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This review summarizes recent advances in stimuli-responsive dynamic molecular crystals. For the

construction of dynamic molecular crystals with response to external stimuli, such as light and/or heat, a

number of strategies are available, which are based on (i) metal-organic frameworks, (i) molecular

rotors, (i) photochromic molecules including azobenzenes and diarylethenes, (iv) cycloaddition reactions,

and (v) rotaxanes and pseudorotaxanes. In particular, this review focuses on our recent results on dynamic
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pseudorotaxane crystals. Pseudorotaxane molecules comprising a crown ether as a ring and an ammonium
cation as an axle respond to light and/or heat changing their molecular structures in the single-crystal state.
Such structural changes at a molecular level influence the macroscopic properties of pseudorotaxanes,

including mechanical motions of the crystals. Consequently, they are potential candidates for application as

rsc.li/frontiers-materials

1. Introduction

Stimulus-responsive molecular machines and switches have been
recently attracting the interest of scientists in the fields of
chemistry and interdisciplinary research.'° This has produced
interesting developments, such as the first nanocar race, in which
single-molecule nanocars are controlled on a two-dimensional
surface by scanning tunneling microscopes.”' Meanwhile, rotax-
anes and pseudorotaxanes comprising interlocked ring and axle
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light-sensing and harvesting materials in microdevices for photomechanical conversion.

molecules exhibit translational and rotational motions of
their components, which leads to changes in their relative
positions.>™*® These inter- and intramolecular interactions
and molecular motions can be activated and controlled by
external stimuli, converting chemical, electrical, photochemical,
and electrochemical energy into mechanical motion. The motion
of rotaxanes and pseudorotaxanes is effectively controlled in
various media, such as solution, aggregation, film, and crystal
(Fig. 1). In solution and aggregation states, molecules have overall
random alignment (isotropic), and the relative positions of the
complexes can be changed. In contrast, molecules have well-
defined two- and three-dimensional alignments in films and
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Fig. 1 Conceptual illustrations of the motions of rotaxanes in (a) solution,
(b) aggregation, (c) film, and (d) crystal.

single crystals, respectively. In these cases, concerted molecular
motions can be induced, leading to specific large crystal motions.
In addition, the continuous minimization of these molecules has
led to micro- and nanoscale applications via top-down approaches,
whereas their self-assembled well-aligned architectures in the solid
state provide large motions on a macroscopic level by bottom-up
approaches.?**

The number of detailed studies on the molecular motions of
rotaxanes and pseudorotaxanes in the crystal state is limited
partly due to the lack of investigations on the molecular
dynamics in such state. This review article aims to summarize
the current literature on stimuli-responsive molecules with mole-
cular dynamics in the crystal state. Furthermore, our recent
results on pseudorotaxane 1 (Fig. 2) and related molecules are
described. The dynamic motions of these molecules can be
activated by heat and/or photoirradiation in the crystal state and
are related to macroscopic motions of the crystals. Finally, new
insights into the relationship between molecular structure and
mechanical motions of pseudorotaxane crystals are discussed.
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Fig. 2 (a) Chemical structure of pseudorotaxane 1 and (b) its single
crystals.
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2. Molecular motions induced in the
solid state

This section describes various strategies that have been
proposed to induce mechanical motions in the solid state,
such as the construction of interlocked structures or the use
of photochemical reactions.>*>*28

2.1 MOFs incorporating rotaxanes and molecular rotors

The first approach involves constructing interlocked molecules,
such as rotaxanes and pseudorotaxanes, which consist of ring
and axle components. These interlocked molecules have been
introduced into metal-organic frameworks (MOFs) with sufficient
porosity and internal volume to accommodate the movement of
the bulky axle component.”** Fig. 3 shows a conceptual illustra-
tion of these MOFs, in which rotaxanes are introduced by linking
their ring component with the organic struts of the MOFs or
by direct insertion of rotaxanes into the MOFs. For instance,
Stoddart, Sauvage, Yaghi, et al. reported the incorporation of
copper(i)}-complexed [2]pseudorotaxane struts into a zinc oxide
MOF.*® They synthesized a Sauvage-type organic strut composed
of a phenanthroline axle and an oligo-ether tethered phenanthro-
line ring using a Cu(i) template, which was then removed by
demetalation. The resulting MOF was analyzed by powder X-ray
diffraction techniques. Schurko, Loeb, et al. also investigated the
molecular dynamics of a rotaxane in a zinc oxide MOF.*'"** They
synthesized an organic strut composed of an imidazolium axle
and a crown ether ring by ring-closing metathesis. In addition to
powder X-ray diffraction techniques, the molecular dynamics were
analyzed by "*C and *H solid-state NMR spectroscopy focusing on
the motion of the ring component. Unfortunately, despite these
advances, direct observation of molecular structural changes by
in situ single-crystal X-ray crystallography in this kind of MOF is
still challenging due to their complicated molecular structures.
Molecular rotors and gyroscopes show dynamic rotational
motions in the crystal state. Garcia-Garibay et al. reported various
molecular rotators, in which typically a 1,4-diethynylbenzene axle
is connected with two bulky moieties, such as triphenylmethyl
(CPh;) groups, to produce free volume (2, Fig. 4).*>*® When the
diethynylbenzene axle is capped with bulkier fragments (e.g:, 3 in
Fig. 4), the rotation of the axle is faster.*>*° In addition, two
phenyl groups of 2 were connected with an azobenzene group to
produce photochromic molecular gyroscope 4 (Fig. 4), in which

Metal-oxide joints

’ with interlocked
structures

Fig. 3 Conceptual illustration of MOFs incorporating rotaxanes.
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Fig. 4 Molecular rotors and gyroscopes.

the rotation rate of the axle part is controlled by photoisomerization
of the azobenzene group in the solid state.”” Their as-synthesized
molecular structures were determined by single-crystal X-ray
crystallography, and their rotation rates were estimated by *H
solid-state NMR spectroscopy at various temperatures.

Setaka et al. reported a crystalline molecular gyrotop 5
(Fig. 4), which was synthesized by ring-closing metathesis
of 1,4-bis(tri-7-octenyl)silylthiophene.*® This molecule shows
thermally induced order-disorder phase transition in a single-
crystal state, as demonstrated by single-crystal X-ray crystallo-
graphy, polarized optical microscopy, and *H solid-state NMR
spectroscopy. In addition, they replaced the 2,5-thienylene unit of
the axle core with biphenylene®® or thiophene dioxide-diyl*°
and modified the outer chain length to control the axle rotation
in the crystal state.

2.2 Photochromic molecules

Mechanical motions in the solid state can also be induced by
subjecting photochromic molecules, such as azobenzenes and
diarylethenes, to photochemical reactions. Azobenzene-containing
polymer films exhibit reversible and controllable bending based
on cis-trans photoisomerization, which has been exploited for
applications involving the bending of films and the rotation of a
light-driven plastic motor.>>*'*3

Photoresponsive dynamic azobenzene crystals have also
been described (Fig. 5). Koshima et al. reported that plate-
shaped crystals of 4-dimethylaminoazobenzene 6 show reversible
bending upon UV irradiation.** Recently, the same group reported
the photoinduced bending, twisting, and rolling of chiral azoben-
zene 7. This crystal shows crystal-to-crystal thermal phase
transition upon heating at 145 °C and cooling at 143 °C, exhibiting
flipping of the phenyl group, whose structural changes were
analyzed by single-crystal X-ray crystallography.*®
octafluorinated 4,4’-dihalogenated azobenzenes 8 (X = Br) and 9
(X = 1) (Fig. 5), which were synthesized by oxidative coupling
using MnO,.”” The cis forms show very long half-lives (ca. 2 months),
allowing their isolation as crystals. In addition, their cis forms and
cis-trans isomerization in the crystals were analyzed by single-crystal
X-ray crystallography. These crystals show irreversible bending
and crystal-to-crystal isomerization upon 457 nm irradiation.
Furthermore, they cocrystallized these molecules with cis- and
trans-1,2-bis(4-pyridyl)ethylene and with trans-4,4’-azopyridine,
affording supramolecular structures based on halogen bond-
driven cocrystallization.*®
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Fig. 5 cis—trans isomerization of azobenzene and chemical structures of
azo-molecules exhibiting dynamic crystal motions.

Norikane et al. demonstrated the photoinduced translation
(so-called swimming) of a single crystal of 4-methoxyazobenzene
10 (Fig. 5) on the water surface, which is caused by its trans—cis
photoisomerization.*® In addition, a crystal of 10 was used to carry
a boat on the water surface under UV light. Furthermore, they
observed photoinduced translational motions, also called crawl-
ing, of crystals of 3,3’-dimethylazobenzene 11 (Fig. 5), caused by
retraction induced by UV light irradiation and crystal growth
prompted by visible light.>®

In contrast with the relatively simple chemical structures of
the abovementioned molecules, Muraoka and Kinbara et al
reported a cyclic azobenzene tethered with two tetra(ethylene
glycol) chains and a 1,4-bis(phenylethynyl)benzene group
(12, Fig. 5).°" Interestingly, crystals of 12 show crystal-to-
crystal thermal phase transition at 60 °C and 56 °C on heating
and cooling, respectively, caused by structural changes in the
tetra(ethylene glycol) chains due to their flexible features.

Naumov and Nath et al. described the occurrence of multiple
mechanical responses of crystals of acylhydrazone derivatives 13
and 14 (Fig. 5).>* Thus, a needle-shaped crystal of 13 undergoes
plastic bending by mechanical stress, with storing of the
deformed shape after releasing the stress, whereas 14 undergoes
elastic bending by mechanical stress. Furthermore, these crystals

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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exhibit photoinduced bending, caused by E-to-Z photoisomeriza-
tion upon exposure to 365 nm UV light. In addition, they reported
that cocrystals of 4,4’-azopyridine and probenecid 15 (Fig. 5) in a
1:2 molar ratio respond to multiple external stimuli (heat, UV
light, and mechanical pressure), exhibiting twisting, bending, and
elastic deformation.>® The photo- and thermomechanical effects
and self-healing properties of 15 result from the cis-trans photo-
isomerization of the azopyridine unit and crystal-to-crystal thermal
phase transition. They proposed that such crystalline materials
could find application as crystal actuators.

Meanwhile, diarylethene derivatives have been shown to
exhibit significant color changes accompanied by ring-closing
and ring-opening photochemical reactions, being both processes
photochemically reversible but thermally irreversible (Fig. 6).>*
Irie and Kobatake et al. reported various diarylethene derivatives
whose crystals show reversible dynamic motions based on photo-
isomerization induced by UV or visible light irradiation.>**
Kobatake and Bardeen et al. reported the control of the bending
direction of a ribbon-shaped crystal of 16 (Fig. 6) by irradiation
direction.*® Furthermore, they prepared organic-inorganic hybrid
materials as photon-powered actuators using nanocrystals of 16
and porous alumina, which was used for the alignment control of
16.>° A crystal of n-octyloxy-containing 17 (Fig. 6) was found to
exhibit bending and crystal-to-crystal thermal phase transitions
on heating and cooling, which is exceptional for the diarylethene
series.”” Such thermally induced behavior of 17 was combined
with photochromism to control crystal bending.

Fluorescence switching could also be controlled by irradiat-
ing a crystal of 18 tethered with a 4,7-diphenylbenzothiadiazole
unit with UV and visible light.®® Due to intermolecular energy
transfer in the dense molecular packing structure of 18, its
open-ring state is fluorescent, whereas its closed-ring state is
nonfluorescent.

open ring
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Fig. 6 Photochromism of diarylethene derivatives exhibiting dynamic
crystal motions.
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Finally, a crystal of 19 and mixed crystals of 20 and 21 (Fig. 6)
were exploited for applications involving an electric switch®®
and rotation of gears, respectively.®”

2.3 Cycloaddition in crystals

The [2+2] photocycloaddition of two aligned olefins (e.g,
stilbene in Fig. 7) induced by UV or visible light provides
carbocyclic products.®® In the crystal state, the regular align-
ment of the target molecules allows this [2+2] photocycloaddition
to proceed with high regio- and stereocontrol. The photocyclo-
addition requires that the two reactive sites are located within
a short distance, preferably shorter than 4.2 A, from each
other.®*"® To achieve this, various strategies using weak inter-
molecular interactions, hydrogen bonds, coordination complexes,
external templates, and MOFs have been reported.®’®®

In addition, photocycloaddition can induce dynamic motions,
such as bending, curling, rolling, and salient behaviors in crystals.
For instance, Vittal and Naumov et al reported photosalient
effects of Zn-benzoate (PhCOO ™) complexes, [Zn,(benzoate),(L),]
(22-24), where the ligand (L) is 2/-fluoro-4-styrylpyridine for 22,
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Fig. 7 Photocycloaddition of stilbene and anthracene derivatives exhibit-
ing dynamic crystal motions.
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3'-fluoro-4-styrylpyridine for 23, or 4-styrylpyridine for 24 (Fig. 7).** In
addition, using the same ligands, they synthesized Zn-cinnamate
(PhCH = CHCOO™) complexes,”® Zn-isothiocyanate (N—C—=S")
complexes,”* and silver complexes (AgL,X,) with various counter-
anions (X = BF,~, ClO,~, or NO;~).”> Upon exposure to weak UV
light, with the concomitant [2+2] photocycloaddition, these silver
crystals burst violently and are propelled several millimeters. The
crystals of silver complexes exhibit photosalient, popped,
hopped, and/or leaped motions, depending on their head-to-
tail or head-to-head arrangement.

Lu et al. investigated the motion of (E)-2-(2,4-dichlorostyryl)-
benzo[dJoxazole 25 and (E)-5-chloro-2-(2-(naphthalen-1-yl)vinyl)-
benzo[d]oxazole 26 (Fig. 7). Their crystals show bending, curling,
and rolling caused by [2+2] photocycloaddition.”>”* In particular,
crystals of 26 exhibit green photoluminescence with a maximum
photoluminescence wavelength (1p;) of 492 nm, which changes to
blue with Ap; = 454 nm after UV irradiation at 365 nm. They
proposed that such photoluminescence color change could be
useful for the remote detection of photomechanical reactions.
Yan et al. reported that cocrystals of naphthylvinylpyridine and
tetrafluoroterephthalic acid 27 with the molar ratio of 2:1 show
photosalient phenomena resulting from [2+2] photocycloaddition,
whereas the 1:1 derivative shows bending motions.”® The photo-
chemical reaction also affects the photoluminescence intensity of
these crystals.

Bardeen et al. reported photoinduced dynamics of crystal-
line 9-methylanthracene 28, whose motions are induced by the
[4+4] photodimerization of two molecules in the crystal state
(Fig. 7).”%77 A ribbon-like crystal of 28 shows photoinduced
rolling and unrolling during UV exposure and during extended
UV exposure, respectively, whereas a sheet-like crystal of 28
shows twisting and untwisting during UV exposure and during
extended UV exposure, respectively. They demonstrated transla-
tional motion of the sheet-like crystal induced by a magnetic field
in the presence of superparamagnetic colloidal nanocrystal
clusters.”” Koshima et al. also reported photoinduced crystal
bending motions induced by the [4+4] photodimerization of
(E)-2-(9-anthrylmethylene)-1-indanone 29 (Fig. 7).”®

Sureshan et al. reported the thermal dimerization of 30
(Fig. 8) in the crystal state by the intramolecular reaction of
azide and alkyne groups, which releases strain that provides
mechanical output.”® They observed instant explosion of the
crystals upon fast heating. In contrast, a silent crystal-to-crystal
pathway occurs during the absorption of water molecules at a
slow rate. Such phenomena were detected by a unique method
using an electric circuit. Furthermore, they reported the thermal
oligomerization of dipeptide to triazole-linked oligopeptides in
the crystal state by the intermolecular reaction of azide and alkyne
groups, which causes twisting of crystals.*

3. Pseudorotaxane crystals
3.1 Thermal phase transition

With the idea of controlling the formation of pseudorotaxane
by an electrochemical reaction, we prepared [2]pseudorotaxane
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Fig. 8 Thermal dimerization of molecules containing azide and alkyne in
the crystal state.

1 (Fig. 2), which is composed of ferrocenylmethyl(4-methylphenyl)-
ammonium as an axle and dibenzo[24]crown-8 ether (DB24C8) as a
ring molecule.*"** In the electrochemical reaction, the ferrocenyl
group in the neutral axle precursor is oxidized to form an
ammonium cation that interacts ionically with DB24C8.5"%*

The crystal-to-crystal phase transition of 1 was serendipitously
discovered when the crystals were analyzed by differential scan-
ning calorimetry (DSC) and polarized optical microscopy (Fig. 9).%*
The DSC scans of the crystals are shown in Fig. 9, in which
endothermic and exothermic peaks at 128 °C and 115 °C, respec-
tively, can be observed. Upon heating up to 190 °C, irreversible
endothermic peaks appear around 160 °C and 170 °C, being the
higher temperature peak assigned to the melting.** The crystal
exhibits interference color change under cross-polarized light at
128 °C. The color switches from green to orange above 128 °C, to
return to green at 115 °C on cooling. Although an irreversible
change before the melting seemed to occur, the instability of this
state prevented its analysis by X-ray crystallography at 160 °C.
On the other hand, we were interested in unveiling the nature of
the first peak at 128 °C, which is not due to melting.

Therefore, we conducted single-crystal X-ray crystallography
to directly observe the molecular structure of 1.%>** As shown in
Fig. 10 (left), 1 is stabilized by intramolecular ionic interactions
between oxygen atoms of the crown ether and the ammonium
cation of the axle molecule. In addition, intra- and intermole-
cular n-7 interactions between the catechol group of the crown
ether and the tolyl group (PhCHj3) in the axle molecule are also

128 °C
170°C

—
115°C
- 8,

Endothermic up

0 50 100 150 200
Temperature (°C)

Fig. 9 DSC heating and cooling scans of 1 up to 130 °C (top) and 190 °C
(bottom). Optical micrographs of a single crystal at 30 °C, 128 °C, and
160 °C under cross-polarized light are inserted.
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Fig. 10 Molecular structures of 1 obtained by single-crystal X-ray crystallo-
graphy at 30 °C and 128 °C.

observed. At 128 °C, 1 shows a different structure from that at
30 °C and undergoes crystal-to-crystal thermal phase transition.
This change in the molecular structure results from the twist-
ing of a pair of tolyl groups of two axle molecules (Fig. 10, right),
which changes the crystal anisotropy, leading to interference
color changes (Fig. 9).

Such phase transition and reversible interference color
changes were also observed in thin films of 1 deposited on
substrates (Fig. 11).%> Highly ordered thin films of 1 were
prepared on glass or SiO, substrates via casting of chloroform
solution followed by annealing. Grazing-incidence wide-angle
X-ray scattering (GIWAXS) experiments indicated that 1 forms a
highly ordered crystalline film during solvent evaporation. In
addition, 1 has an edge-on orientation of the DB24C8 rings,
which are perpendicular to the substrate, forming an inter-
locked pseudorotaxane structure with the axle molecules. Upon
heating at 130 °C, the pseudorotaxane molecules reorganize to

Pseudorotaxane solution on a substrate

/ =P A
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Intramolecular <\ .
interactio rf/ A\ e Intermolecular
LU & X m-minteraction

\ /
. : .\ ot
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Crystal growth along edge-on direction

Heating

Cooling

Reorganization and reversible phase transition

Fig. 11 Schematic illustration of the film formation and optical micro-
graphs of a film of 1 under polarized light. The figure was modified using
ref. 85 and reprinted with permission from the Royal Society of Chemistry,
Copyright (2014).
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form large domains with sizes in the range of 50-100 pm. These
crystal domains exhibit reversible crystal-to-crystal thermal
phase transition upon heating and cooling, which were
observed via in situ GIWAXS and polarized optical microscopy.
We then explored the thermal properties of other ferrocene-
containing pseudorotaxanes (Fig. 12), which are composed of
AsF,~ counter anions (31),** phenyl (32),** ethyl (33),** tetra-
bromo (34),% biferrocene (35),% biferrocene and tetrabromo
(36),°° [3]pseudorotaxane structure (37),%> or ruthenocene
(38).8” Among them, only 38 shows crystal-to-crystal phase
transition.®” In the crystal state, 38 has a similar alignment to
that of 1 owing to m-n interactions between catechol and tolyl
groups. The crystal-to-crystal thermal phase transition of 38
was observed at 86 °C and 55 °C on heating and cooling,
respectively, which is significantly lower than for 1 by 42 °C
and 60 °C, respectively. This is due to the strain provided by the
bulky ruthenocene group in the unit cell. As a result, the
formation of the high-temperature structure of the Ru complex
occurs at lower temperature than for the Fe complex. Interest-
ingly, these phase transition temperatures could be tailored by
mixing 1 and 38 in different ratios during crystallization.®”
Mixed crystals of 1 and 31 also show crystal-to-crystal phase
transition induced by the presence of n-r interactions between
catechol and tolyl groups, whereas the twisted conformation of
the tolyl group in pure 31 hinders such phase transition.*
Crystals of 33-37 melt upon heating without the occurrence of
crystal-to-crystal phase transition. In the case of 32 and 37, this
is most likely due to the twisted conformation of phenyl and

o’?ﬁ AsFg’ Qzag'\él\o PFg
OOTEY" o RO
osQ \O‘Q

31 32

Br
33 34 Br
Q*o Br
0775 PFg Br

Xy QBO’%O PFG'
% Fe@' H

& CQ‘%H\;@% N @ log Uﬁ:ﬁ@m

37 38

Fig. 12 Chemical structures of 31-38. Only 38 shows crystal-to-crystal
thermal phase transition.
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Fig. 13 Chemical structures of 39-41.

tolyl groups, respectively. On the other hand, 34 and 36 have
tight intermolecular n-r interactions between tetrabromocatechol
groups, possibly restricting the molecular motions for the thermal
phase transition.

In addition, we investigated the thermal properties of
crystals of various Stoddart-type pseudorotaxanes. Some
examples are shown in Fig. 13.%% However, these crystals only
melt, and no crystal-to-crystal thermal phase transitions are
observed. From these results, we concluded that the presence of
(i) a ferrocenyl group, (ii) T-r interactions between the catechol
and tolyl groups, (iii) PFs anions, and (iv) DB24C8 (not
tetrabromo-DB24CS8) is required for the crystal-to-crystal thermal
phase transition to occur.

3.2 Photoinduced molecular motions

Next, in our investigation of pseudorotaxane crystals, we
applied photoirradiation to induce molecular motions in the
crystal state. These experiments were conducted using a polarized
optical microscope equipped with a x20 objective lens, a
continuous-wave 445 nm diode laser, a hot stage, top- and side-

= el
_ﬁ/ +
onfocallaser, .. .

PO =

:microscope':
X v

Crystal' +
Hotlstage

Fig. 14 Photographs of the setup for the photoirradiation experiments.
(a) Overall view and (b) expanded view around the crystal sample. A laser
beam line is illustrated.

2264 | Mater. Chem. Front., 2019, 3, 2258-2269

View Article Online

Review

(a) o 30°C 115°C
il 445-nm Laser on

445-nm Laser on

-

25 uym ca. +0.6% expansion
in thickness

(€) g

Laser on

(0]
o

B
o

Lifted weight (mg)
nN
o

o

Laser off

)
o

0 10 20 30 40
Time (s)

Fig. 15 (a) Optical micrographs of a single crystal of 1 under polarized
light. (b) Molecular structure of 1 and its photoinduced motion by 445 nm
laser irradiation. (c) Time dependence of lifting weight of the crystal
induced by 445 nm focused laser irradiation at 30 °C.

view CCD cameras, and a force detector (Fig. 14).5”®° The crystal
dimensions were measured by a confocal laser microscope with/
without laser irradiation.

Upon subjecting a single crystal of 1 to irradiation by a
focused 445 nm laser at 30 °C, the crystal exhibits slightly
subtractive interference color compared with the nonirradiated
crystal (Fig. 15a, left and middle).*® This change is accompa-
nied by a quick anisotropic deformation of the crystal;
its length, width, and thickness increase by 0.2%, 1.0%, and
0.6%, respectively. After turning off the laser, the crystal
immediately returns to the original interference color and size.
When the crystal is heated at 115 °C, a much lower temperature
than that of the thermal phase transition temperature (128 °C),
a photo-triggered crystal-to-crystal phase transition is observed
under focused laser irradiation at 445 nm (Fig. 15a, right). The
significant interference color change from green to red is
indicative of the formation of a high-temperature phase. Since
the laser beam spot (ca. 1 pm diameter) was much smaller than
the top face of the crystal, the local excitation is rapidly
propagated by concerted molecular structural changes in the
entire crystal.

The photoinduced molecular structural changes in 1 were
analyzed by single-crystal X-ray crystallography with 445 nm
laser irradiation at 30 °C (Fig. 15b).* We found that the
photoinduced three-dimensional expansion of the crystal is
related to the elongation of the distances A-A’, B-B/, and
A-Fe. These molecular structural changes are different from
the heat-induced motions of 1. Upon heating at 105 °C in the
absence of laser irradiation, the distances A-A’ and B-B’
increase, whereas A-Fe slightly decreases. Thus, we concluded
that the elongation of the A-Fe distance is due to the photo-
activation of the ferrocenyl group leading to the expansion of
the whole crystal.

The force produced by the photoinduced expansion of the
crystal of 1 was monitored using a microforce analyzer contain-
ing two strain gauges. As shown in Fig. 15c, the crystal can lift
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Fig. 16 (a) Transport of silica microparticles induced by expansion of a
crystal of 1 triggered by focused 445 nm laser irradiation. (b) Electric
current switching controlled by deformation of a gold-coated crystal of 1
with/without 445 nm laser irradiation.

ca. 68 mg under laser irradiation. The crystal weight was
estimated to be 41 pg from its volume by confocal laser
microscopy and from its density by single-crystal X-ray crystal-
lography. Therefore, the ratio (lifted weight)/(crystal weight)
was estimated to be 1650.%° Such mechanical force produced by
a crystal was used for the demonstration of transport of silica
microparticles (Fig. 16a). According to this experiment, silica
microparticles placed on a crystal of 1 jump from the crystal
upon irradiation by a 445 nm laser, due to the quick expansion
of the crystal. In addition, a crystal of 1 can be used as a
mechanical microswitch to control an electric circuit
(Fig. 16b).* Thus, a gold-coated crystal of 1 and a nearby
copper plate are introduced in an electric circuit, and the
current is remotely controlled by turning the laser on and off.
This is accompanied by connection and disconnection of the
crystal with the copper plate due to the expansion/contraction
motion of the crystal. The current switching is robust and
repeated 300 times in 330 s (0.91 times s ', Fig. 16b) or
560 times in 60 s (9.3 times s~ ').%° This switching is much
faster and more facile than the current switching using diaryl-
ethene crystals,® because the expansion/contraction motion of
the crystal of 1 only requires one laser wavelength to change the
state; moreover, the backward process is spontaneous.

Next, the magnitude of the photoinduced crystal expansion
of 1 was compared with that of other molecules. The laser

(a) (b)1000
—_ 38 = 7- i . -
g 12 35 « 1:38=73 mlx.-. T
v 1 < 800
2 >
£08 £ 600
o 0.6 §
o o 400
S 04 é
a8 = 200
£ 02 5
¢ o 2

0
0 5 10 15 20 25 30 35 300 400 500 600
445 nm laser power (mW) Wavelength (nm)

Fig. 17 (a) Laser power dependence of the change in the relative area of the
top face of the single crystals induced by focused 445 nm laser irradiation.
(b) UV-visible absorption spectra of mixed crystals in chloroform solutions.
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power dependence of the relative area change of the top face of
crystals of 1, 35, and 38 and a mixed crystal 1:38 in a 7: 3 molar
ratio is plotted in Fig. 17a. As can be seen, the crystal of
biferrocenyl pseudorotaxane 35 shows the highest sensitivity
to the 445 nm laser light (+1.2% expansion at 10 mW), whereas
1 shows +0.35% expansion at the same laser power.*® The
mixed crystal shows a slightly higher magnitude of expansion
(+0.8%) than 1 at a laser power of 10 mW.% In contrast, the
change of 38 is negligible (<+0.1%).>”

The magnitude of the crystal expansion can be accounted for
by the photoabsorption of the molecules. Fig. 17b shows the
UV-vis absorption spectra of 1 and 35. The maximum absorption
wavelength (Ana) of 1 is observed at 433 nm with a molar
absorptivity (¢) of 125 M ' cm™', whereas 35 Shows Apmax =
453 nm with ¢ = 810 M em™ ' (Fig. 17b).*® These peaks are
attributed to the absorption of the ferrocenyl or biferrocenyl group.
Therefore, 35 shows a much higher sensitivity than 1 in the relative
area changes. On the other hand, no photoabsorption around 400-
500 nm is observed for ruthenocene complex 38, leading to
significantly low photosensitivity in the relative area changes.®”

Interestingly, the mixed crystal 1:38 shows larger expansion
of the crystal than 1, even though the absorbance of the former
crystal is lower than that of the latter.*” This might be explained by
the crystal packing structures. The structures of the mixed crystal
are less packed than those of the crystals of pure 1 and 38, which
results in the pseudorotaxane molecules in the mixed crystal having
larger free volume, molecular flexibility, and higher dynamics.

The photoinduced weight lifting by crystals of biferrocene
and tetrabromo complexes 34-36 and ruthenocene complex 38
was also measured by using the microforce analyzer. When a
crystal of 35 is irradiated by a 445 nm laser, the expansion of
the crystal produces a ratio (lifted weight)/(crystal weight) of
2900, which is nearly two times higher than that of 1.%°
However, crystals of tetrabromo complexes 34 and 36 afford a
much lower weight lifted, possibly due to the tight molecular
packing derived from strong m-m interactions between the
tetrabromocatechol rings.%¢

Similar to 1, the mixed crystal 1:38 produces a ratio (lifted
weight)/(crystal weight) of 1600.%” In contrast, a negative force
is observed for this crystal when it is irradiated by a 405 nm
laser at 85 °C, due to a decrease in the thickness of the crystal
that accompanied the laser-assisted thermal phase transition.
When the laser is switched off, the crystal returns to the low-
temperature phase producing a strong force corresponding to a
ratio (lifted weight)/(crystal weight) of 6400.%” Under the same
conditions, 1 does not undergo such phase transition due to its
much higher thermal phase transition temperature than that of
the mixed crystal. The observed (lifted weight)/(crystal weight)
ratio resulting from the laser-assisted thermal phase transition
is 1-2 orders of magnitude higher than those of previously
reported materials, such as diarylethene crystals,>>*® azobenzene
polymer films,”*> polymer composite actuators,” and electro-
triggered hydrogels.”

On the other hand, crystals of 39-41 show insignificant
changes by photoirradiation at 445 nm due to the lack of
photoabsorbing groups in their molecules.

3
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3.3 Azobenzene-containing pseudorotaxanes

Recently, we introduced azobenzene groups into ferrocene-
containing [2]pseudorotaxanes.”® Fig. 18 shows a conceptual illustra-
tion. The azobenzene group undergoes reversible cis—trans photo-
isomerization, transducing photoenergy into mechanical bending
motion. Using pseudorotaxanes, such motions are expected to
be flexible and diverse. In addition, pseudorotaxanes introduce
structural diversity because they consist of various components.

Fig. 19a shows the chemical structures of azobenzene- and
ferrocene-containing [2]pseudorotaxanes 42-44.°> Their mole-
cular structures in a crystal state were determined by single-
crystal X-ray crystallography. Despite having very similar
chemical structures, their intra- and intermolecular interactions

42
O
v 3 A %03
QTGS dig®rd
S V@) & 3 PP
43~ ot s

(b)
J 445 nm

—
P ——

s 360 nm

Fig. 19 (a) Chemical structures of 42—44. (b) Optical micrographs of 44
under 360 nm (left) and 445 nm (right) laser irradiation.
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in the crystal state differ largely from one another. Thus, 42, which
lacks a substituent on the 4-position of the azobenzene group,
adopts strong intermolecular n-n interactions between a pair of
aromatic rings of the azobenzene groups. These azobenzene groups
have a planar trans-azobenzene structure. In contrast, methyl-
substituted 43 has intramolecular n-n interactions between azo-
benzene and catechol groups. Therefore, one of the aromatic rings
of the azobenzene group is relatively free, and thus, the azobenzene
group has a twisted structure. On the other hand, 44, which
contains tetrabromo-substituted DB24C8, shows only one intermo-
lecular m—r interaction between one of the aromatic rings of the
azobenzene group. As a result, the azobenzene group in 44 is also
expected to be flexible.

The structures of these crystals have a significant influence
on their molecular motions and, consequently, on their crystal
motions. Thus, a crystal of 42 remains immobile when it is
irradiated at 445 nm, whereas it vibrates slightly upon irradia-
tion by a 360 nm laser. In contrast, crystals of 43 and 44 show
significant downward bending under 445 nm irradiation
(Fig. 19b).%® These bended crystals undergo slow upward bending
under 360 nm laser irradiation.

These crystal bending motions are related to the cis-trans
photoisomerization of the azobenzene groups. In CH,Cl, solu-
tions, all [2]pseudorotaxanes 42-44 show a strong absorption
peak at 324 nm and a weak peak around 450 nm attributable
to trans-azobenzene and ferrocene, respectively. The peak at
324 nm decreases significantly after irradiation at 360 nm due to
the formation of cis-azobenzene. Thus, the photoisomerization of
the azobenzene group is very efficient for all [2]pseudorotaxanes
42-44 in solution. To estimate their photoisomerization, single
crystals were irradiated at 360 nm and dissolved in CH,Cl, to
measure the corresponding UV-vis spectra. On the basis of the
absorption intensities, the photoisomerization conversion was
estimated to be 4% for 42, 28% for 43, and 40% for 44 in their
crystal state.”®

The low photoisomerization conversion for 42 is due to
the stable planar trans-azobenzene group with strong inter-
molecular n—r interactions, which restricts the molecular motions
and immobilizes the crystals. In contrast, the decent degrees of
photoisomerization conversion for 43 and 44 can be explained in
terms of the twisted azobenzene structures and weak n-n inter-
actions providing significant flexibility of the azobenzene group,
which results in macroscopic crystal bending.

It is worth mentioning that the crystals undergo a fast
cis-trans backward process within 0.3 s, which contrasts with
the fast forward and slow backward isomerizations previously
reported for azobenzene derivatives.*>*® Such fast backward
process is probably due to the presence of the ferrocenyl group,
which absorbs at 445 nm converting photoenergy into heat,
thereby accelerating the cis—trans backward process.

4. Conclusions and perspectives

This review covers recent literature on stimuli-responsive
dynamic molecular crystals comprising MOFs, molecular rotors,
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photochromic molecules such as azobenzenes and diarylethenes,
cycloaddition reactive units, and pseudorotaxanes. To achieve
light- and/or heat-responsive dynamic crystal motions, efficient
reactive sites, free volume, and mobile parts are needed. Rotax-
anes and pseudorotaxanes have complicated interlocked struc-
tures composed of ring and axle molecules. Consequently, reports
on the direct observation of molecular structural changes in
rotaxanes and pseudorotaxanes by single-crystal X-ray crystallo-
graphy are limited. The pseudorotaxanes investigated in our
group overcome such limitation.

The development of dynamic rotaxane and pseudorotaxane
crystals is still challenging and would be a pioneering step in
the study of solid-state molecular motions, compared with
other sophisticated dynamic molecular systems. To develop
sophisticated crystal molecular machines using rotaxanes and
pseudorotaxanes, fundamental studies of the systematic tailoring
of the molecular structures and packing properties of these mole-
cules in the crystal state are required.

Fig. 20 summarizes the molecular motions and functions of our
pseudorotaxanes in the crystal state. The ring molecule in the
pseudorotaxane structure provides molecular flexibility by adjusting
its structure with the structural changes of the axle molecule. The
latter, in turn, undergoes dynamics, such as up-down, flipping, and
cis-trans isomerizations induced by heat and/or light. Meanwhile,
photoabsorption by the organometallic ferrocenyl group converts
photoenergy into thermal energy, leading to photomechanical con-
version in the crystals. In addition, the bulkiness of the ferrocenyl
group is an important factor to provide molecular dynamics in the
crystal state, since it provides flexible molecular packing structures.

We believe that this review paves the way for new findings in
molecular machines and rotaxanes with interesting novel motions
in the crystal state. In addition, we expect that such stimuli-
responsive rotaxane crystals will be used as light-sensing and
harvesting materials in photomechanical microdevices and
switches, such as miniaturized optical circuit elements, miniaturized
chemical and biosensing tools, and future crystal actuators.
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