-iodoanilinium™~)(picrate™) to neutral red
(0-iodoaniline)(picric acid) complexes by thermally activated intermolecular
proton transfer in the solid state.>
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Fig. 6 Asymmetrical hydrogen-bonding Ratchet-type potential energy
curve for unidirectional proton transport along a hetero-type (X—H---Y),
hydrogen-bonding chain.

high temperature (HD)(A) forms by increasing the temperature
and/or applying pressure. For instance, the complex isomeriza-
tion from the ionic yellow (0-iodoanilinium~)(picrate") to neutral
red (o-iodoaniline)(picric acid) complex was observed during
the thermally activated intermolecular proton transfer in the
solid state (Fig. 5b).*> Another important design aspect for
the physical function of the materials is the crystal symmetry.
In the dynamic phase transition system, the low symmetry polar
space groups have been observed at low temperature phase,
which has potential to show ferroelectricity,** second harmonic
generation (SHG), and piezoelectricity. Based on a structural
database, the intermolecular hydrogen-bonding patterns and
crystal symmetry can be used for discovering new ferroelectric
molecular crystals. In near future, Al technology will be used to
find potential ferroelectric or SHG materials among a vast
crystal structural database.

Several scientific challenges must be solved for hydrogen-
bonding molecular assemblies to realize designable gated- and
unidirectional proton transport (pumping). Since the hetero-
type X-H- - -Y hydrogen-bonding structure has an asymmetrical
potential energy curve for the proton coordinate, the formation
of Ratchet-type asymmetrical potential energy curves would
likely achieve unidirectional molecular rotation in the biological
motor (Fig. 6). The introduction of asymmetry into the thermally
activated Brownian motion under the application of periodic bias
is a proposed mechanism by which to realize unidirectional
protonic transport along the (X-H: - -Y),, hydrogen-bonding chain.
In addition, the polarized proton arrangement in the protonic
channel provides an asymmetric solid-state environment to align
each dipole moment of H,O molecules for unidirectional H,O
transport like in the water transporting protein aquaporin.®®
The artificial design of a unidirectional H,O transport channel
is an interesting concept for the field of molecular assembly
machinery.

lon dynamics in molecular assemblies

In the biological cellular membrane, selective and passive ion
transport channels for Na*, K, and Ca”" in lipid bilayers have
been observed by concentration differences and electrical
gradients between the inner cytosol and the outer matrix.*”
ATP hydrolysis is coupled with the ionic transport of three
Na' ions from the inner to outer side of the membrane and two
K" ions from the outer matrix to the inner membrane side in
the Na*/K* pump (Fig. 7).*” The ionic pump and channel are

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 7 Biological ionic channels for selective, directional, and coupled
2 Na* and 3 K* ion transport through the cell membrane.

active and passive transport systems, respectively, and the ionic
flow through the cell membrane follows the Nernst’s equation
through the activation voltage for the nervous system to transmit
electrical signal and information. Artificial ionic channels have
been studied in the fields of the host-guest and supramolecular
chemistry using a number of artificial pore molecules including
crown ethers and calixarenes.”®*® A variety of artificial ionic
channel molecules have been designed and synthesized,*® some
of which have been introduced into artificial lipid bilayers to
fabricate the ionic transport. Unfortunately, no ideal artificial
ionic transport membrane has been synthesized with similar
properties as its biological counterpart for possible applications
in ionic devices. Although the ionic channels with controllable
pore size for the selective ion transport have been developed,
further control in the assembly process for independent Na* and
K' channels in artificial lipid bilayers is still being researched.

For a multi-functional m-molecular system, the coexistence of
uniform stacks of crown ethers and conducting metal-coordinated
n-molecules of [Ni(dmit),] have been reported to form hybrid ionic
and electronic transport system (dmit®~ is 2-thioxo-1,3-dithiole-4,5-
dithiolate)."" The partially oxidized n-stacking column of [Ni(dmit),]
forms a metallic electrical conducting n-band, whereas the ionic
channel of the cationic M',(crown ether) forms a counter cation
structure to compensate for the total charge of the crystals. Inter-
estingly, the change in ionic size from Li*, Na*, K, Rb", to Cs" is
captured by the central cavity of the crown ether, affecting the
periodic potential for the conduction of electrons on the n-stack
of [Ni(dmit),] (Fig. 8).*> The dynamic motion of small Li* and
Na' ions in the ionic channels occurred in the cavity of the
[18]crown-6 ether, and Li" conduction was observed at approxi-
mately 10°° S em ™" at room temperature based on the AC
impedance measurements using an electron blocking electrode.*!
Conversely, relatively large K* and Rb' ions were completely
captured in the central cavity of [18]crown-6, forming static cation
structures.*” The large Cs" ion was excluded from the central
cavity of [18]crown-6 and was not allowed to pass through
(Fig. 8b). The conduction electrons on the n-stack were modulated
by the electrostatic potential of the cations in the solid state
according to their motional freedom. The static Cs* cations
generated periodic electrostatic potential for the conduction
of electrons, resulting in relatively high electrical conduction.
However, dynamic ions such as Li* generated a dynamic electro-
static potential for the conduction of electrons on the n-stack,
which diffused the periodic potential and became a random
pinning potential at low temperatures.

In the dynamic ionic system, several challenges were overcome
similar to those in the dynamic protonic system. For instance,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Static ions

K* Gs*

Fig. 8 Dynamic (M* = Li* and Na*) and static (M* = K* and Cs*) ionic
channels in conducting M™,([18]crown-6)[Ni(dmit),], salts. (a) Molecular
structures and packing structure. The motional freedom of the cations
affected the potential for the conduction electrons on the m-stack of
partially oxidized [Ni(dmit)]. (b) Dynamic and static ion environments were
observed according to the size of the alkali metal ions (Li*, Na*, K*, and
Cs*) and cavity size of the [18]crown-6 ether.

the gated- and unidirectional ionic transports must be artificially
realized in the molecular assemblies to be used for information
transmittance with different kinds of ions instead of electrons.
The fabrication of such ionic transport technology is an aspira-
tional research target in the near future. The question remains:
how to design such complex molecular assembly structures
including different types of gated- and active-ionic channels?
The solution of this question is closely related to the control of
hierarchical molecular assemblies based on weak intermolecular
interactions. The double-wall potential energy curve for the ionic
coordinate is useful for controlling the short- and long-range
dynamic ionic motions to fabricate the atomic displacement
ferroelectrics and ionic conductors. For instance, the atomic
displacements in the inorganic ferroelectrics of BaTiO; indicated
the dipole inversion in their P-E curves, where the shape of
double-wall potential energy curve for the ionic coordinate is
essential in determining the possible ferroelectric functions.*?
The network type long-range assembly structure for the ionic
arrangement is also important for ionic conductors, where
various ions have the potential to possess motional freedom
within the molecular assemblies. Ions with different sizes, charges,
and spin states can be applied for the future ionic devices and
information technology based on ionic motion.

Dynamic molecular motion in
molecular assemblies

Large amplitude molecular motions are usually restricted in
close-packed molecular assemblies and dynamic crystalline
space in the solid state. However, thermally activated molecular
rotations have been observed in spherical molecules such as
cyclohexanol, triethylenediamine, Cqy, and adamantane, where
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the positions of each molecule are kept in the crystal lattice,
called the plastic crystal or rotator phase.'® In the liquid
crystalline phase, only the molecular orientation is maintained
in the dynamic molecular assemblies in the absence of periodi-
city for each molecular gravity, indicating fluidic behavior.** In
the plastic crystalline state, the average molecular packing
structure of the thermally activated rotary molecules can be
determined by single crystal X-ray structural analysis. The low
temperature ordered crystalline phase could be transformed to
a high temperature disordered plastic crystalline rotator phase,
where the order-disorder phase transition temperature is
determined by the magnitude of the intermolecular interaction
strength. For instance, the order-disorder phase transition
temperatures of Cg, and adamantane crystals were 260 and
208 K,*>*° respectively, suggesting stronger intermolecular -
interactions in the Cg, crystals compared the van der Waals
interactions in the adamantane crystals. Molecular symmetry is
also directly associated with the rotational anisotropy, ranging
from 1D uniaxial, 2D bi-axial, to 3D isotropic rotation. The
thermally activated rotary motion in the plastic crystalline state
result from random Brownian motion, which is completely
opposite to the unidirectional rotation in biological molecular
motors. A significant difference between the molecular motor
and rotator is the possible production of a work function from
the molecular motion. The second law of thermodynamics
prohibits the extraction of work from random motion. Although
a variety of molecular rotary modes can be observed in molecular
assemblies in the plastic crystalline and liquid crystalline states,
these motional freedoms are not correlated to the physical
responses of functional materials. For instance, the order-
disorder phase transition of adamantane crystals is insensitive
to physical responses, and the thermal conductivity (i) of Cg
crystals was only slightly decreased from 0.5 W m™~" K" in its
low temperature ordered phase to 0.4 W m~' K™ in its high
temperature disorder phase due to the melting of crystal
lattice.”” Since the magnitude of « is mainly influenced by the
lattice vibration of the crystal (phonon), the disordered mole-
cular orientation affects its thermal transport properties.
Dielectric responses have been observed arising from
various types of molecular motion of polar structural units in
the molecular assemblies. The two-fold 180° flip-flop motion of
the anilinium (Ani') cation along the C-NH;" axis has been
observed in the solid state ’H NMR spectra of Ani*([18]crown-
6)[Ni(dmit),] crystals. The thermally activated molecular motion
of Ani" cation was directly observed with a 6 MHz at room
temperature.*® However, this flip-flop motion in the molecular
assemblies was insensitive to dielectric spectroscopy due to
the small effective change in the dipole moment. When the
measuring frequency of the dielectric spectra, a Debye-type
relaxation process is often observed at the frequency dependent
dielectric peaks.” The motion of the polar rotary unit of
m-fluoroanilinium (m-FAni*) cation along the C-NH;" axis was
designed to respond to the dielectric spectra due to the change in
dipole moment of the m-FAni'(dibenzo[18]crown-6)[Ni(dmit),]
crystals (Fig. 9), which clearly showed the temperature- and
frequency-dependence dielectric responses.”® Thermally activated

1070 | Mater. Chem. Front., 2018, 2, 1064-1073

View Article Online

Chemistry Frontiers

Fig. 9 Two-fold flip-flop motion of m-FAni* cations along the C—-NH3"
axis in monovalent [Ni(dmit),] crystals. (a) Unit cell and supramolecular
rotator layer in m-FAni*(dibenzo[18]crown-6)[Ni(dmit),] crystals. (b) The
motional freedom of polar m-FAni* cations is sensitive to the dielectric
response and resulted in the phase transition from the low temperature
ferroelectric to the high temperature paraelectric states.

flip-flop motion of the polar m-FAni" cation in the crystals changes
the direction of the dipole moment, indicating the ordered ferro-
electric-disordered paraelectric phase transition at approximately
350 K. In the low temperature ordered ferroelectric phase below
350 K, the orientation of m-FAni" cations can be controlled by the
application of an outer electric field. Conversely, thermally acti-
vated random orientation of the dipole moments of polar m-FAni*
cations occurs in the high-temperature disordered paraelectric
phase. The rotational freedom of the polar structural units in the
molecular assemblies can be correlated with the macro physical
property of ferroelectricity.

Another interesting in-plane molecular rotary system has
been observed in halogen-substituted mesitylene crystals such
as dibromoiodomesitylene (DBIM), which has an in-plane
permanent dipole moment (Fig. 10).>" The n-stacking structure
of DBIM has been observed in the orientationally disordered
arrangement of the iodine position in single crystal X-ray struc-
tural analysis. The dynamic in-plane molecular rotation of the
polar DBIM molecules is thermally activated at the temperatures
above 380 K, where motion can be observed by polarized optical
microscope, thermal analysis, and dielectric spectral measure-
ments. The high temperature disordered paraelectric phase
transformed to the low temperature ordered antiferroelectric
phase, where each DBIM molecule adopts an anti-parallel dipole
arrangement to cancel the macro dipole moments in the anti-
ferroelectric state. Interestingly, effective I- - -I interaction within
the n-stacking column was correlated with each in-plane mole-
cular rotation,”” resulting in three-fold cooperative in-plane
molecular rotation within the n-stacking column. However, such
collective rotation independently occurred in the crystal, resulting
in overall random motion.

Molecular diffusion of neurotransmitters such as glutamic
acid, adrenaline, and acetylcholine play an important role in
information transmission in neurons.> In general, this type
of molecular diffusion is usually suppressed in molecular
assemblies. However, thermally activated molecular rotations
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Fig. 10 The in-plane collective molecular rotation by intermolecular |- - -|
interaction within the m-stacking column. (a) Unit cell of DBIM viewed
along the b axis. (b) The n-stacking column of DBIM along the b axis with
the orientationally disordered iodine position. (c) Schematic model of the
collective molecular rotation within the n-stacking column. Each collective
column showed thermally activated independent rotations, which cancelled
the overall macro dipole moment.

or fluctuation have been observed even in close-packing mole-
cular assembly structures. High-efficiency energy conversion
system similar to the biological molecular motors would benefit
from this type of motion. Such a molecular mechanical device
has not yet been fabricated and is a near-term goal of many
researchers. Chiral molecular rotational environments bearing
S- and R-molecules can generate asymmetrical potential for the
molecular rotations, which may fulfil one of the requirements for
the fabrication of an artificial unidirectional molecular motor.
Directional transport and work under Brownian motion have
been developed to explain various fluctuation driven transport
modes such as stochastic pumping, which govern transport
in Brownian motors and ratchets.>® It has been proposed a
numerical algorithm for calculation of quantized directed
motion of a stochastic system of interacting particles induced
by periodic changes of control parameters on the graph of
microstates.>” In addition, some theoretical aspects of motor-
protein dynamics are presented in the light of current experi-
mental methods that enable the measurement of the biochemical
and biomechanical properties on a single-molecule basis.>® These
theoretical approach enable us to design new dynamic molecular
assemblies with possible works. After the success of fabricating
the initial artificial molecular motor, a hybrid molecular assembly
including different functional units such as motors, protonic
pumps, ionic pumps, and catalytic reactors could be simulta-
neously assembled. Studies towards this goal are some of the
most significant and worthwhile efforts for the development of
new material chemistry frontiers.

Summary

Dynamic molecular assemblies allowing motional freedom of
protons, ions, and molecules were discussed herein in terms of
proton transfer, proton conduction, ferroelectrics, ionic channels,
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and molecular rotators. The potential energy curves for the
motional freedom are tunable in the close-packing molecular
assemblies using a supramolecular approach. Various future
research targets such as the artificial proton pumps, selective
ionic channels, and gated channels, already exist as biological
molecular assemblies. Unfortunately, fabrication of these func-
tional dynamic molecular assemblies remains a challenge given
the present scientific and technological knowledge. Simulta-
neous operation of each function in the molecular assembly is
an important milestone to realize molecular assembly machines
similar to those present throughout nature. Material chemistry
and physics based on static crystal lattices have established
the parameters of intrinsic n-molecular materials. Dynamic
molecular assemblies, similar to the ones found in biological
systems, have the potential for new functionality. Properties of
intrinsic m-molecules such as electrical conductivity, magnetism,
and optical properties can be coupled with dynamic molecular
assemblies for proton transfer, proton pumps, active ionic channels,
and molecular rotation in the near future. Highly ordered dynamic
functionally molecular assemblies could be further assembled with
each other, which will open a new field of futuristic molecular
assembly devices. Control of each molecular assembly and its
suitable processing technology are crucial for the next stage in the
development of this material chemistry frontier.
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