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Preface

Photochromism is defined as a reversible transformation of a chemical species
between two forms having different absorption spectra induced in one or both direc-
tions by photoirradiation. Chemical bond rearrangement during the phototransfor-
mation induces electronic as well as geometrical structure changes of the molecules.
This process has captivated many chemists and physicists over several decades. The
reversible molecular structure changes upon photoirradiation can be applied to vari-
ous photonic devices, such as erasable memory media, photo-optical switch compo-
nents, and display devices. To promote activities in this research field based on
accumulated top-level work in Japan, we conducted a Grant-in-Aid for Scientific
Research (Kakenhi) Project on the Priority Area “New Frontiers in Photochromism”
(Masahiro Irie, project leader, and 58 researchers) from 2007 to 2011 supported by
the Ministry of Education, Culture, Sports, Science and Technology, Japan.

The research project focused not only on the above-mentioned primary subjects
but also on unprecedented application fields that had not yet been explored in pho-
tochromism research, such as light-driven mechanical motion of single crystals,
photomodification of surface properties of solid materials, photomanipulation of
microstructures of polymers, photocontrol of chiral properties, and multiphoton
photochromic reactions, among others. More specifically, the following research
targets were established and attained:

1. To improve the photochromic reactivity of molecules and ultimately achieve per-
formances such as 100 % quantum yield reactivity and 100 % stereoselectivity

2. To search for new types of photochromic molecules. One of the target molecules
is a chromophore exhibiting very fast photocoloration—thermal decoloration

3. To develop new, unprecedented photoresponsive properties such as light-driven
mechanical motion of single crystals and photomodification of surface
properties

4. To study detailed reaction mechanisms of photochromic reactions using femto-
second lasers

This book compiles the accomplishments of the research project including those
of the research targets mentioned above. We believe that the achievements of the
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project will be a significant milestone and turning point in the stream of studies on
photochromism, photoresponsive molecules, and photofunctional materials.

The editors wish to express their thanks to outstanding contributors and to the
Ministry of Education, Culture, Sports, Science and Technology, Japan, for their
support of the project.

Tokyo, Japan Masahiro Irie
Kanagawa, Japan Yasushi Yokoyama
Aichi, Japan Takahiro Seki
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Part I
New Photochromic Materials



Chapter 1
Photomechanical Response
of Diarylethene Single Crystals

Masahiro Irie

Abstract It is a dream for chemists to construct molecular systems, which can
transform shape changes of individual molecules induced by chemical or physical
stimuli to macroscopic motion of materials and perform mechanical work. During
the course of a study of single-crystalline photochromism of diarylethenes, we
found that the surface morphology of the single crystals, as well as the bulk crystal
shape, reversibly changes upon photoisomerization of component diarylethene mol-
ecules. Single crystals of 1,2-bis(2-ethyl-5-phenyl-3-thienyl)perfluorocyclopentene
(3a) and 1,2-bis(5-ethyl-2-phenyl-4-thiazolyl)perfluorocyclopentene (4a) with sizes
ranging from 10 to 100 pm change their shape from a square to a lozenge, whereas
a rectangular single crystal of 1,2-bis(5-methyl-2-phenyl-4-thiazolyl)perfluorocy-
clopentene (5a) contracts in length. X-ray crystallographic analysis revealed that the
geometrical structure changes of individual molecules in densely packed crystals
induce the crystal shape deformation. A rod-like crystal prepared from Sa reversibly
bends upon alternate irradiation with ultraviolet (UV) and visible light due to the
gradient in the extent of the photoisomerization in the crystal. The fatigue resistance
of the crystals is remarkably improved by mixing two diarylethene derivatives.
Upon UV irradiation the mixed crystal can repeat the light-driven bending cycle
more than 1,000 times and lift a metal load, which is several hundred times heavier
than that of the crystal. A two-component mm-size cocrystal composed of 1,2-bis(2-
methyl-5-(1-naphthyl)-3-thienyl)perfluorocyclopentene (8a) and perfluoronaphtha-
lene (FN) also performs fatigue-resistant mechanical work. The robust light-driven
actuators made of diarylethene molecules having substantial mechanical properties
can be potentially applied in various micro- and nano-mechanical devices.

Keywords Atomic force microscope * Diarylethene ¢ Light-driven actuator
* Photomechanical effect  Single crystal

M. Irie (<)

Department of Chemistry and Research Center for Smart Molecules,

Rikkyo University, Nishi-Ikebukuro 3-34-1, Toshimaku, Tokyo 171-8501, Japan
e-mail: iriem @rikkyo.ac.jp

M. Irie et al. (eds.), New Frontiers in Photochromism, 3
DOI 10.1007/978-4-431-54291-9_1, © Springer Japan 2013
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1.1 Introduction

It is of particular interest from both scientific and technological points of view to
have molecular systems make mechanical motion based on geometrical structure
changes of individual molecules induced by chemical or physical stimuli, such as
chemicals, photons, or electrons (or holes), and to link the motion to macroscopic
mechanical work. Mechanical work means controlled, large amplitude, or direc-
tional motion of materials, which results in a net task being performed. In biological
systems, molecular-scale movements of actin—myosin proteins are artfully linked to
macroscopic motion of muscles [1]. Although elaborate molecular machines [2, 3],
such as molecular shuttles [4], molecular muscles [5, 6], molecular elevators [7],
and molecular rotors [8, 9], have been extensively studied, attempts to link the
molecular-scale movements of these man-made devices to macroscopic motion of
materials have failed. On the other hand, various types of polymers [10-16] and
carbon nanotubes [17] have been reported to convert molecular phenomena into
macroscopic motion of materials. The motion, however, relies not on individual
molecular behavior but on the response of bulk materials. The photoinduced con-
traction of liquid-crystal elastomers, for example, is attributed to the order—disorder
phase transition of the liquid-crystal materials [13—16]. It is a challenge to construct
molecular systems that perform macroscopic mechanical work that stems from pho-
tostimulated geometrical structure changes of individual molecules.

1.2 Reversible Surface Morphology Changes
of Diarylethene Single Crystals

In general, photochromic reactions rarely occur in crystals, because in crystals large
geometrical structure changes are prohibited. For example, azobenzene and most of
spiropyran derivatives cannot undergo photochromism in the single-crystalline
phase, because they require relatively large geometrical structure changes during
the photoisomerization reactions. Although the structure changes are limited in
crystals, some compounds exist which undergo photoisomerization reactions even
in crystals. If the reactions take place in crystals, the crystals exhibit efficient and
fatigue-resistant color changes and provide characteristic optical properties. During
the study of diarylethene photochromism, we accidentally discovered that some of
diarylethene derivatives exhibit photochromism even in the single-crystalline phase
[18]. The crystals undergo thermally irreversible and fatigue-resistant photochromic
reactions with a very high cyclization quantum yield [19, 20]. The single-crystalline
photochromism of diarylethene derivatives is ascribed to their rather small geo-
metrical structure changes during the photoisomerization and thermal stability of
the photogenerated isomers.

Figure 1.1 shows an example of the geometrical structure change of a diaryleth-
ene derivative in the crystalline phase determined by X-ray crystallographic
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Fig. 1.1 Chemical structures of the open- (1a) and closed-ring (1b) isomers of 1,2-bis(2,5-
dimethyl-3-thienyl)perfluorocyclopentene and rop and side views of the geometrical structures of
the two isomers

analysis [21, 22]. 1,2-Bis(2,5-dimethyl-3-thienyl)perfluorocyclopentene (1a) exhib-
its photochromism in the crystalline phase. As can be seen from the top view, the
base width of the triangle shape (blue broken line) decreases from 1.01 to 0.90 nm
and the height increases from 0.49 to 0.56 nm. The side view of the molecule indi-
cates that the thickness of the molecule becomes thinner when the molecule con-
verts from 1a to 1b. The molecule undergoes a small but distinct shape change.
Molecular crystals make up a densely packed organized system. Therefore, if the
photoisomerization takes place in the densely packed crystal, the crystal shape is
anticipated to follow the shape changes of the component diarylethene molecules.
In other words, the stress generated by the shape changes of individual molecules
causes a macroscopic shape deformation of the crystal.

The most convenient way to elucidate the crystal shape deformation is to mea-
sure the surface morphology by using an atomic force microscope (AFM) [23]. We
carried out an AFM measurement of a single crystal of 1,2-bis(2,4-dimethyl-5-phe-
nyl-3-thienyl)perfluorocyclopentene (2a). The surface morphology change of the
(100) face upon irradiation with UV (366 nm) and visible (>500 nm) light was
monitored. Figure 1.2 shows the chemical structures of 2a and the closed-ring iso-
mer 2b, AFM images, and the molecular packing of 2a determined via X-ray
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Fig. 1.2 (a) Chemical structures of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-perfluorocyclopen-
tene (2a) and the closed-ring isomer 2b. (b) AFM images of the (100) crystal surface: before
photoirradiation (A), after irradiation with 366-nm light for 10 s (B), and after irradiation with
visible (4>500 nm) light (C). (¢) Molecular packing of the molecules

crystallographic analysis. Upon irradiation for more than 10 s with UV light, new
steps appeared on the surface. No step formation was discerned during the irradia-
tion for the initial 10 s but appeared after the induction period. The step height was
about 1.0 nm, which corresponds to one molecular layer. The step disappeared by
bleaching upon irradiation with visible light. When the irradiation time was pro-
longed, the number of steps increased and steps with the height of 2.0 and 3.0 nm
appeared. The step height was in multiples of the minimum step height of 1.0 nm.
Any step with a height lower than the unit height (~1.0 nm) was not observed. The
morphology change was reversible and correlated with the color change.

The molecular structures of 2a and 2b were determined via X-ray crystallo-
graphic analysis to establish the relation between the reversible formation of the
steps and the photoisomerization of molecules. The end-to-end distance between
the two phenyl rings decreases from 1.41 to 1.39 A when 2a converts to 2b. The
shortening in the distance between the phenyl ring edges upon the cyclization
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reaction results in the decrease in the thickness of the molecular layers. The shrink-
age of the molecular layers produces vacancies in the crystal bulk. Accumulation of
the vacancies deep within the crystal allows the surface molecular layer to sink as
much as one layer (~1.0 nm). Prolonged irradiation increases the vacancies and
causes subsidence of multilayers. Irradiation for 10 s induces the photocyclization
reactions of 600 molecular layers. The random distribution of the reactions as deep
as 5x 10° layers (=500 pm) produces the one molecular layer vacancy. This explains
the step formation on the prominent (100) surface.

The surface morphology change is attributed to the shape and size changes of
component diarylethene molecules densely packed in the single crystal. This result
indicates that the geometrical structure change of each molecule is linked to the
shape deformation of the bulk crystal.

1.3 Reversible Shape Changes of Diarylethene Single Crystals

The striking results above encouraged us to search for photostimulated bulk shape
deformation of crystals [24, 25]. So far, molecules in crystals are considered to be sta-
tionary and they never move in crystals. However, recently some crystals have been
reported to readily change their bulk shape under external mechanical stress [26].
Molecules in crystals have a potential for movement when external or inner stress is
applied. The photostimulated shape changes of component molecules in crystals gen-
erate the inner stress. In polymer films and gels, the strain energy generated by the
shape changes of molecules is released by their free volume [24]. Therefore, the bulk
shape of the polymer films does not change. On the other hand, in densely packed
crystals the strain energy is anticipated to directly influence the bulk shape of crystals.

In order to deform the bulk shape of crystals upon photoisomerization of compo-
nent molecules without breaking, the following conditions are required:

1. The whole crystal must undergo a homogeneous photoreaction. In other words,
the whole crystal is homogeneously irradiated.

2. Phase separation must not take place between the photoreacted isomers and
unreacted isomers.

3. The photoreactions randomly take place. In other words, local or cooperative
reactions should be avoided.

The most convenient way to fulfill the above conditions is to use small-size crys-
tals. When the crystal size is in the range of 10-100 pm and the thickness is less
than 1 pm, UV irradiation can induce a homogeneous reaction. We prepared such
small-size crystals by sublimation.

Figure 1.3 shows the color and shape changes of three small-size single crystals,
1,2-bis(2-ethyl-5-phenyl-3-thienyl)perfluorocyclopentene (3a) [27], 1,2-bis(5-ethyl-2-
phenyl-4-thiazolyl)perfluorocyclopentene (4a) [28], and 1,2-bis(5-methyl-2-phenyl-
4-thiazolyl)perfluorocyclopentene (5a) [27]. When crystals 3a and 4a were irradiated
with UV (365 nm) light, their color and shape changed. Upon irradiation with UV light,
the colorless single crystal of 3a turned blue and its corner angles changed from 88° and
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Fig. 1.3 Chemical structures and deformation of three diarylethene crystals upon UV (365 nm)
and visible (4>500 nm) light irradiation. (a) 1,2-Bis(2-ethyl-5-phenyl-3-thienyl)perfluorocyclo-
pentene (3a), (b) 1,2-bis(5-ethyl-2-phenyl-4-thiazolyl)perfluorocyclopentene (4a), and (c)
1,2-bis(5-methyl-2-phenyl-4-thiazolyl)perfluorocyclopentene (5a)

\

92° to 82° and 98°, while crystal 4a changed its color from colorless to red and the corner
angles changed from 90° and 90° to 86° and 94°. Both crystals changed in shape from a
square to a lozenge. The blue and red colors are ascribed to the colors of the respective



1 Photomechanical Response of Diarylethene Single Crystals 9

photogenerated closed-ring isomers. The deformed blue and red crystals returned to the
initial colorless and square shape by bleaching upon irradiation with visible (>500 nm)
light. Although the color changes were different, both crystals showed a similar bulk
shape deformation. The result suggests that the deformation of crystal bulk shape is due
to the geometrical structure changes of component molecules and that the electronic
structure changes do not influence the shape deformation.

The time dependence of the color and the corner angle of crystals 3 and 4 upon
alternate irradiation with UV and visible light was monitored. The corner angles of
both crystals initially remained constant and then gradually changed as much as
3—6° upon irradiation with UV light and returned to the initial values upon irradia-
tion with visible light. No hysteresis between the forward and reverse processes was
observed. The induction period of the shape changes is ascribed to the accumulation
time of the closed-ring isomers in the crystals. The interaction between the adjacent
closed-ring isomers was confirmed by the absorption spectral shift of the closed-
ring isomers. The absence of hysteresis indicates that no cooperative phase change
effect takes place in the shape deformation process.

To evaluate the crystallinity of crystal 3 used in the above switching experiment,
the melting point and the order parameters of the visible absorption were measured
at the photostationary state. The melting point of crystal 3 before UV irradiation
was 164 °C and decreased to 45-55 °C upon irradiation with UV light. Upon irra-
diation with visible light, the melting point returned to 164 °C. The melting point of
a small-size crystal is the same as observed with a large crystal. The order parameter
of the absorption at 600 nm, (A//—AL)/(A//+2A 1), at the photostationary state was
0.53, which is identical to the value measured for a large crystal. The recovery of the
melting point on visible light irradiation indicates that crystal 3 remains highly crys-
talline even after a cycle of irradiation with UV and visible light. The decrease of
the melting point upon UV irradiation is due to the coexistence of two isomers,
open- and closed-ring isomers, in the same crystal. The reversibility of the photo-
stimulated angle changes was also examined. No deterioration in performance of
the angle changes even after 20 cycles of alternate irradiation with UV and visible
light was observed.

To elucidate the relation between the crystal shape deformation and the shape
changes of individual molecules, X-ray crystallographic study was carried out [24,
25]. Figure 1.4 shows the molecular packing of crystal 3a before UV irradiation.
The shape deformation from a square to a lozenge indicates that the crystal expands
along the b-axis and contracts along the c-axis. In situ X-ray crystallographic analy-
sis of micrometer-size crystal 3 (20x 15x8 pm) confirmed that the unit cell length
of b-axis expanded from 10.971 to 11.026 A and that of c-axis contracted from
10.585 to 10.542 A. Figure 1.5 shows the geometrical structures of 3a and 3b.
These two isomers were isolated by HPLC and independently crystallized in hex-
ane. When the molecule converts from 3a to 3b, the height of the triangle shape
(blue broken line) of the molecule increases from 0.61 to 0.73 nm, which is in the
direction of the b-axis. On the other hand, the thickness of the molecules is reduced.
The cofacial packing of thin layers of the planar closed-ring isomers along the
c-axis, as shown in Fig. 1.4c, allows the molecules to be stacked one by one,
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Fig. 1.4 Molecular packing of a single crystal of 1,2-bis(2-ethyl-5-phenyl-3-thienyl)perfluorocy-
clopentene (3a) before UV irradiation. The red arrows indicate the direction of contraction and the
blue arrows the direction of expansion of the crystal upon UV irradiation

resulting in contraction along the c-axis. The structure changes of diarylethene mol-
ecules directly influence the bulk crystal shape.

Figure 1.3c shows another type of crystal shape deformation [27]. Irradiation
of the rectangular single crystal of 5a with UV light and visible light induced
contraction and expansion, respectively, by as much as 7 %. Just as observed with
crystals 3 and 4, after an induction period during the initial stage of UV irradia-
tion, the crystal length decreased linearly. No hysteresis between the forward and
reverse processes was observed. The melting point of the crystal decreased from
158 °C to 95-105 °C upon UV irradiation and returned to 158 °C upon irradiation
with visible light, whereas the order parameter of the absorption at 550 nm at the
photostationary state was as high as 0.75. These observations indicate that the
crystal remains highly crystalline after a cycle of irradiation with both UV and
visible light.

A rod-like crystal prepared from 5a bent toward the direction of the incident UV
light, as shown in Fig. 1.6. The rod-like crystal and the thin-plate crystal above have
the same crystal structure. This effect is due to the gradient in the extent of the pho-
toisomerization caused by the high absorbance of the crystal. The shrinkage of the
irradiated part of the crystal causes the bending as observed in a bimetal. The bent
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1.53 nm : J 1.41 nm

Fig. 1.5 Chemical structures of the open- (3a) and closed-ring (3b) isomers of 1,2-bis(2-ethyl-
5-phenyl-3-thienyl)perfluorocyclopentene and fop and side views of the geometrical structures of
the two isomers. The two isomers were isolated by HPLC and independently recrystallized

UV light

» - ‘d - - 4

Fig. 1.6 Light-driven reversible bending of a rod-like crystal of 1,2-bis(5-methyl-2-phenyl-4-
thiazolyl)perfluorocyclopentene (5a) upon irradiation with UV and visible light. The right-side
end of the rod was fixed to the glass plate

rod-like crystal again became straight upon irradiation with visible light. The rod-
like crystal can launch a tiny silica particle. The relatively large Young’s modulus of
the crystal (around 10 GPa) can hit the silica particle as if it were a tennis ball.
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1.4 Light-Driven Bending of Rod-Like Mixed Crystals

For practical applications, the crystal actuators should have sufficient durability and sub-
stantial mechanical properties. The above single-component diarylethene crystals lack
the durability and break in less than 100 deformation cycles. To improve the fatigue-
resistant property, we prepared two-component mixed crystals composed of 1-(5-methyl-
2-phenyl-4-thiazolyl)-2-(5-methyl-2-p-tolyl-4-thiazolyl)perfluorocyclopentene (6a) and
1,2-bis(5-methyl-2-p-tolyl-4-thiazolyl)perfluorocyclopentene (7a) (Fig. 1.7) [29].

Microcrystals were prepared by recrystallization from ethanol. Plate-like crystals
were mainly formed from the ethanol solution containing only 6a. When 7a was added
to the solution in amounts exceeding 30 mol%, formation of rod-like crystals became
dominant. In the ethanol solution containing equimolar amounts of 6a and 7a, rod-like
crystals composed of 6a (63 mol%) and 7a (37 mol%) grew. The two-component rod-
like crystals bent toward the UV (365 nm) light source and became straight upon
irradiation with visible (>500 nm) light. When the content of 7a in the mixed crystals
was increased over 60 mol%, the photostimulated bending was suppressed and the
bending was not observed for the rod-like crystal of 7a. The bending is due to the gra-
dient in the extent of the photoisomerization caused by the high absorbance of the
crystal. Figure 1.8 shows the bending cycles of a rod-like mixed crystal
(1.3 mmx25 pmx 13 pm) containing 6a and 7a (6a/7a=63/37) upon alternate irradia-
tion with UV and visible light. The crystal can repeat the bending cycles more than
1,000 times. The crystal surface remained clear even after 1,000 cycles and no damage
was discerned. The melting point of the mixed crystals showed the minimum of 131 °C
at the molar ratio of 1:1. The low melting point of the crystal containing equimolar
amounts of the two-component molecules suggests that intermolecular interaction
among the component molecules is weakened in the mixed crystals and the weakened
intermolecular interaction is considered to improve the durability of the crystals.

The rod was irradiated from the right, lower, and left sides with UV and visible
light, and the bending behavior was monitored. The crystal bent toward the UV light
source irrespective of the irradiation direction, as shown in Fig. 1.9b. The bent rod-
like crystal returned to a straight position upon irradiation with visible light. When
the light intensity of UV and visible light was controlled, the edge of the crystal
exhibited rotation movement, as shown in Fig. 1.9¢c. Figure 1.9d shows curling of
the rod-like crystal. When the mixed crystal had a length as long as 3.0 mm, the rod
exhibited curling into a hairpin shape upon irradiation with UV light. The crystal
remained crystalline even after the curling and returned again to its straight shape
upon irradiation with visible light. Characteristic features of the rod-like crystal
include the rapid response time and performance at low temperature. The bending
rate was measured using a high-speed camera, and the bending rate was determined
to be less than 5 ps. The crystal exhibited light-driven bending even at 4.6 K.
Polymer artificial muscles, such as polymer gels, conductive polymers, and liquid-
crystal elastomers, are rather slow acting (typically in seconds and minutes), and the
working temperature is limited above T . The present molecular crystals are supe-
rior to the existing polymer muscles in their short response time (<5 ps) and a wide
range of working temperature (4.6 K<7<370 K). Another feature of the
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Fig. 1.7 Chemical structures of 6a and 7a
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Fig. 1.8 Reversible bending of a rod-like two-component mixed crystal of 1-(5-methyl-2-phenyl-
4-thiazolyl)-2-(5-methyl-2-p-tolyl-4-thiazolyl)perfluorocyclopentene (6a) and 1,2-bis(5-methyl-
2-p-tolyl-4-thiazolyl)perfluorocyclopentene (7a) (6a/7a=63/37) upon alternate irradiation with
UV (365 nm) and visible (>500 nm) light. (a) Pairs of photographs of the crystal
(1.3 mmx25 pmx 13 pm) showing 1st, 500th and 1,000th cycles. (b) Tip displacement of the
crystal during reversible bending cycles. (¢) An expanded photograph of the crystal after the
1,000th cycle. Reproduced from [29]

molecular-crystal actuator is their light-driven bending motion in water. The crys-
tals exhibited the bending behavior in water similar to that observed in air.

We tried to use the rod-like crystal to lift a metal load upon UV irradiation. The
rod-like crystal (2.5 pg) was fixed at the edge of a glass plate as a cantilever arm, and
a metal weight (2.2710 mg) was loaded onto the rod. The weight is 908 times heavier
than the crystal. Upon irradiation with UV light, the weight was lifted as high as
0.10 mm. The tiny rod-like crystal, which weighs only 2.5 pg, performed lifting
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Fig. 1.9 Bending of a rod-like two-component mixed crystal containing 6a and 7a (6a/7a=63/37)
in all directions. (a) Schematic illustration of the bending rodlike crystal. (b) The crystal
(1.3 mmx40 pmx 15 pm) was irradiated from the right, lower, and left sides with UV and visible
light, and the movement of the rod-like crystal edge was monitored. The edge moved toward the
UV light source and then returned to the original position upon irradiation with visible light. (c)
First, the crystal was irradiated from the lower side with UV light, and then from the right side with
a controlled intensity of UV, and of visible light. The edge exhibited rotation movement. (d)
Reversible curling to a hairpin shape upon irradiation with UV light (crystal length: 3.0 mm). The
crystal kept the crystalline state even after the curling and returned to the original straight shape
upon irradiation with visible light. Reproduced from [29]

work as large as 2.2 nJ. The large mechanical work is ascribed to a large Young’s
modulus of the crystal. The modulus of the two-component crystal (6a/7a=63/37)
was measured by means of a manual beam-bending test to be as large as 8.5 GPa.
This value is much larger than those of typical polymer materials (~1 GPa). The
large Young’s modulus enables the crystal to generate such strong force and perform
large mechanical work. It is possible to estimate the maximum stress generated by
UV irradiation from the photostimulated bending of the crystal cantilever beam. The
maximum stress was estimated to be 56 MPa, which is 180 times larger than that of
muscle (~0.3 MPa) and comparable to that of piezoelectric crystals, such as lead
zirconate titanate (PZT, ~50 MPa). The two-component mixed crystals have fatigue-
resistant and substantial mechanical properties comparable to piezoelectric crystals.

1.5 Light-Driven Bending of Rectangular Cocrystals

Although densely packed crystals have been proved to be useful to link the
molecular-scale events to macroscopic movements of materials, the crystals so far
examined are too small to be used in real-world applications. As a large-size
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Fig. 1.10 Chemical
structures of 8a and FN

photoactive crystal, we prepared a cocrystal composed of a diarylethene derivative,
1,2-bis(2-methyl-5-(1-naphthyl)-3-thienyl)perfluorocyclopentene (8a), and perfluo-
ronaphthalene (FN) with the size of 1-5 mm in length and examined their light-
driven reversible bending (Fig. 1.10) [30].

The relatively large-size thin plate with rectangular faces (typically 1-5 mm in
length, 0.2—1.5 mm in width and 10-50 pm in thickness) grew in a hexane solution
of a mixture of 8a and FN. The crystal is composed of 8a and FN in the ratio of 1:2.
The rectangular crystal changed its color from colorless to blue and bent moving
away from the light source. The bending direction was opposite to that observed in
the previous diarylethene crystals. The bending ceased when the illumination light
was switched off and the crystal kept the bent shape in the dark. Upon visible light
irradiation, the blue color disappeared and the crystal returned to the initial straight
shape. As the UV light cannot penetrate deep into the crystal, the photoisomeriza-
tion of the component diarylethene molecules takes place only in the surface thin
layer. The bending is ascribed to the gradient of the degree of photoisomerization of
the diarylethene molecules in the crystal.

X-ray crystallographic analysis was carried out to reveal the correlation between
the structure change of individual molecules and the crystal shape deformation. The
geometrical structures of the open- and closed-ring isomers are shown in Fig. 1.11.
The two isomers were isolated by HPLC and independently recrystallized. We
assumed that the geometric parameters derived from the structure of the indepen-
dently recrystallized closed-ring isomers are valid except the conformation of the
naphthyl side groups for the structure that is formed in situ in the crystal of the
open-ring isomer. The two isomers differ in their geometrical structures, as shown
by the triangle shape (blue broken line). As can be seen from the structures, the
height H increases from 0.534 to 0.679 nm and the base width B decreases from
1.554 to 1.411 nm upon photocyclization. A similar change of the triangle shape of
the diarylethene molecule was also confirmed by in situ X-ray crystallographic
analysis. The diarylethene molecules align while maintaining their longitudinal
height direction in parallel to b-axis in the crystal packing (see the molecular pack-
ing viewed from the (00 1) face in Fig. 1.11). Each diarylethene molecule reversibly
changes the triangle shape upon UV and visible light irradiation. The height increase
due to the photocyclization reaction forces the densely packed molecular layers to
expand, resulting in the elongation of the b-axis. The contraction of a-axis is also
explained by the change of the triangle shape. The geometrical structure change of
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Fig. 1.11 (a) Illustration of crystal shape of the cocrystal (8a—FN) and molecular packing dia-
grams viewed from (100), (010) and (001) faces. The red arrows indicate the direction of the
anisotropic elongation of the crystal, which is parallel to the b-axis, upon UV irradiation. (b)
Schematic illustration of the photoinduced bending. The blue molecules are photogenerated
closed-ring isomers in the crystal. (¢) ORTEP drawing of the open- and closed-ring isomers in the
cocrystal. The two isomers were isolated by HPLC and independently recrystallized. Reprinted
with permission from [30]. Copyright (2010) Americal Chemical Society
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Fig. 1.12 Photomechanical work of a molecular crystal cantilever made of the cocrystal (7a—FN).
Illumination of light was carried out below the crystal. The weights of the lead ball and the crystal
cantilever were 46.77 and 0.17 mg, respectively

the individual molecules causes the macroscopic shape deformation of the crystal.
The stacking mechanism proposed in the previous diarylethene crystals cannot be
applied to the present cocrystal.

The photoinduced bending was applied to lift a heavy metal ball. A rectangular
plate-like crystal was fixed at the edge of a glass plate as a cantilever arm and a lead
ball was loaded onto the crystal, as shown in Fig. 1.12 [30]. The crystal and the ball
weigh 0.17 and 46.77 mg, respectively. The weight of the lead ball is 275 times
heavier than that of the crystal. Upon irradiation with UV light, the heavy ball was
lifted as high as 0.95 mm. The cantilever arm performed lifting work and the amount
of the work was as large as 0.43 pJ. The force generated by UV irradiation is larger
than 1.1 mN. The photogenerated maximum stress was estimated to be 44 MPa. The
work and force are ascribed to a large elastic modulus of the crystal. The modulus
of this cocrystal was measure to be as large as 11 GPa. The large elastic modulus
enables the crystal to generate a strong force and perform large mechanical work.

The bending dynamics after irradiation with pulsed laser light (355 nm, 8 ns
width, 30 mJ/pulse) was followed using a high-speed camera at 295 K, as well as at
4.7 K. The photoisomerization of the diarylethene molecules is known to complete
during the laser pulse (8 ns) [19]. We tried to measure how fast the mechanical bend-
ing movement of the crystal follows. At both temperatures the crystal showed bend-
ing in the first frame after irradiation with the laser pulse. The exposure time of each
frame was 5 ps. Therefore, the light-driven bending took place in less than 5 ps at
295 K, as well as at 4.7 K. The very rapid movement of the crystal at 4.7 K suggests
that the contribution of slow relaxation processes in the crystal lattice is negligible.

The X-ray crystallographic analysis clearly revealed that the deformation of the
crystal shape is ascribed to the anisotropic deformation of the crystal lattice induced
by the geometrical shape changes of the component diarylethene molecules upon
photocyclization. The molecular crystal links the geometrical structure changes of
molecules in the molecular world to macroscopic movement of the materials and
performs mechanical work in the macroscopic real world.

Similar shape deformation of single crystals upon photoirradiation has also been
reported for other diarylethene derivatives [31, 32], azobenzenes [33], salicylidene-
anilines [34], furylfulgide [35], and anthracene derivatives [36-38].
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1.6 Conclusion

Diarylethene derivatives can undergo photoisomerization reactions even in crystals
due to their rather small geometrical structure changes during the reactions. The
photostimulated shape changes of individual molecules in crystals are successfully
linked to macroscopic motion of the crystals and perform mechanical work in the
real world. The inner stress generated by the shape changes of component molecules
in densely packed crystals results in the changes of the surface morphology of the
crystals, as well as the macroscopic bulk shape. Single-component and two-
component diarylethene crystals and the cocrystal composed of 8a and FN were
found to exhibit reversible anisotropic shape deformation and bending responses
upon alternate irradiation with UV and visible light. The light-driven crystal actua-
tors made of diarylethene molecules, which remotely work without electric wire con-
nection, potentially find various applications in micro- and nano-mechanical devices.
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Chapter 2
Photomechanical Bending of Molecular Crystals

Hideko Koshima

Abstract Creation of mechanical crystals has been the focus of my study on solid-
state photoreactions of molecular crystals for 20 years. Our search of photome-
chanical crystals, based on the operating principle that crystals should bend via
reversible photochromic reactions, found that typical photochromic crystals com-
posed of azobenzene, salicylideneaniline, and furylfulgide bend upon photoirradia-
tion. When plate-like microcrystals of trans-4-(dimethylamino)azobenzene were
irradiated at 365 nm, the crystals quickly bent away from the light. Thirty seconds
after the light was extinguished, the crystal returned to its initial flat shape. To our
knowledge, trans—cis photoisomerization of azobenzene chromophores has not
been observed in the crystalline state, but the occurrence of photoisomerization near
the crystal surface was confirmed. Plate-like microcrystals of a salicylideneaniline
compound could be repeatedly bent and straightened over 200 cycles by alternately
irradiating with UV and visible light, respectively. Microcrystals of furylfulgide
exhibited the same behavior. X-ray crystallographic analyses before and after pho-
toirradiation showed that the mechanism of bending in salicylideneaniline and
furylfulgide crystals involved molecular-level shape changes that induced mac-
roscale mechanical motion. Synthetic molecular machines that convert photoenergy
directly into mechanical work through molecular structural changes are attractive
for both basic research and many potential applications. These photomechanical
crystals will contribute to the advancement of molecular machinery.
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2.1 Introduction

Crystals have a well-deserved reputation for rigidity. The attractive forces that trap
molecules into three-dimensional solids also keep the atoms relatively immobile. In
recent decades, however, a large number of solid-state reactions have been observed
in molecular crystals [1, 2]. Bimolecular photoreactions in the crystalline state have
also been observed [3, 4], and the relationship between crystal structure and these
reactions has been elucidated. Crystalline state photoreactions usually induce
molecular motion in the crystal lattice, thereby suggesting the possibility of motion
in bulk crystals. It has been my goal to make photomechanical crystals for 20 years.

Recently, molecular machines based on the conversion of molecular motion to
macroscale mechanical motion have attracted interest from both basic researchers
and applications engineers. Such machines are amenable to remote operation with
light and do not require wire connections. Supramolecular machines such as shut-
tles and motors have been reported, but the motion was only spectroscopically
detected [5, 6] and not linked to macroscale mechanical motion in bulk materials.
Macroscale mechanical motion of molecular materials has been observed in gels [7]
and nematic elastomers [8—13], in which a photoinduced order—disorder phase tran-
sition acted as the driving force. Irie and co-workers [14-18] first reported rapid,
reversible bending in rod-shaped microcrystals of photochromic diarylethene upon
photoirradiation, thereby linking molecular-level shape changes to macroscale
mechanical motion in crystals. Bardeen and co-workers [19-23] demonstrated irre-
versible and reversible shape changes in rod-shaped nanocrystals of anthracene car-
boxylates by photodimerization. Since then, several photomechanical crystals have
been reported [24-26], revealing potential opportunities for synthetic molecular
machinery [27].

We started studying photomechanical crystals several years ago. Initially, our
work focused on known, typical photochromic crystals in order to identify the
characteristics required for photomechanical motion in crystals. Since then, several
photomechanical crystals have been found, based on the operating principle that
crystals should bend via reversible, photochromic reactions. This chapter introduces
recent studies of photomechanical bending in crystals of azobenzene [28, 29],
salicylideneaniline [30], and furylfulgide [31].

2.2 Photomechanical Bending of Azobenzene Crystals

Azobenzenes are typical chromophores that undergo trans—cis photoisomerization
and are incorporated into various photofunctional materials. Azobenzene-containing
elastomer films bend upon photoirradiation, and this effect has been applied in the
fabrication of a light-driven plastic motor [8—12] and a high-frequency, light-driven
polymer oscillator [13]. This section describes plate-like microcrystals of trans-4-
(dimethylamino)azobenzene (trans-1a) [28] and trans-4-aminoazobenzene (trans-1b)
[29] that exhibit reversible bending upon irradiation with UV light (Fig. 2.1).
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Fig. 2.2 Plate-like microcrystals of trans-1a grew on the edges (a) and surface (b) of a glass plate
by sublimation and condensation. The scale bars are 500 um. (¢) X-ray diffractogram of trans-1a
microcrystals before irradiation. (d) The 004 peak intensity decreased to 93% upon irradiation at
365 nm for 5 s and then increased when the irradiation was stopped. (e) X-ray diffractogram of
trans-1a microcrystals were measured under constant UV irradiation. Peak heights decreased and
peak widths expanded, but no new peaks appeared

2.2.1 4-(Dimethylamino)azobenzene

Microcrystals of trans-1a were prepared by sublimating crystalline powders in a
glass tube oven under vacuum or in air. Plate-like microcrystals (several hundred
micrometers in length) grew on the edges and surface of the glass plate after heating
to a temperature near the melting point (114 °C) for several hours (Fig. 2.2a, b).
X-ray diffraction (XRD) measurements revealed three sharp peaks (Fig. 2.2c),
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Fig. 2.3 The (001) face of a plate-like trans-1a microcrystal (a) before and (b) after UV irradia-
tion from the right rear. The same crystal is shown (c) before and after UV irradiation from the (d)
right and (e) left sides. The scale bars are 200 um

which were assigned to the 002, 004, and 006 peaks on the basis of consistencies
with crystallographic data [32]. The top surface of the plate-like microcrystals was
identified as the (00 1) face with its longitudinal direction along the a-axis, based on
comparisons with plate-like bulk crystals, which exhibited a (00 1) face along the
a-axis.

Figure 2.3a shows a piece of a plate-like microcrystal (525 x280x 5 um?®) whose
lower portion was fixed to the glass surface and whose upper portion was free. Upon
UV irradiation (365 nm, 5 mW/cm?) with a light-emitting diode (LED) at the (00 1)
surface from the right rear, the crystal quickly bent away from the light source,
reaching a maximum deflection after 0.5 s (Fig. 2.3b). The maximum deflection
angle was quite large, leading to the formation of a ~180° semicircle along the
b-axis. When illumination was stopped, the crystal returned to its initial flat shape
after 30 s (Fig. 2.3a). Figure 2.3c shows the same crystal when irradiated from the
right (Fig. 2.3d) and left sides (Fig. 2.3e), which induced bending in opposite
directions.

A narrow, plate-like crystal (70x5x 1 pm?) with one end fixed to another crystal
was subjected to repeated bending (Fig. 2.4a). As described above, comparisons
with bulk crystals showed that the (00 1) plane was oriented perpendicular to the
surface of the glass plate with the longitudinal direction along the a-axis. When
subjected to UV irradiation at the (00 1) surface, the crystal bent away from the light
source, reaching a maximum deflection of 5 um after 0.2 s, as measured at the end
of the crystal (Fig. 2.4b). The degree of deflection along the a-axis was considerably
smaller than that along the b-axis (Fig. 2.3b, d, e). The bent crystal returned to its
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Fig. 2.4 Bending of a narrow, plate-like crystal of frans-1a, as shown by a comparison of images
acquired (a) with and (b) without UV irradiation. The scale bar is 20 pm. (¢) The reversible bend-
ing was repeatable over as many as 100 cycles

initial straight form 3.8 s after the illumination was stopped. This reversible bending
was observed over 100 cycles of alternating UV irradiation (2 s) and darkness (5 s)
(Fig. 2.4¢).

The crystals bend away from the light source due to a gradient in the extent of
trans-to-cis photoisomerization as a function of light penetration. Photoisomerization
and consequent elongation of the crystal at the irradiated surface along the a- and
b-axes, with no changes at the non-illuminated rear surface, resulted in a bent mac-
rostructure. However, only slight differences were observed in the absorption spec-
tra (A =400 nm) of the trans-1a microcrystals before and after UV irradiation.
Therefore, the occurrence of photoisomerization could not be confirmed by absorp-
tion data. Direct evidence of the formation of cis-la was obtained from nuclear
magnetic resonance (NMR) measurements. The '"H-NMR spectrum of trans-1a
microcrystals that had been irradiated for 1 min was measured in benzene-d,. Singlet
peaks were observed at 2.35 and 2.23 ppm, corresponding to the N(CH,), protons of
the trans and cis isomers, respectively, with a 160:1 relative intensity [33]. This
provided unambiguous evidence of trans-to-cis photoisomerization in the crystal-
line state. The estimated yield of the cis isomer was ~1% based on the decay of
absorbance in benzene. With no UV irradiation, the cis isomer almost disappeared
after 30 min as a result of cis-to-trans thermal isomerization. During UV irradiation,
the melting point of trans-1a microcrystals (113—114 °C) decreased to 66—80 °C
because of the coexistence of the cis isomer and returned to 113114 °C when the
irradiation was extinguished, further demonstrating the reversibility of isomeriza-
tion. To our knowledge, frans—cis photoisomerization of azobenzene chromophores
has not been observed in the bulk crystalline state because of the large geometric
changes that would be required in such densely packed crystal lattices. However, we
confirmed the occurrence of photoisomerization near the surface of trans-la
microcrystals.

The (001) top surface of the trans-1a microcrystal was smooth prior to irradia-
tion, as observed by atomic force microscopy (AFM) (Fig. 2.5a). After UV
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Fig. 2.5 AFM images of the (00 1) top surface of a trans-1a microcrystal (a) before and (b) after
UV irradiation and illustrations of the molecular arrangements of the (¢) (00 1) and (d) (010) faces
before irradiation

irradiation for 5 s, uneven features appeared along the a-axis with a height of 10 nm
and a relative roughness of 1% of the crystal thickness (900 nm) (Fig. 2.5b). The
uneven features receded slightly after 1 h in the dark, but the initial smooth surface
was not recovered. The relative XRD peak intensities for the microcrystals quickly
decreased to 93% upon UV illumination for 5 s, likely because of both trans-to-cis
photoisomerization and the deterioration of crystallinity (Fig. 2.2d). After the irra-
diation was stopped, the diffraction peaks increased to 97% of their initial intensi-
ties after 30 s and recovered completely after 15 min as a result of the cis-to-trans
thermal isomerization and the recovery of crystallinity. However, no new peaks
were observed in the diffractogram, even after continued irradiation (Fig. 2.2e).
This suggests that the cis-1a molecules did not form a new crystalline phase, but
may have instead adopted a fine polycrystalline or amorphous phase.

In the trans-1a crystal, the planar molecules are arranged almost perpendicularly
at the (00 1) face to form a herringbone structure along the a-axis (Fig. 2.5¢) [32].
Upon UV irradiation, the planar trans-1a molecules undergo photoisomerization to
cis-1a at the (00 1) crystal surface, resulting in an increased torsional conformation
due to repulsion between the two phenyl planes. Crystalline cis-azobenzene mole-
cules normally exhibit a dihedral angle of 64.26° between the two phenyl planes
[34]. The trans-to-cis photoisomerization elongates the unit cell length along the
b- and a-axes near the (00 1) crystal surface, giving rise to the uneven features. In
contrast, since there is no photoisomerization in the absence of light, the unit cell
dimensions remain constant at the non-illuminated surface, resulting in bending of
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Fig. 2.6 Photomechanical bending of the trans-1b microcrystal: (A) (a) before irradiation, (b)
after UV irradiation from the left side for 0.5 s, and no irradiation for (¢) 10 s, (d) 60 s, (¢) 120 s,
() 240 s; (B) (g) before irradiation, (k) after UV irradiation from the left side for 0.5 s, and after
visible light (530 nm) irradiation from the left side for (i) 2 s, (j) 14 s, (k) 30 s, (/) 60 s. The scale
bar is 100 pm (from [29] with permission. © 2012 Elsevier)

the microcrystal. Furthermore, molecular interactions between the neighboring her-
ringbone structures are weak, as seen in the packing arrangements at the (00 1) and
(010) faces (Fig. 2.5c, d). Therefore, the uneven features along the b-axis are
sharper than those along the a-axis (Fig. 2.5b). This leads to a drastic bending
motion along the b-axis (Fig. 2.3) relative to a small crystal bending observed along
the a-axis (Fig. 2.4).

2.2.2 4-Aminoazobenzene

Plate-like microcrystals of frans-4-aminoazobenzene trans-1b were also obtained
by sublimation and condensation. The top surface was identified as the (10-1) face
by XRD, and the longitudinal direction was assigned to b-axis based on compari-
sons with plate-like bulk crystals. Figure 2.6a shows a piece of a plate-like micro-
crystal (200%25x 1.2 pm?®) in which the lower portion was adhered to the glass
surface and the upper portion was free. When the (10-1) surface was irradiated at
365 nm (40 mW/cm?) from the left side, the crystal quickly bent away from the
light, reaching a displacement angle of 34° after 0.5 s (Fig. 2.6b). Stopping the illu-
mination resulted in the gradual return of the crystal to its initial linear shape after
4 min (Fig. 2.6c—f).

The microcrystal bending speed and displacement angle increased in proportion
to the UV light intensity (Fig. 2.7). When the microcrystals were irradiated with
2.5 mW/cm?, 8 s was required to reach the maximum displacement angle of 27°.
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Fig. 2.7 Dependence of (a) UV irradiation time and (b) UV light intensity on the displacement
angle of a plate-like microcrystal (200x25x 1.2 pm?) of trans-1b
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Fig. 2.8 (a) Absorption spectra of trans-1b (0.05 M) in benzene before (yellow) and after UV
irradiation at 365 nm for 30 s (red). Stopping irradiation for 10 min recovered the initial spectrum
in benzene (orange). (b) Absorption spectra of the trans-1b microcrystals before (yellow) and after
UV irradiation for 30 s (red)

When 50 mW/cm? was used, 2 s was required to reach the maximum displacement
angle of 41°.

After 30 s of UV irradiation at 365 nm, the absorption spectrum (4 =375 nm)
of trans-1b in benzene [35] changed to that of cis-1b (photostationary state) with
two bands at A =344 and 442 nm, corresponding to (%, ¥) and (n, T¥) excita-
tions, respectively (Fig. 2.8a). When irradiation was stopped for 10 min, the initial
spectrum of trans-1b was recovered, demonstrating thermal cis-to-trans isomeriza-
tion. Visible light irradiation at 530 nm led to a faster recovery (1 min) of the initial
trans-1b spectrum. Thus, 4-aminoazobenzene 1b in benzene underwent reversible
photoisomerization between the trans and cis isomers via alternate irradiation with
UV (365 nm) and visible (530 nm) light. In contrast, the absorption spectrum of
trans-1b microcrystals did not change after UV irradiation at 365 nm for 30 s
(Fig. 2.8b).

However, the changes in frans-1b microcrystals upon UV irradiation were detect-
able by XRD (Fig. 2.9). The 20-2 peak intensity decreased to 87% of the original
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value after UV irradiation (40 mW/cm?) for 60 s because of the trans-to-cis photoi-
somerization and deterioration of crystallinity. However, no shift in the diffraction
angle 20 or new peaks were observed in the XRD profile, even after continued irradia-
tion. This suggests that the cis-1b molecules did not form a new crystalline phase. The
XRD peak intensity almost recovered 15 min after irradiation was stopped due to
cis-to-trans thermal isomerization (Fig. 2.9a). In contrast, irradiation with visible light
at 530 nm (10 mW/cm?) recovered the initial intensity after 4 min due to cis-to-trans
photoisomerization induced by (n, 7*) excitation (Fig. 2.9b). As discussed above, the
crystal returned to its initial, linear shape 4 min after irradiation was extinguished
(Fig. 2.6f). In contrast, visible light irradiation recovered the initial straight crystal in
1 min (Fig. 2.61), revealing that both bending and straightening of 1b microcrystals
could be controlled by irradiation with UV and visible light, respectively.

2.3 Photomechanical Bending of Salicylideneaniline Crystals

Salicylideneanilines are typical photochromic compounds in the crystalline state
[36-38]. Their photochromicity is based on the formation of colored species by
photoinduced proton transfer. This section describes plate-like microcrystals of
N-3,5-di-tert-butylsalicylidene-3-nitroaniline (2) in their enol form that exhibit
reversible bending upon alternate irradiation with UV and visible light (Fig. 2.10).
The bending mechanism was determined by changes in crystal structure before and
after photoirradiation.

2.3.1 Bending Motion

Plate-like microcrystals of enol-2 were obtained on a silanized glass plate by subli-
mation and condensation at approximately 10 °C below the melting point (132 °C).



30 H. Koshima

HO Q
—_—
—
N
ON " Aor Vis. Q \
H
O;N
enol-2 trans-keto-2

uv
_—
-
A or Vis.

Fig. 2.10 Photochromic reaction of salicylideneaniline 2

The top surface of the plate-like microcrystals was identified as the (001) face
based on consistencies with existing crystallographic data [39], and its longitudinal
direction was assigned to the a-axis based on comparisons with plate-like bulk crys-
tals, which exhibit a (00 1) face along the a-axis. Figure 2.11a shows the frontal
(001) face of a plate-like enol-2 crystal (73 x4.5x 1.1 pm?) with one end fixed to an
adjacent crystal. When the (001) face was irradiated from the right at 365 nm
(40 mW/cm?, Fig. 2.11b), the crystal bent away from the light to reach a maximum
tip displacement angle of 45° after 5 s (Fig. 2.11c). Subsequent illumination with a
halogen lamp equipped with a color filter (530 nm, 10 mW/cm?) returned the bend
to its initial straight shape after 10 s (Fig. 2.11b).

A 2-s pulse of UV irradiation, with simultaneous and continuous illumination
with visible light (>390 nm) from the above halogen lamp, bent the crystal to a
displacement angle of 37°. When the UV source was blocked, the crystal returned
to its initial straight form after 4.6 s. This reversible bending was observed over 200
cycles of alternating UV irradiation (2 s on, 5 s off) under continuous illumination
with visible light (Fig. 2.11d). The bending motion was accompanied by a color
change from pale yellow to reddish orange due to the formation of trans-keto-2
(Fig. 2.12a). The reddish-orange crystal also returned to the initial pale-yellow color
due to photochemical fading to the enol-2 isomer (Fig. 2.12b).

The bending motion of the microcrystals depended on the intensity of UV and
visible light. When a plate-like microcrystal (50x6.3x2.1 um?, Fig. 2.13a) was
irradiated at 365 nm at 5-40 mW/cm? for 30 s, the tip displacement angle increased
from 9° to 25°, respectively, in proportion to the UV intensity (Fig. 2.13b, c). In the
absence of UV radiation, the crystals straightened to their initial form after 500 to
1,400 s. The lifetime of thermal fading from the zrans-keto-2 to the enol-2 isomer is
very long (42 days, k=2.8x 107/s at 25 °C, Fig. 2.12¢). This is due to stabilization
of the trans-keto-2 form by intermolecular hydrogen bonding and dimer formation
between the N—H group of the frans-keto imine and the oxygen atom of the nitro
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Fig. 2.11 A plate-like enol-2 microcrystal is shown (a) at the frontal (00 1) face (b) before and (c)
after UV irradiation from the right side. The scale bars are 10 mm. (d) The repeatability of the
reversible bending can be observed over as many as 200 cycles (from [30] with permission. © 2011
Royal Society of Chemistry)
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Fig. 2.13 (a) A microcrystal (50x6.3x2.1 um?®) is shown before and after irradiation with UV
(365 nm) and visible light (530 nm). The scale bar is 10 mm. (b) The bending motion is dependent
on the UV irradiation time. (¢) Tip displacement angle is shown as a function of UV intensity. (d)
The straightening motion is dependent on the visible irradiation time, and (e) the time to recover
the initial straightness is shown as a function of visible light intensity (from [30] with permission.
© 2011 Royal Society of Chemistry)

group [40]. However, the lifetime was dramatically shortened to 63 s upon illumina-
tion with 530 nm light at 10 mW/cm? due to photochemical fading (Fig. 2.12b). The
time required to recover the initial straight form was also dramatically shortened
from 1,400 to 43 s with increasing visible light intensity up to 10 mW/cm?
(Fig. 2.13d, e). This recovery time is comparable to the 63 s lifetime observed with
530 nm light when the intensity was increased to 10 mW/cm?.

The degree of tip displacement with plate-like microcrystals increased with
increasing aspect ratio (length/thickness). For example, maximum displacement
angles of 25 °C, 52 °C, and 70 °C were observed with microcrystals having aspect
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Fig. 2.14 (a) Changes in the unit cell parameters and (b) the relative changes in unit cell lengths
of enol-2 crystal upon UV irradiation

ratios of 25 (50x 6.3 x 2.1 um?),71 (120x 7.1 x 1.7 um?),and 132 (159 x 6.8 x 1.2 um?),
respectively.

Notably, upon UV irradiation, a plate-like crystal (120x7.1x 1.7 um?) was able
to flip a silica gel particle that was approximately 50-fold heavier than the micro-
crystal itself, suggesting that the mechanical force generated in these crystals is
relatively large. Most of the plate-like crystals prepared by sublimation adhered to
the glass surface and were unable to bend freely. UV irradiation over the silanized
glass plate, however, bent most of the crystals away from the light source, stripping
the stuck crystals from the glass surface. In contrast, crystals prepared on bare glass
plates did not bend, indicating that silanization decreased the degree of interaction
between the crystals and the glass.

2.3.2 Mechanism of Crystal Bending

Crystallographic analyses of a thin enol-2 microcrystal (200x30x20 um?) were
performed at 123 K before and after successive UV irradiation at room temperature.
Here, the thinness of the crystal allows for complete light penetration. A nearly
constant unit cell size was attained after 1 h (Fig. 2.14). The resulting crystal exhib-
ited a disordered structure with contributions from both the enol-2 and the trans-
keto-2 isomers at a ratio of 0.905(2):0.095(2). Figure 2.15a shows the ORTEP
drawing of this structure. This is identical to structures obtained following irradia-
tion at 360 nm [40] and following two-photon excitation at 730 nm [39].

In the trans-keto-2 molecule, the oxygen atom O(1’) and the nitrogen atom N(1)
are trans with respect to the C(1")-C(7’) bond. The bond lengths of C(2')-O(1"),
C(1")=C(7"), and C(7")-N(1") were 1.305(9), 1.415(9), and 1.349(9) A, respectively,
which differed significantly from those (1.355(4), 1.441(5), and 1.273(4) A) of the
enol-2 molecule. The C(8")-N(1")-C(7")—-C(1’) torsion angle of the trans-keto-2 was
—172.4(18)°, and the corresponding angle of the enol-2 isomer was 177.2(3)°. The
phototransformation likely occurs through the motion of a pair of benzene rings,
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Fig. 2.15 (a) ORTEP drawings show the disordered structures of the enol-2 (black) and trans-
keto-2 (red) isomers after irradiation at 365 nm at the 25% probability level. Hydrogen atoms,
except H(1) and H(10), are omitted for clarity. (b) Molecular arrangements on the (00 1) face

Fig. 2.16 AFM images show @
the (00 1) top surface of an
enol-2 microcrystal (a) before
and after irradiation with (b)
UV and (c) visible light

analogous to the bicycle pedal motion of stilbenes and azobenzenes, without requir-
ing major structural changes [41—43].

The length of the g-axis in the unit cell increased by 0.42% from 6.0913(2) to
6.1171(4)A (Figs. 2.14 and 2.15b). Hence, photoisomerization elongates the crystal
length along the a-axis near the (00 1) crystal surface. In contrast, since no photoisomer-
ization occurs in the absence of light, the unit cell dimensions remain constant at the
non-illuminated surface, resulting in bending of the microcrystal away from the light
source. When UV or visible (530 nm) irradiation is stopped, the reverse isomerization
from frans-keto-2 to enol-2 brings the crystal back to its initial straight conformation.
These molecular-level shape changes therefore result in bending of the bulk crystal.

The (00 1) surface of the enol-2 microcrystal was smooth before irradiation, as
observed by AFM (Fig. 2.16a). Small dents with a depth of 1.5 nm (0.3% of the total
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crystal thickness) appeared after UV irradiation for 40 s (Fig. 2.16b). The overall
surface morphology, however, remained constant. Subsequent irradiation with vis-
ible light for 180 s did not alter the surface morphology (Fig. 2.16¢). These results
suggest minimal molecular movement, such as a pedaling motion, during photoi-
somerization. The minimal movement affords excellent repeatability and revers-
ibility over as many as 200 cycles (Fig. 2.11d).

2.4 Photomechanical Bending of Furylfulgide Crystals

Fulgides constitute a class of photochromic compounds that undergo reversibly
electrocyclic ring-closure and ring-opening reactions [44]. The furylfulgide (E)-2-
[1-(2,5-dimethyl-3-furyl)ethylidene]-3-isopropylidenesuccinic anhydride (E3) in
its E-form exhibits photochromism in the crystalline state (Fig. 2.17) [45—48]. This
section describes plate-like microcrystals of E3 with reversible bending upon alter-
nate irradiation with UV and visible light. The bending mechanism is based on
changes in crystal structure before and after photoirradiation.

Microcrystals of E1 were prepared by sublimation and condensation of crystal-
line powders in a small platinum pan covered with a glass plate. Plate-like micro-
crystals grew on the surface of the glass plate after heating to approximately 20 °C
below the melting point (126 °C) and holding for several hours. X-ray diffracto-
grams of the microcrystals contained two peaks, assigned to the 101 and 202
reflections based on consistencies with existing crystallographic data [45, 46, 48].

Figure 2.18a shows the hexagonal face of a plate-like E3 microcrystal
(115x60x2 um?) with the left end fixed to an adjacent crystal and the remaining
portion free. The top surface of the plate-like microcrystal was identified as the (10 1)
face with its longitudinal direction along the b-axis, based on comparisons with bulk
crystals having a hexagonal surface, which exhibit a (101) face along the b-axis.
When the (10 1) face of the microcrystal was irradiated from the diagonal underside
at 365 nm (10 mW/cm?) for 1 s, the crystal curled from the right upper corner toward
the light, reaching a maximum twisted curl after 2 s with a color change from pale
yellow to red due to the formation of the closed C3 isomer (Fig. 2.18a—c).

When the (101) face of a narrow, plate-like microcrystal (109 x 6x2 um?) was
irradiated at 365 nm from the lower side, the crystal bent toward the light, reaching
a maximum tip displacement angle of 9° after 2 s (Fig. 2.19a, b). Subsequent illu-
mination with a halogen lamp equipped with a filter (>390 nm, 10 mW/cm?) returned
the crystal to its initial straight shape after 30 s (Fig. 2.19a). This reversible bending
was observed over 200 cycles of alternating irradiation with UV (2 s) and visible
light (30 s) (Fig. 2.19c). The bending motion was accompanied by a color change
from pale yellow tored (A =512 nm) due to the formation of the closed C3 isomer
in the crystals. The red crystal also returned to the initial pale-yellow color due to
the photochemical ring-opening reaction, generating the E3 isomer.

The bending effect was ascribed to a gradient in the extent of electrocyclic ring
closure as a function of light penetration, such that shrinkage of the irradiated
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Fig. 2.18 The (101) face of a plate-like E3 microcrystal before (a) and after UV irradiation for
(b) 1 s and (¢) 2 s. The scale bar is 50 pm

Fig. 2.17 Photochromic reaction of furylfulgide 3

crystal surface along the b-axis resulted in a bent macrostructure. In the E3 crystal,
the E3 molecules exhibit a torsional conformation with a dihedral angle of 38.3°
between the succinic anhydride portion and the furan ring (Fig. 2.20a) and are
arranged at the (10 1) face in a twofold screw along the b-axis [45, 46]. Upon UV
irradiation, the torsional E3 molecules underwent electrocyclic ring closure to C3
molecules at the (101) crystal surface. The crystalline C3 isomer is nearly planar
with a dihedral angle of 13.8° between the succinic anhydride portion and the furan
rings (Fig. 2.20b) [47]. Therefore, the ring-closure photoisomerization from the tor-
sional E3 isomer to the nearly planar C3 isomer shrank the length of the b-axis of
the unit cell. By contrast, because photoisomerization does not occur in the absence
of light, the unit cell dimensions remained constant at the non-illuminated surface,
causing the microcrystals to bend toward the light source.
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Fig. 2.19 Bending of a narrow, plate-like crystal of E3 (a) before and (b) after UV irradiation
from the lower side. Scale bar is 20 um. (¢) Reversible bending was repeatable over as many as
200 cycles (from [31] with permission. © 2011 Chemical Society of Japan)
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Fig. 2.20 Molecular structures of (a) the E3 isomer and (b) the C3 isomer in crystals of E3 and
C3, respectively. (¢) ORTEP drawings show the disordered structures of the E3 (black) and the C3
(red) isomers after irradiation at 742 nm at the 25% probability level. (d) Molecular arrangement
on the (101) face. Hydrogen atoms are omitted for clarity
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Crystallographic analysis of E3 after two-photon excitation at 742 nm by pulsed
laser light provides more direct evidence for the mechanism of photomechanical
bending [48]. The resulting crystal exhibited a disordered structure with contribu-
tions from both the E3 and the C3 isomers at a ratio of 0.945:0.055 (Fig. 2.20c). The
length of the b-axis of the unit cell decreased 0.13% from 9.6203(5) to 7.6101(8)1&
after two-photon excitation (Fig. 2.20d), bending the plate-like microcrystal toward
the light source.

2.5 Conclusions

Several typical photochromic crystals composed of azobenzene, salicylideneani-
line, and furylfulgide exhibit mechanical bending upon photoirradiation. The bend
motion is reversible and repeatable by tuning the illuminating wavelength. The
mechanism of bending in salicylideneaniline and furylfulgide crystals was eluci-
dated by X-ray crystallographic analyses before and after photoirradiation.
Molecular-level structural changes resulted in macroscale mechanical motion of the
bulk crystals. Synthetic molecular machines have attracted a great deal of interest
from the perspective of basic research and offer a wide range of potential applica-
tions. Further studies are necessary for the development of molecular machinery.
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Chapter 3

Photoinduced Reversible Topographical
Changes on Diarylethene Microcrystalline
Surface with Wetting Property

Kingo Uchida

Abstract Reversible topographical changes are observed on a photochromic dia-
rylethene microcrystalline film surface by alternate irradiation with UV and visible
light. The crystals of closed- or open-ring isomers of the diarylethenes were grown
from the eutectic mixtures of both isomers by UV or visible light irradiations. The
photogenerated crystals form either needle shape or cubic shape. The former sur-
faces show a superhydrophobic wetting property, which is classified as a lotus or
petal effect of wetting depending on the size of the needle-shaped crystals and frac-
tality of the surfaces, while the latter does not show such superhydrophobicity. We
further developed a method to fabricate the petal surface by controlling the surface
preparation condition; the surface shows a lotus effect without the control. In addi-
tion, reversible epitaxial crystal growth was found on a 110 surface of a strontium
titanate single crystal whose lattice constant is similar to that of the diarylethene
crystal. These reversible topographical changes are typical phenomena for diaryle-
thene derivatives which have specific photochromic characteristics, i.e., thermal
stability of both isomers and photoreactivity in the crystalline state.

Keywords Lotus effect  Petal effect  Superhydrophobicity ¢ Topographical
change * Wettability

3.1 Introduction

Diarylethenes are well-known photochromic compounds which undergo a cycliza-
tion reaction to form colored closed-ring isomers by UV irradiation and revert to
colorless open-ring isomers by visible light irradiation. Their photochromism has
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excellent properties: thermal stability of both isomers, a high fatigue resistance,
rapid response, high quantum yield, and reactivity even in the crystalline state [1].

On the other hand, the polarity changes during the photochromism of diaryleth-
enes are much smaller compared to those of azobenzene and spiropyran derivatives.
Consequently, those two derivatives have been used for photocontrol of the changes
in surface wettability. For example, Garcia et al. reported the contact angle (CA)
changes of a water droplet on a spiropyran-coated surface [2]. The CA before UV
irradiation was 74°, but it dropped to 54° after UV irradiation. This is due to the
enhanced polarity by photoisomerization, which converted nonpolar spiropyran to a
polar merocyanine isomer. Such wettability changes have been extensively studied
not only in organic materials but also in inorganic materials.

Another approach to controlling surface wettability is to change the surface mor-
phology. It is known that increasing surface roughness results in a superhydropho-
bic surface, an effect that is widely observed in natural plants such as lotus leaves
[3]. Such micrometer-scale rugged [4] or fractal [5] structures have also been artifi-
cially prepared to make superhydrophobic surfaces. In 2006, we accidentally dis-
covered reversible crystal growth of a diarylethene derivative, and this was
accompanied by a reversible wetting property [6]. The finding became a break-
through into a new surface science.

3.2 Photoinduced Reversible Topographical Changes
on Diarylethene Surface

The topographical changes of diarylethene crystals were first reported by Irie et al.
[7] Upon UV irradiation of a single crystalline surface, micrometer-sized steps and
valleys were formed, and these then disappeared upon visible light irradiation. These
phenomena were explained by the size difference between the open-ring and closed-
ring isomers. However, the wettability changes were not studied in this system.

New type of photoinduced changes in morphology of a photochromic diaryle-
thene crystalline thin film of 1,2-bis(2-methoxy-5-trimethylsilylthien-3-yl)per-
fluorocyclopentene (10) as shown in Fig. 3.1 are appeared, and it is accompanied
with wettability changes [6]. Upon UV irradiation (254 nm), the color become
deep blue within 5 min, yet no change in surface morphology is observed at this
moment at room temperature. After irradiation for 10 min, the crystal is stored in
the dark, when small microfibrils immediately start to grow. After storage for
24 h, the surface is covered with many microfibrils as shown in Fig. 3.1b. Upon
irradiation of the surface with visible light (1>500 nm), the blue color and the
microfibrils disappear (Fig. 3.1c). Topographical changes are also observed on
the surface of microcrystalline film prepared by coating the chloroform solution
of 1o on a glass substrate [6].

Measurement of the CA of a water droplet is a simple and direct method for
evaluating wettability on a surface. The CA of the film surface before UV irradia-
tion is 120° (Fig. 3.2a). Upon irradiation of the surface with UV light (254 nm), the
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Fig. 3.1 Photoinduced topographical changes on a single crystal of 1o. (a) SEM image of a crystal
surface of 1o from a side view before UV irradiation. (b) After UV (254 nm, 12 W) irradiation for
10 min followed by storing for 24 h at 30 °C in the dark. (¢) SEM image from a side view of the
surface after irradiation with visible light (1>500 nm, 500 W, 20 min) and storage in the dark for 24 h

Fig. 3.2 Contact angles (CAs) of a water droplet on the microcrystalline surface of diarylethene
1o prepared on glass substrate by solution coating. (a) Water droplet (1.2 mm @) on the microcrys-
talline surface before irradiation with UV light (254 nm, 12 W). The contact angle was 120°. (b)
Water droplet after UV irradiation for a short time (1-2 min). The contact angle changed to 92°.
(c) Water droplet after UV irradiation (10 min) and stored in the dark at room temperature for 24 h.
The contact angle increased to 163°

color becomes blue and the angle decreases to around 90° (Fig. 3.2b) after a short
irradiation time (1-2 min). After 24 h, the angle gradually increases to 163°
(Fig. 3.2c). The colored surface is irradiated with visible light to regenerate the
open-ring isomer. After 20 min the blue color disappeared. The CA is also moni-
tored during the fibril-disappearing process. It gradually decreased and finally
recovered to the initial 120° [6].
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Fig. 3.3 Phase diagram of
mixtures of open- (10) and
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Powder X-ray diffraction measurements are carried out to elucidate the composi-
tion of the microfibrils, and the results show that the XRD pattern of the fibrils is in
good agreement with that of the closed-ring isomer, whose pattern is estimated from
single-crystal structure analysis of 1¢. Ordinarily, closed-ring isomers formed in the
crystal of open-ring isomers are strained by the lattice and have different structures
from closed-ring isomer crystals obtained by recrystallization in solution [8]. The
above results indicate that the fibril crystal formed on the film grew freely from the
crystal lattice of 1o [6].

The forming and disappearing mechanism of the needle-shaped crystals of 1c by
alternate irradiation with UV and visible light can be explained using a phase dia-
gram (Fig. 3.3) [6].

Melting points of 10 and 1¢ were 100 °C and 140 °C, respectively. Furthermore,
the shape of 1o is cubic, while that of 1c is a needle or fibril when obtained by
recrystallization from hexane solution of these isomers. The needle-shaped crystals
tend to grow in one direction along the a-axis of the crystal [6]. Upon UV irradia-
tion, 1o is converted to 1c. When the conversion exceeds 24 %, crystal growth of 1c
starts to form fibril structures on the film surface. To confirm this mechanism, sam-
ples were kept in air and water at different temperatures. Below around 0 °C the
fibril does not grow, while fibril formation is observed in water and in air around
30 °C. These results also support the melt mechanism as depicted in the phase dia-
gram. Fractal analysis is made by the box-counting method for the photogenerated
rough surface, and this revealed that the surface is also fractal [9, 10]. The size of
the roughness can be classified into three regions based on the fractal dimension: ca.
2 (roughness size smaller than 0.5 pm), 2.5 (roughness size of 0.5-20 pm), and ca.
2.0 (roughness size larger than 20 pm). The fractal dimension of ca. 2.5 was due to
the fibril-like structures generated gradually by UV irradiation on diarylethene sur-
faces accompanied by an increase in the contact angle. The surface structure with
larger fractal dimension mainly contributes to realizing the extremely high water
repellency of the diarylethene surfaces. This mechanism of spontaneous formation
of fractal surfaces is similar to that for triglyceride and alkyl ketene dimer (AKD)
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waxes [5]. Furthermore, the needle shape is important for enhancing the CA of the
surface, since diarylethene derivatives without needle-shaped crystals does not
show remarkable CA enhancement from crystal growth on the surface [11].

Photoinduced fibril growth of 1c is not only observed on glass and metal sub-
strates but also on plastic and paper. Therefore, the compound is applicable to mate-
rials used in the photocontrol of surface-water repellency.

3.3 Photoinduced Lotus and Petal Effects of Wetting

A surface whose CA of water droplets exceeds 150° is classified as a superhydro-
phobic surface. Actually, many plants and insects have such superhydrophobic sur-
faces. For example, the leaves of the plume poppy (Macleaya cordata) and of the
lotus are covered with micrometer-sized rods or protrusions that cause water drop-
lets to roll over the surface [3]. In particular, lotus leaves are well known for their
superhydrophobic surface, where the contact angle and sliding angle (SA) of a water
droplet are 161.0+2.7° and 2.0°, respectively (lotus effect) [3]. Rose petals also
show super water repellency with a CA of about 152.4°; however, these droplets are
pinned to the surface and cannot roll off, even when the petal is turned upside down.
This phenomenon is the “pinned effect” or “petal effect” [12]. Such surfaces have
attracted great interest for both basic research and practical applications in recent
years. To explain the effects of surface topography on the enhancement of hydro-
phobicity, Wenzel [13] and Cassie and Baxter [14] have proposed models showing
the roles of both the surface area and the air trapped in concavities on the surface.
Jiang et al. noted how the lotus effect represents the Cassie state [12], while the petal
effect represents the Cassie impregnating wetting state [12]. These two states are
differentiated by the microstructures of their surfaces as shown in Fig. 3.4.

A Cassie state can be achieved in theory by reducing the microstructure scale.
This type of surface is mimicked by using diarylethene, and the reversible wettabil-
ity changes on the microcrystal surface of photochromic diarylethene 1o is moni-
tored as mentioned in the previous section. The CA of a water droplet on a surface
covered with needle-shaped crystals of 1c¢ is 163°, and the SA of the surface is less
than 2°. These angles are the same as those on a lotus leaf. Then, reproducibility of
the selective formation of surfaces that show both a lotus effect and a petal effect by
using a single diarylethene derivative is examined (Fig. 3.5) [10, 15].

A hint on how to produce a microcrystalline surface with the petal effect was
given from experiments of monitoring the surfaces stored at different temperatures
by SEM and CA. After UV irradiation for 10 min, the microcrystalline surface of 1o
is stored in the dark for 48 h at four different temperatures.

The surface shows superhydrophobicity after storage for 24 h at 30 °C in the
dark, owing to the formation of needle-shaped crystals on it. The CA profiles of a
water droplet at 50 °C, 70 °C, and 90 °C are also summarized in Fig. 3.6. The purple
dotted line indicates the border of superhydrophobicity (CA>150°). Before UV
irradiation, the CA of the rough surface of 1o is nearly 120°. During 10 min of UV
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Fig. 3.4 SEM images showing the surface structures of (a) lotus leaves and (b) rose petals and
schematic illustrations showing the difference in the wettability of a water droplet on the surface
of (c) a lotus leaf (Cassie state) and (d) a rose petal (Cassie impregnating wetting state) [12]

Fig. 3.5 Lotus leaf and rose petal wetting surfaces are designed and repeatedly formed on a
microcrystalline photochromic diarylethene film by a sequence of photocontrol. (a) The photogen-
erated lotus state prepared by storing at 30 °C for 24 h in the dark. CA and SA are 163° and 2°,
respectively. (b) The surface covered with cubic crystals of 10. (¢) The photogenerated petal state.
CA of the surface is 154° but a water droplet is pinned on the surface. The difference between the
surfaces is characterized by the size distribution of the microcrystals. Both rough surfaces revert to
the surface covered with cubic crystals of 1o upon visible light (4>500 nm) irradiation (scale bars:
20 pm for all images, which are magnified 1,000x)

irradiation, the CA rapidly decreases to 92° (after an initial 1-2 min of UV irradia-
tion) owing to the formation of a flat surface on the eutectic mixture [6]. The CA
gradually increases to 150° after 6 h and finally reached 163° after 24 h of storage
at 30 °C in the dark (Fig. 3.6, black squares). The surface also shows a very low SA
of less than 2°. The water droplets never stay on the surface when it is slightly tilted,
and the CA and SA values are the same as those on the lotus leaves. The CA of the
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Fig. 3.6 CA time profiles at different storage temperatures (in the dark)

film stored at 50 °C rises very rapidly and reached 153° after only 1 h (Fig. 3.6, red
circles).

The rough surface also shows the lotus effect with an SA of 7.5°. After 10.5 h,
the CA reaches a maximum of 158° and starts to decrease gradually. The CA of the
film stored at 70 °C increases dramatically after UV irradiation for the initial 30 min
and reaches 157°, immediately starts to decrease and reaches about 144° 3 h later,
and remains almost constant over the subsequent 23 h (Fig. 3.6, green triangles).
However, the CA of the films stored at 90 °C remains at an almost constant 130°
(Fig. 3.6, blue inverse triangles).

To understand the temperature dependence of the changes in CA profile, each
film is monitored by SEM at different storage temperatures (Fig. 3.7). The CAs
shown are the average values over 21 measurements. Smooth, gradual growth of
needle-shaped crystals is observed on the film surface at 30 °C (Fig. 3.7a—d), and
larger rod-shaped crystals appear after 15 h at 50 °C (Fig. 3.7g).

At 70 °C, rod formation is observed within 3 h (Fig. 3.7j), and the population
increases with time. On the surface stored at 90 °C, rod-shaped crystals are observed
at the initial stage without the formation of any needles (Fig. 3.7m). After prolonged
heating at 90 °C, the thermal cycloreversion from 1o to 1c¢ proceeds, with melting
of the crystals on the surface since the ratio is closed to that of the eutectic mixture
of 1o and 1c¢ (Fig. 3.7p).

Powder X-ray diffraction measurements confirm that both the rod- and needle-
shaped crystals are those of 1c obtained by recrystallization from an n-hexane
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Fig. 3.7 SEM images (1,000x) of the surface of the diarylethene microcrystalline films stored at
(a—d) 30, (e-h) 50, (i-1) 70, and (m—p) 90 °C in the dark after UV irradiation (scale bar: 20 pm)

solution. The samples show diffraction peaks at 5.1, 7.7, and 15.0 that are attributed
tothe (001), (010), and (1 —-1-1) lattice planes of the 1c crystal [6]. These peaks are
also observed for the fibril crystals formed during storage at 30 °C after UV irradia-
tion. Therefore, the rod-shaped crystals formed at 70 °C have the same crystal struc-
ture as those of fibril crystals formed at 30 °C and the 1c¢ crystals obtained by
recrystallization from the solution. The growth of rod-shaped crystals is observed
simultaneously with the melting of the needle-shaped crystals at 50 °C. Consequently,
the substitution mechanism of the needle-shaped crystals by the rod-shaped crystals
is apparently Ostwald ripening [10].

The formations of needle- (Fig. 3.7d) and rod-shaped (Fig. 3.7h) crystals are
observed at different temperatures and storage periods after UV irradiation. As
mentioned above, the rough surface formed at 30 °C is a fascinating geometrical
fractal structure characterized by self-similarity and non-integer dimensions [9].
Similar fractal surfaces have also been formed on several kinds of wax. For exam-
ple, AKD forms fractal structures and provides super water repellency [5].
Preliminary research suggests that the spontaneous formation mechanism of fractal
structures on the AKD surface originated in a phase transition from a metastable to
a stable crystalline form [16]; this is followed by the blooming theory, which is
proven by use of tristearin to involve the same mechanism [17]. The surface after
UV irradiation is considered a metastable state because the photogenerated
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closed-ring isomer has different crystal packing compared to that of the open-ring
isomer [8]. Diarylethene 10 undergoes a photoinduced cyclization reaction to form
1c upon UV light irradiation.

Because closed-ring isomer 1¢, formed in the crystal lattice of the open-ring
isomer, has a distorted crystal packing rather than the original structure of the
closed-ring isomer photogenerated in solution [8], the photogenerated 1c is strained.
By mixing the closed- and open-ring isomers, the melting point of the system is
lowered, as shown in the phase diagram of 1o and 1c (Fig. 3.3). Therefore, the
UV-light-irradiated surface melted initially, but this is followed by self-aggregation
and the crystal growth of 1c that proceeded from the eutectic state.

The activation energy to form a fractal surface of an alkylketene dimer or a tri-
glyceride has been obtained by measuring the periods required for the CA to reach
150° at different storage temperatures, followed by application of the Arrhenius
equation. In this system, the CAs of a water droplet increase with the growth of the
needle-shaped crystals and begin to decrease by replacing them with rod-shaped
crystals by Ostwald ripening. From the periods required for the CA to reach 150° to
obtain the activation energy for growing needle-shaped crystals as well as the peri-
ods in which CAs fell from 150° for growing rod-shaped crystals are measured, the
activation energies for the formation of needle and rod-shaped crystals on the sur-
face are 143 and 162 kJ/mol, respectively [10]. The activation energy for the needle-
shaped crystal growth is 19 kJ/mol smaller than that for the rod-shaped crystal
growth because needle-shaped crystals are formed at low temperature while rod-
shaped crystals are formed at high temperature.

Tuning the size of the crystals by controlling the storage temperature enables for
making the petal surface on the same material. Jiang et al. studied the surface struc-
tures of lotus leaves and rose petals and then attributed the different wetting behav-
ior between these surfaces to the different designs in their hierarchical micro and
nanostructures [12]. Because the microstructures of rose petals have larger pitches
than those of lotus leaves, the liquid is allowed to penetrate their microstructure.
Inspired by this analysis, attempts to make a photo-controllable system between
artificial lotus and petal surfaces using photochromic diarylethene 1o is performed.
The procedure is schematically shown in Fig. 3.8.

In this fabrication, controlling the amount of roughness on the surface structures
is crucial, since the lotus effect represents Cassie state, while the petal effect repre-
sents the Cassie impregnating wetting state [18]. In the latter state, the wetted sur-
face area is smaller than that in the Wenzel state [13] but greater than that in the
Cassie—Baxter state [14] (Fig. 3.9).

A surface displaying the lotus effect can be prepared by UV irradiation of the
microcrystalline surface of 1 followed by storage at 30 °C for 24 h in the dark [6].
The procedure is illustrated in Fig. 3.8a—c. The CA and SA of a water droplet are
163° and less than 2°, respectively. Thus, the CA and SA of the surface in Fig 3.5a
strongly resemble those of a water droplet on lotus leaves (i.e., the lotus effect). For
preparation of a surface that displays the “petal effect,” larger crystal sizes are
desired in order to pin the water droplet. By storing the film shown in Fig. 3.8b at an
elevated temperature, small fibrils sparsely appear, and then larger rod-shaped
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Fig. 3.8 Schematic depiction of the formation of surfaces that show lotus and petal effects. Upon
UV irradiation of the surface of a film coated with diarylethene 1o (a), closed-ring isomer 1c¢ (dark
blue layer) is formed only on the irradiated side of the surface (b). After storage in the dark at
30 °C, the surface is covered with closely packed small fibrils and shows the lotus effect (c). After
storage of the film shown in (b) for 1 h at 70 °C, small fibrils grow sparsely within 1 h (d) After
additional heating in the dark, larger rod-shaped crystals grow while fine fibrils melt (e) and finally
the surface is covered only with rod crystals (f). The surface is photoisomerized by a second UV
light irradiation (g). After storing the film at 50 °C for 1 h in the dark, the surface is covered with
rod crystals as well as newly formed fibrils (h), and the surface shows the petal effect
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Fig. 3.9 Schematic illustration of different surface modes and corresponding microcrystalline
surfaces of diarylethene 1
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Fig. 3.10 SEM images of the microcrystalline surfaces of diarylethene 1o with different wetting
property. (a) Before the 2nd UV light irradiation. (b) After the 2nd UV light irradiation

crystals of 1c are generated by Ostwald ripening (Fig. 3.8d—f). After the film is
stored at 70 °C for 3 h in the dark, the surface is covered with rod-shaped crystals
instead of fibrils. Then, the surface is irradiated with UV light for a second time, and
cubic crystals of 1o appearing at the surface (Figs. 3.8f and 3.10a) are converted to
1c (Fig. 3.8g). By keeping the film at 50 °C for 1 h in the dark, the surface below the
larger rod-shaped crystals is covered with newly formed fibrils (Figs. 3.5¢, 3.8h,
and 3.10b). The expanded SEM images before and after the second UV irradiation
are summarized in Fig. 3.10.

Reversibility is a characteristic feature of photochromic compounds [1].
Diarylethene has a particularly excellent thermal stability for both isomers and,
moreover, is fatigue resistant and reactive in the crystalline state. Therefore, this
compound is a suitable material for such photoinduced topographical changes. With
this material, the repetitive cycle, which shows the lotus surface followed by the
petal surface, is examined. Initially, the film surface of 1o is irradiated with UV light
for 10 min, and the film is stored at 30 °C for 24 h in the dark to form a surface that
showed the lotus effect (Fig. 3.8a—c). Upon visible light irradiation for 1 h at 30 °C,
the needle-shaped crystals melted (Fig. 3.8c to a) and the initial surface, which is
covered with cubic crystals attributable to 1o, is regenerated. Then the recovered
film is irradiated with UV light (10 min) and stored at 70 °C for 3 h in the dark to
form the state shown in Fig. 3.8b, d—f. Then the surface is irradiated with UV light
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(10 min) again (Fig. 3.8g) and stored at 50 °C for 1 h to form a surface with a petal
effect (Fig. 3.8h). The surface is irradiated with visible light (1 h) again to regener-
ate the initial surface of 1o (Fig. 3.8a). This cycle is repeated, and the lotus and petal
effects are reproduced at least three times.

3.4 Photoinduced Reversible Epitaxial Crystal Growth

The photoinduced reversible growth of needle-shaped crystals of the closed-ring
isomer was demonstrated in the previous section. This section describes the photo-
induced reversible growth of needle-shaped crystals of the open-ring isomer. In an
earlier work, a new diarylethene derivative with an asymmetric structure was pre-
pared in order to decrease the melting point of both isomers and eutectic tempera-
ture [19]. Additionally, a surface whose wettability changes are expanded from
hydrophilic, with CA of less than 90°, to superhydrophobic is desired. The melting
point of 20 is 95.2-95.8 °C which is lower than those of the parent symmetric com-
pounds 30 (119.0-119.5 °C) [20] and 40 (168 °C) [21]. Asymmetric structure suc-
cessfully reduces the eutectic points for ease of photocontrol of the surface. The
photochromic reactions of 20 are observed in a hexane solution, and the quantum
yields of the cyclization and cycloreversion reactions of 20 and 2c¢ in a hexane solu-
tion are 0.35 and 4.2 x 1073, respectively.

Although the compound shows polymorphism, only needle-shaped crystals are
observed in the bulk film on the glass substrate. Recrystallization from the hexane
solution gives platelet crystals, but the crystals from ether hexane mixtures are nee-
dles. The melting points of platelets and needles are 92.9-93.5 °C and 95.2-95.8 °C,
respectively. Both crystals are monoclinic. In the crystalline states, the distances
between the reactive carbon atoms of 20 in the platelets and the needle-shaped crys-
tals are 3.568 and 3.606 A, respectively. It is well known that the cyclization reac-
tion can proceed upon UV irradiation even in the crystalline state when the distance
is less than 4 A [22]. Therefore, the photocyclization can proceed in this system. To
study the photoinduced topographical changes of the surface, the phase diagram of
a mixture of 20 and 2c is prepared by DSC measurements of such mixtures with
different components (Fig. 3.11).

The melting points of 20 and 2¢ are 95.2-95.8 °C and 134.5-135.0 °C, respec-
tively. The eutectic point is 67 °C, where the ratio of 20 and 2¢ is 61:39.

The microcrystalline surface is prepared by coating the chloroform solution of
20 onto a glass plate and subsequent evaporation of the solvent. Through SEM
observation of the microcrystalline film, the surface is covered only with rod-shaped
crystals. The SEM image of the surface is shown in Fig. 3.12a. The surface is cov-
ered with microcrystals of 20, and the CA of a water droplet on the surface is
150.4+0.3°, showing a superhydrophobic property (Fig. 3.12d). Furthermore, a
water droplet remains pinned on the surface even when the surface is turned over,
showing the petal effect. Then the surface is irradiated with UV light (initially 10
min) and it becomes flat within 30 min as shown in Fig. 3.12b. The CA is drastically
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Fig. 3.11 Phase diagram of mixtures of open-ring (20) and closed-ring (2¢) isomers formed by
UV light (366 nm) irradiation

reduced to 80.5+0.4°, and a hydrophilic surface is generated as shown in Fig. 3.12e.
Although the melting point of 2¢ is high (134.5-135.0 °C), 2c¢ crystal does not grow
on the surface because the conversion to 2¢ is not high enough to provide eutectic
content (39 %). By scratching the surface after UV irradiation and measuring the
absorption spectra in the hexane, the content of 2¢ is found to be 31 % after 10 min
of UV irradiation. No remarkable increment of the content is observed by prolonged
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Fig. 3.12 SEM images of the reversible topographical changes in the microcrystalline surface of
20 on a glass substrate (a—c) and STO (1 10) surface (g—i); water droplet shapes (d—f) on the sur-
faces of (a—c), respectively (scale bar: 10 pm)

UV irradiation of the surface. The flat surface reverts to a rough surface, accompa-
nied by remarkable enhancement of the CA, by visible light irradiation within 1.5 h.
During the visible light irradiation, the film is again maintained at the eutectic tem-
perature. The SEM image of the surface is shown in Fig. 3.12c. The surface is cov-
ered with rod-shaped crystals whose diameters and lengths are around 2-5 and
20-30 pm, respectively. The CA of a water droplet is 150.9+0.6° (Fig. 3.12f).
Alternate formations of superhydrophobic and hydrophilic surfaces are also per-
formed as shown in Fig. 3.13 [19]. To understand the mechanism of the photoin-
duced crystal growth, the reversible crystal growing process in Fig. 3.13 is monitored
by XRD, and the results are summarized in Fig. 3.14. The diffraction angles of the
20 film (Fig. 3.14) correspond to those of the 20 powder [19]. However, some of the
diffraction intensities of the films are different from those of the 20 powder, and the
films are strongly oriented to the 30-2 direction (20 =22.9°).

In the previous section, needle-shaped crystals of a closed-ring isomer grew on
the subphase of an open-ring isomer upon UV light irradiation; therefore, the crys-
tals of the subphase had no effect on the growth of needle-shaped crystals [10, 15].
On the other hand, the current results show the growth of open-ring isomer crystals
because the eutectic ratio is not achieved; only the crystallization of open-ring iso-
mer 20 is possible. Indeed, maintaining the eutectic temperature at 67 °C induces
the rapid growth of the needle-shaped open-ring isomer crystals on the surface. The
results demonstrate this rapid crystal growth and may explain the appearance of the
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petal effect. Furthermore, this inspired to attempt epitaxial crystal growth of 20 on
a suitable substrate whose lattice parameter resembles that of 20 [23]. For decades,
the heteroepitaxial growth of organic materials has received much attention because
of its importance and unique characteristics. Organic heteroepitaxial techniques are
useful for the fabrication of electronic and photonic devices [24]. In device fields,
single-crystal substrates of metal oxides, such as SrTiO, (STO), MgO, and sapphire,
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001
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Fig. 3.15 SrTiO, (STO) 110 plane with a space_group of Pm3-m (a=3.905 A). Distance
between Sr atoms (Sr1-Sr2) on —1 1 1 axis is 6.763 A, and this value is close to the length of the
b-axis of rod-shaped 20. The —11-2 axis of STO is perpendicular to the —111 axis. Distance
between Srl and Sr3 on the —1 1 -2 axis (38.261 A) is close to three times the length of the a-axis
(12.9908 A) of rod-shaped 20. Therefore, the a-axis of rod-shaped 2o fits the —1 1 -2 axis on the
110 plane of STO

are used to obtain heteroepitaxial thin films. Among single crystal substrates, STO
substrates are often used in the ferroelectric field. STO has a perovskite structure
with a cubic phase (space group, Pm—3m:; lattice constant, a=3.905 A; ICSD num-
ber, #23076). Figure 3.15 shows the 110 surface of STO, which has —11-2 and
—111 axes on a plane, and the —1 1 -2 axis is perpendicular to the —1 1 1 axis. The
distance of Sr1-Sr2 is 6.763 A in the =111 axis, and this value is close to lattice
constant b (6.3593 A) of rod-shaped 20. The Sr1-Sr3 distance on the —1 1 -2 axis
(38.261 A) is close to three times the length of the a-axis (12.9908 A) of the rod-
shaped 20. Therefore, the a-axis of rod-shaped 2o fits the —1 1 -2 axis on the 110
plane of the STO. Thus, rod-shaped 10 can grow on the 1 10 surface of the STO. We
used an STO substrate with a 1 10 plane [(1 10) STO] to epitaxially grow 20 on the
substrate.

The film is prepared by coating a chloroform solution containing 20 (100 mg/
mL) onto the substrate (10 mm x 10 mm glass or STO crystal plates). The film is
approximately 20 pm thick. The photoinduced topographical changes are carried
out in the same way as in the previous case on a glass substrate. Upon UV irradia-
tion crystals of 20 are melted, and a flat eutectic surface is generated within
30 min. Upon visible light irradiation of the surface, the microcrystals of 20
regenerate and cover the entire surface of the bulk film within 1.5 h. Figure 3.12g—i
represents the SEM images on the surface to compare the results obtained on glass
substrate. Due to differences in the substrate, the shape of the microcrystalline
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Fig. 3.16 Schematic illustration of crystal growths of 20. (a—c) Photoinduced topographical
changes of surface on SrTiO, substrate; (a'—¢’) photoinduced topographical changes of surface on
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surface is different. The surface over the STO is covered with prone rod-shaped
microcrystals, while the surface on the glass substrate is covered with random
standing rod-shaped microcrystals. The situations in Fig. 3.12h, i can be repeated
by alternate UV and visible light irradiation. Here, the rapid crystal growth is due
to the existence of seeds for the crystallization of regenerated 20. The results sug-
gest that if the subphase crystals are generated by epitaxial growth on a crystal
matrix, then photochemically reversible crystal growth can be performed
(Fig. 3.16).

The appropriate reversible reflection pattern profiles of 20 on the STO substrate
are monitored by XRD measurements (Fig. 3.17). Diffraction intensities are nor-
malized using the diffraction intensity of the 110 diffraction of the STO substrate.
The results are compared using glass (Fig. 3.14) as a control. The diffraction peaks
at 8.3°, 16.6°, and 24.9° correspond to the 002, 004, and 006 diffractions, respec-
tively, of rod-shaped 20. Therefore, the 20 film on the STO substrate with the 110
plane has a 001 orientation. In contrast, the 20 films on (100) and (111) STO and
glass had major orientations of 100, 100, and 30-2, respectively, but minor orien-
tations as well. The surface roughness of (100), (110), and (111) STO substrates
are examined by AFM, and all of them are ascertained to be flat [23]. This result
clearly shows that the surface lattice structure of the substrates is important for the
growth orientation of the films.

The microcrystalline film of 20 on the glass substrate shows many reflection
peaks (Fig. 3.14), while that on the STO substrate shows only one reflection
(Fig. 3.17). The purity of the reflections is maintained after several UV-induced
crystal melting and visible light-induced crystal growing cycles. To the best of our
knowledge, such a crystal growing technique is novel and will be useful in
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controlling crystal growth for optoelectronic devices and controlling the crystal
habit in a polymorphological system.

3.5 Conclusion

Diarylethenes are regarded as photochromic compounds whose polarity is not sig-
nificantly changed during photochromism. However, the surface wettability of bulk
diarylethene could be controlled by using photoinduced topographical changes.
These changes are typical phenomena, since diarylethenes have specific properties:
thermal stability of both isomers and photochromic reactivity even in the crystalline
state. Of course it is necessary to have needle-shaped crystals for superhydropho-
bicity; however, crystal shapes are not easily estimated before the synthesis of a
derivative. Furthermore, estimations of the eutectic temperature and melting points
of the isomers are also obtained only after synthesis. Nevertheless, such phenomena
still offer further possibilities and applications. Achieving a superhydrophilic sur-
face is one of our remaining targets. In addition, by controlling crystal shape to
mimic the natural surfaces of plants and insects, we can expect to generate addi-
tional fantastic surface functions by photoirradiation. Finally, such photocontrol of
crystal growth is expected to provide important information on the selective crystal
growth of organic compounds, which may lead to development of medical drugs.
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Chapter 4
Selective Metal Deposition Based
on Photochromism of Diarylethenes

Tsuyoshi Tsujioka

Abstract Various novel functions on photochromic surfaces have been attracting
interest. Selective metal deposition on a photochromic diarylethene surface is one
such function and signifies that metal vapor atoms are deposited on the colored
surface but not on the uncolored surface. This chapter introduces the phenomena,
origin, extension, and applications of selective metal deposition. The origin of
selective metal deposition is in a large change in the glass transition temperature
(Tg) based on the photoisomerization of diarylethene. Low-T, uncolored surface
with active molecular motion causes metal atom desorption from the surface. The
selective metal deposition phenomenon can be extended to various aspects includ-
ing organic crystal and polymer surfaces. We demonstrate the following applica-
tions of selective metal deposition: patterned cathode preparation for organic
light-emitting devices, micro thin-film fuse, multifunctional diffraction grating, and
metal vapor integration. Selective metal deposition is expected for applications in
various electric and optic fields.

Keywords Amorphous ¢ Diarylethene ¢ Electronics * Glass transition temperature
* Metal deposition * Metal patterning ®* Vacuum evaporation

4.1 Selective Metal Deposition on Amorphous
Diarylethene Surfaces

Metal film deposition with vacuum evaporation is widely used from basic academic
studies to industrial mass production processes [1]. Metal vapor atoms generated by
thermal evaporation are deposited on the substrate surface at room temperature.
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Fig. 4.1 Photochromism of diarylethenes

Fig. 4.2 Selective metal Mg
deposition on the DAE1
surface [2]

(i) Selective Metal Deposition

Q Partially colored upon UV irradiation
(ii) Sele%iveaem@epﬁsiﬁan

Q Mg evaporation
(iii) Sefeliveletal)ep'iﬁon

In general, therefore, a shadow mask, which prevents metal vapor atoms from
reaching a substrate, has been used to make metal-undeposited areas on the sub-
strate. Selective metal deposition signifies that metal vapor atoms are deposited on
a colored DAE surface but not on an uncolored surface [2]. The core phenomenon
in selective metal deposition is an undeposition effect on the uncolored surface; this
phenomenon is quite novel.

Figure 4.1 shows the photochromism of diarylethenes (1,2-bis[2-methyl-5-(5-
trimethylsiliythiophen-2-yl)thiophen-3-yl1]-3,3,4,4,5,5-hexafluoroccyclopentene,
DAEl1 and 1,2-bis[2-methoxy-5-(p-methoxyphenyl)thiophen-3-yl1]-3,3,4,4,5,5-
hexafluoroccyclopentene, DAE2), which show the selective metal deposition phe-
nomenon. Figure 4.2 shows selective Mg deposition. (1) Amorphous DAE] film,
which consists of open-ring molecules without color, is prepared on a glass substrate
using a conventional vacuum evaporation method. (2) Then the film is partially
colored upon UV irradiation through a photomask, and Mg is evaporated onto the
whole surface in a vacuum. (3) Mg is deposited on the colored areas but not on the
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Fig. 4.3 Mg-deposition rate dependence on uncolored DAE1 surface and metal atom behavior [2]

uncolored areas. (The sample is observed by transmitted white light and the
Mg-deposited areas are in black.) X-ray photoelectron spectroscopy determined no
Mg atoms or Mg-containing compounds on and in the uncolored areas.

The selective Mg-deposition phenomenon originates in a large change in the
glass transition temperature (T) of the film in response to photoreaction. The T of
the uncolored film is around room temperature (32 °C), whereas it is 95 °C for ‘the
colored film. A core phenomenon of selective Mg deposition is the desorption of
Mg atoms from the uncolored surface due to active surface-molecular motion
caused by the low T,

Figure 4.3 shows the Mg atom behavior on the uncolored surface, and the depo-
sition rate dependence of Mg on the uncolored surface. When the deposition rate is
increased to over 7 nm/s, Mg film is formed even on the uncolored surface. This
result means that Mg atoms do not rebound elastically because the elastic rebound
is not directly dependent on the deposition rate: the Mg atoms are adsorbed once on
the surface, migrate, and are desorbed from the surface at a low deposition rate.

Figure 4.4 shows a detailed study on Mg-deposition modulation depending on the
isomerization ratio and the deposition rate [3]. The gray samples mean that Mg is
deposited thinly at the Mg-deposition threshold. The threshold at a rate of 1.2 nm/s
is the isomerization ratio of 70 % (b). The threshold, however, shifts to the uncolored
side when the deposition rate is increased. Mg is deposited thinly at very high depo-
sition rate (7 nm/s) (a) even in the completely uncolored state. On the other hand, the
threshold shifts to the colored side when the Mg-deposition rate is decreased (c).
These results indicate that the deposition rate of the metals is as important as the
surface-molecular motion (or T) for obtaining optimum selective deposition.

The figures on the right in Fig. 4.4 show the corresponding atomic force micro-
scope (AFM) images of the Mg nanocrystals on the DAE1 surfaces; each image
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labeled with a lower case letter corresponds to an identically labeled sample in the
left figure. Relatively larger crystals are observed at the deposition threshold state in
(b) than those on the colored state in (d). On the other hand, smaller Mg crystals are
formed at the threshold in (a) at a high deposition rate of 7 nm/s. Large crystals of
over 100 nm in diameter are formed at the threshold in (c) at a very low deposition
rate of 0.04 nm/s. The dominant factors that affect the formation of the Mg film, in
general, are the density of the Mg atoms, the migration length, the desorption rate,
and the density of the nucleation sites on a surface. The difference in the sizes
between the Mg crystals (b) and (d) means that the migration of the Mg atom on the
surface in (b) is more active, and hence the crystal growth is enhanced, as in the case
of the high substrate temperature.

On the other hand, the crystals formed in samples (a) and (c) are smaller and
larger than those formed in (b). The small crystals in (a) result from the short migra-
tion length, which reflects the high density of the Mg atoms on the DAE surface.
The enhanced crystal growth (c) at a very low deposition rate is indicative of the
long migration length of the Mg atoms on the colored surface. These results indicate
that the nucleation for the Mg film formation is mainly caused by the collisions
among the Mg atoms, but not by the presence of the nucleation site on the surface.

These observations indicate that the Mg nucleation on the organic surface is
achieved by the collision of the Mg atoms on the surface, which is strongly corre-
lated to Mg density (or deposition rate) and the migration (isomerization ratio or T).
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Since the density and migration length of the Mg atoms are the most essential
factors for Mg nanocrystal formation on the DAE1 surface, potential exists for these
factors to govern the selective metal deposition process.

The other parameters except T that affect the metal deposition are the substrate
temperature [2, 4], the gas pressure during the metal evaporation [5], the surface
viscosity [6], and the metal species. Low temperature, high pressure, and/or high
viscosity cause easy deposition.

Based on the above discussion, selective metal deposition for other metal species
is possible. Figure 4.5 shows the selective deposition phenomena for Zn, Mg, and
Mn that depend on the deposition rate 7 nm/s for Zn and 0.05 nm for Mn, which are
higher and lower rates than those for Mg [7].

Substrate temperature (7, ) during metal evaporation influences the selective
metal deposition phenomenon. Pb is deposited on both the isomerization states of
DAE] at room temperature, but by controlling the temperature, selective Pb deposi-
tion is possible [4]. The substrate temperature influences the surface atom diffusion,
the desorption, and, therefore, time 7z between adhesion and desorption. A long
denotes easy metal deposition. In general, time 7 is given by

=T,exp ,
kT

where E , k, and T are the activation energy of desorption, the Boltzmann constant,
and the absolute temperature, respectively. 7, is around a period of surface-molecular
oscillation. Selective metal deposition originates in the large difference of 7, and/or
E_between two isomerization states. This means the existence of a maximum ON-
OFF ratio in Pb deposition with a change of temperature.

Figure 4.6a shows the T, , dependence of the Pb deposition on the colored and
uncolored DAEI1 surfaces. The Pb evaporation quantity is the constant (thickness on
the glass substrate: 55 nm). The deposited Pb thickness on the DAEI surface
decreases with increasing temperature for both the colored and uncolored states.
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corresponding Pb pattern based on selective Pb deposition [4]

The Pb thickness on the uncolored surface becomes zero when T | is above 32 °C,
and the Pb thickness on the colored surface also decreases monotomcally in the
range of 7. | =10-40 °C. The maximum ON-OFF ratio for Pb deposition is obtained
around T of 32-35 °C. This result indicates that a perfect light-controlled selective
Pb deposmon is achieved at T, =35 °C and suggests the potential of selective depo-
sition for other metal species by controlling 7, . Figure 4.6b shows Pb patterning
using selective deposition based on the above result. Pb evaporation onto the DAEI
surface with an isomerization pattern generates a corresponding clear Pb film
pattern.

4.2 Selective Metal Deposition on a Diarylethene
Crystal Surface

Organic crystals are essential materials in the field of organic electronics because of
their high carrier mobility [8, 9]. Since diarylethenes are expected to serve as an
organic semiconductor memory materials [10-12] as well as optical memory mate-
rials [13, 14], diarylethene crystals are promising candidates of organic memory.
Metal patterning on the organic layers is an important process as electrodes and/or
interconnection. A vacuum evaporation method with a shadow mask is the most
conventional approach, but this method encounters a serious difficulty: the complex
setup of a shadow mask system causes a low-resolution limit of metal patterning.
The selective metal deposition method is available for metal patterning on crystal
surfaces.

A soft surface with low T’ causes an undeposition effect in selective metal depo-
sition. If a crystal surface is softened by some method, analogous undeposition is
expected. Organic crystals consist of regularly arranged molecules. Doping the
arranged surface molecules with different-sized molecules disarrays the original
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Fig. 4.7 Isomerization ratio dependence of Mg deposition on crystallized DAE] films [15]

crystal lattice and softens the surface. Such doping can be achieved by a photoreac-
tion from regular surface molecules to irregular photoreacted products.

A DAEI molecule changes its molecular size based on photoreaction. UV irra-
diation to the uncolored DAE]1 crystal generates colored molecules on the surface
and softens the crystal surface, achieving selective metal deposition [15]. The upper
figures in Fig. 4.7 show the DAEI crystal film samples with various surface-
isomerization ratios, which are obtained by irradiation with UV light for a variety of
times. The 0-s sample is a perfectly uncolored state, and the 900-s sample is in a
photostationary state (PSS) on the surface. Because of the large absorption of the
DAEI1 molecule at 365 nm, the isomerization depth from the surface is within sev-
eral hundred nanometers; almost all of the films remain in the uncolored crystal
state even after UV irradiation. The lower figures in Fig. 4.7 show the Mg-deposition
property of the corresponding samples. Mg is deposited on the 0-, 10-, 300-, and
900-s samples but not on the half-colored 30- and 120-s samples (surface-
isomerization ratios of 32 % and 57 %).

The Mg-undeposition effect on the uncolored amorphous diarylethene film
originates in the active molecular motion on the soft surface with low 7. The
above result means the half-colored crystal surface is also in a soft surface despite
the hard crystal state inside. Since the mobility of the molecules on the crystal
surface is significantly different from those inside a bulk or film crystal because
of their special environment, the atomic force microscopy force curve (FC) is a
suitable characterization method to understand the surface softness state [16].
Figure 4.8a shows the FCs of the 0-, 120-, and 900-s sample surfaces before Mg
deposition. The FCs for the 0- and 900-s samples indicate a relatively hard sur-
face; the FC slopes (A-B) in approaching within a 10-nm depth from the surface
for 0- and 900-s samples are 39 and 33 nN/nm, respectively. On the other hand,
the 120-s sample surface shows the A-B slope is 24 nN/nm. This result indicates
that the hard uncolored crystal surface becomes soft (not elastic but viscous) in its
half-colored state.

Figure 4.8b illustrates a model of the surface states corresponding to the FC
responses. The cantilever is not indented into the uncolored crystal (0-s sample)
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surface (upper figure). The half-colored (120-s sample) surface consists of open-
and closed-ring molecules, as shown in the center figure, resulting in a disarrayed
crystal lattice and a soft amorphous surface state. When the surface is further irradi-
ated with UV light, it becomes a colored amorphous state (900-s sample) with a
high T, This explains the Mg-deposition modulation on the crystal surfaces shown
in Fig. 4.6.

Based on the above result, laser scanning and maskless metal evaporation can
demonstrate fine metal patterning on the DAEI1 crystal surface. Figure 4.9a
shows the sample preparation process. A violet laser spot is scanned on the crys-
tal surface, making paralleled half-colored lines on the uncolored DAEI crystal
surface. Then, Mg is evaporated onto the surface without a shadow mask. The
paralleled high reflective areas are Mg-deposited areas (Fig. 4.9b). Mg is only
deposited on the uncolored crystal surface but not on the half-colored lines.
Either Mg-deposition or Mg-undeposition patterns can be obtained simply by
adjusting the isomerization ratio by adjusting laser power or using a different
laser wavelength.
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Fig. 4.9 Fine metal pattern formation on DAEI1 crystal film: (a) parallel line formation by violet
laser scanning; (b) corresponding parallel Mg-undeposited lines on DAEI crystal surface. Scale
bar: 200 pm

4.3 Selective Metal Deposition on Diarylethene-Doped
Polymer Surfaces

A key technique to achieve selective metal deposition is controlling the surface-
molecular motion. If the mobility of the surface polymer chains can be critically
controlled by doping photochromic molecules into the polymer matrix, selective
metal deposition is possible for polymer films [17]. Figure 4.10a shows selective
Mg deposition on diarylethene-doped polystyrene (DAE-doped PS) films. In this
case, Mg-deposition property on a pure PS film, which was obtained by casting a PS
solution on a glass substrate, depends on its drying conditions. High-temperature
and/or long-drying time causes Mg deposition, but lower temperature and shorter
time cause thin Mg deposition. (See the 0 %-sample in Fig. 4.10a.) When DAE2 is
doped into PS and dried under such conditions, all the DAE2-doped PS films
achieve selective Mg deposition.

Figure 4.10b shows FC characterization on the DAE2-5%-doped PS surface.
The FC on the uncolored surface indicates a relatively softer and more viscous
response than that on the colored surface. This means that the doped DAE2 mole-
cules can control the PS surface softness depending on its isomerization state.
Analogous selective metal deposition is possible for another polymer poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], one the typical semicon-
ducting polymer.

Metal patterning on the DAE2-doped polymer using laser scanning and maskless
evaporation is possible. Figure 4.11 shows a demonstration of fine Mg patterning.
An uncolored DAE2-5 %-doped PS film is prepared on a glass substrate by a casting
method. (1) A laser spot with a wavelength of 410 nm and power of 0.5 mW is
scanned at 2 mm/s on the film, and colored parallel lines with a 50 pm pitch are
obtained. (2) Mg is evaporated to the surface at a deposition rate of 1 nm/s without
a shadow mask. (3) Parallel fine 15-pm-wide Mg patterns are successfully achieved.
In principle, the resolution of metal patterns is related to the diffraction limit of
light: the submicron level.
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Fig. 4.10 (a) Selective Mg deposition on DAE2-doped PS films. (b) FC characterization on
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Fig. 4.11 Fine metal patterning on DAE2-doped PS film using laser scanning and maskless evap-
oration [17]

4.4 Applications

4.4.1 Cathode Preparation for Organic Electronic Devices

Such electronic devices as organic light-emitting devices (OLEDs) [18], organic
thin-film transistors [19], and organic memories [10] have recently been attracting
interest and generally require metal electrodes or wiring for their electronic
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operation. The selective metal deposition method is promising to prepare patterned
metal electrodes on an organic layer.

To apply the selective deposition method to the fabrication of cathodes for
organic devices, we must know the electronic characteristics at the interface between
the metal and colored diarylethene layers. The diarylethene layer that neighbors the
cathode metal layer suppresses electron injection and produces low performance in
electronic devices. The existence of an electron injection layer, such as a thin tris(8-
hydroxyquinolinato)aluminum (Alq3) intermediate layer, between the electrode
and the diarylethene layer greatly improves the electron injection with holding the
selective metal deposition property [20, 21].

Figure 4.12a, b shows AFM images of thin Alg3 layers with an average thickness
of 3 nm on the colored and uncolored DAEI1 surfaces [20]. Mesh growth of Alq3 is
seen on the colored film, and large islands of Alq3 are found on the uncolored film
for the samples with the 3-nm-thick intermediate layer of Alq3 on a DAEI layer
three days after the Alq3 evaporation. The development of the mesh and island struc-
tures is well known to occur at the initial stage of the film growth process [1]. These
observations indicate that the deposited Alq3 molecules move more easily on the
uncolored surface than on the colored surface and migrate to form island structures
in the former. This results in the existence of DAE1 molecules on the surface. This is
the mechanism of selective metal deposition in devices with an intermediate layer.
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Based on the above results, the selective deposition method can be applied to the
preparation of a cathode pattern for an OLED with typical organic materials:
4,4',4"-tris(N-3-methylphenyl-N-phenyl-amino)-triphenylamine (MTDATA), N,N-
di(naphthalene-1-yl)-N,N-diphenyl-benzidene (NPB), and Alq3 (Fig. 4.12¢) [21].
The device has an additional 3-nm-thick DAEI selective deposition layer and a
1-nm-thick Alqg3 electron injection layer. A red laser spot scanning generates uncol-
ored lines on the DAEI layer, and Mg evaporation onto the surface forms a fine-
patterned Mg cathode. Thus, patterned light emission corresponding to the cathode
pattern is demonstrated. The cathode patterning demonstrated here is not restricted
to OLEDs but can be applied to various other devices in organic electronics.

4.4.2 Thin-Film Micro-fuse

Small electronic elements including transistors, diodes, capacitors, detectors, and
transducers are indispensable for constructing current and future electronics cir-
cuits. A fuse is one crucial electrical element, and its functionalizations have been
studied [22]. The size of fuses has been reduced to make smaller electric circuits as
well as other elements; however, fuses are much larger than such elements as tran-
sistors or diodes and prevent electric devices from becoming smaller. Pb is a typical
metal species with a low melting point, and selective Pb deposition can be applied
to the preparation of micro-thin-film fuses (p-fuse) with laser scanning and mask-
less Pb evaporation [4]. Figure 4.13a shows the preparation of a p-fuse array using
laser scanning. Red laser spot scanning on the entire colored DAE1 surface makes
uncolored lines, and colored lines are formed by scanning a violet laser spot between
the uncolored lines. Pb is evaporated onto the whole area without a shadow mask
under a substrate temperature of 35 °C. Figure 4.13b shows the obtained p-fuse
array. The dotted squares indicate each p-fuse cell. This indicates the mass produc-
tivity of the selective metal deposition method in industrial applications.

The left figure in Fig. 4.13c shows the Pb pattern of the single p-fuse. The bright
areas are Pb-deposited parts. A 10-pm-wide Pb nondeposited line is generated by red
laser scanning, and a 20-pm-wide Pb-bridged part is observed due to the colored
line. When voltage is applied to the p-fuse, the bridged part is broken (right figure in
Fig. 4.13c). Figure 4.13d shows the current-voltage characteristics of the device. The
current is interrupted around 300 pA at 2.4 V. These results indicate that the p-fuse
has a very low interrupt (highly sensitive) current level. The interrupt current level
can be controlled by adjusting the cross section of the Pb-bridged part (Fig. 4.13e),
indicating wide potential for various electric and electronic applications.

4.4.3 Dual-Functional Diffraction Grating

Optical elements including laser diodes, beam splitters, optical fibers, photodetec-
tors, and/or lenses are indispensable for constructing current optical systems.
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Fig. 4.13 (a) Preparation of p-fuse array using selective Pb deposition. (b) p-Fuse array. (c)
p-Fuse and its fusing operation. (d) Current-interrupt characteristics. (e) Cross-section dependence
of the interrupt current level [4]

Diffraction grating, which splits and diffracts light into several beams traveling in
different directions, is one crucial optical element and consists of a periodic struc-
ture with metal lines, grooves, or surface fine structures, or a periodic modulation of
the refractive index on a substrate. Conventional gratings have diffraction only in
transmission or in reflection: mono-functional. A dual-functional diffraction grat-
ing, however, shows different diffractions in transmission and reflection and can be
realized based on a selective metal deposition method [23, 24]. Such dual-func-
tional gratings have potential to make high-performance optical instruments and
systems.

Selective metal deposition originates in a change in the 7 of amorphous film.
Low T, causes a surface deformation (flattening) effect when the DAEI layer is
prepared on a non-flat surface using vacuum evaporation (Fig. 4.14); an initial
DAEI] layer is consistently formed with the original substrate surface. When part of
the DAEI film is colored, the remaining uncolored surface gradually becomes flat
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because it is in the low-T soft state, but the colored one holds the original non-flat
surface shape. Metal vapor evaporation onto the surface makes reflective non-flat
surface on the colored surface based on selective metal deposition.

To achieve dual-functional diffraction gratings, both selective metal deposition
and the flattening effect based on a low T, are utilized. Figure 4.15 shows a dual-
functional grating obtained using a substrate with grooves and a computer-designed
diffraction sheet generating a cartoon-diffraction pattern. Figure 4.15a shows a
microscope image of the diffraction sheet and a corresponding laser-diffraction pat-
tern. The uncolored DAE layer on the substrate with grooves is irradiated by UV
light through the diffraction sheet, and the corresponding colored patterns to the
patterns on the sheet are formed on the DAE layer. Then Mg is evaporated onto the
substrate without a shadow mask to form Mg patterns that correspond to the colored
pattern (Fig. 4.15b). After flattening the uncolored areas by storage at 27 °C for
500 min, explicit cartoon-diffraction patterns in the +1st-diffraction are observed as
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well as in the Oth-diffraction in reflection, which are generated by a combination of
the grooves and the Mg patterns. On the other hand, only one cartoon pattern in the
Oth-diffraction is generated in transmission (Fig. 4.15c¢).

4.4.4 Metal Vapor Integration

The deposition place of metal vapor atoms can be controlled based on selective
metal deposition. Figure 4.16 shows the metal vapor integration using a sphere with
a DAEI coat inside [2]. A small part of the uncolored DAE1 surface is colored by
UV laser irradiation. When Mg vapor is introduced into a sphere, Mg atoms are
desorbed many times from the uncolored surface and are eventually integrated onto
a small colored star-shaped area. Using an analogue principle, metal vapor can be
transported through a pipe at room temperature [6], like gas transformation. These
functions suggest novel applications.

4.5 Conclusion

In this chapter, we highlighted a selective metal vapor deposition phenomenon,
which is a novel function based on photochromism. This function is expected to be
applied to metal patterning in such fields as electronics and optics. This phenome-
non can also be extended to a variety of metals and organic surfaces including
polymers [6, 17, 25]. Photochromic diarylethenes are expected for photoswitching
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in current or organic semiconductor memory materials [26, 27]. Metal patterning
based on selective metal deposition is a promising method for fine electrode prepa-
ration of such photoswitching devices. These results indicate great potential in basic
studies and industrial research and development.
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Chapter 5

Photoinduced Alignment and Structuring
in Thin Films of Azobenzene-Containing
Liquid Crystalline Polymers

Takahiro Seki, Mitsuo Hara, and Shusaku Nagano

Abstract When an azobenzene (Az) unit is embedded in molecular assemblies
such as liquid crystalline (LC) systems, the state and orientation of the surrounding
LC matrix are strongly coupled with the photoisomerization reaction of Az. Due to
the strong cooperative nature of LC materials, the light-driven molecular motion of
Az gives rise to largely amplified photoresponses. This chapter briefly summarizes
our recent activities on the photoresponsive LC thin films containing the Az unit.
The motions of a wide range of size feature from nanometer levels to macroscopic
levels can be driven using the side-chain Az LC polymers of almost the same struc-
tural features. The processes include light-switchable surface alignment of LC
materials (nanoscopic scales at interfaces), photoalignment in a surface-grafted
polymer film, photocontrol of microphase separation patterns at mesoscopic scales
(10-100 nm), and mass migrations at micrometer scales. The versatility and wide
applicability of the thin films of Az LC polymers are demonstrated.
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5.1 Introduction

In the studies of photochromism, the fabrication of photon mode optical memories
and switching of various performances have been explored [1-3]. On the other
hand, recent efforts are rapidly directing to mechanical performances such as pho-
toalignment, structure formation, mass transfer, and film/fiber deformation. The
reversible photoisomerization of azobenzene (Az) is well known for nearly 80 years.
However, the allure of this molecule is never lost. Due to its simple rodlike structure
in the trans-form, the Az derivatives are highly compatible with calamitic liquid
crystalline (LC) materials, and further they can be the mesogenic groups them-
selves. Due to these aspects, LC polymer systems containing Az derivatives provide
fascinating functions and performances. In LC systems, the reaction vector and
motion of an Az unit embedded are strongly coupled with the surrounding orga-
nized matrix. Such consorted motions eventually lead to uniform alignment of mol-
ecules and deformation of materials in various hierarchical levels [4-10]. The
photoreaction of a molecular nanoscale event can successively be linked to larger
motions inranges of mesoscale (10—-100 nm, defined as in this chapter), micro(meter)-
scale, and further to macro size levels. Typical examples are the surface photoalign-
ment of liquid crystals and photomechanical responses in LC polymer films [11-14].
When linearly polarized light (LPL) is irradiated, Az derivatives respond in direc-
tional (anisotropic) manners. The angular selective light absorption Az molecules
followed by the photoisomerization causes the photoalignment to the less excitable
(orthogonal) direction.

This chapter briefly introduces the alignment and structuring of thin films of
Az-containing LC polymers. Structure formation and photoalignment at nanoscales
(1-10 nm), mesoscales (10-100 nm), and microscale (>1,000 nm) are mentioned.
A panascopic view of thin film systems covered this chapter is schematically drawn
in Fig. 5.1. As exemplified here, light can be used as powerful tools for structural
and orientational controls of various size features and should play important roles in
thin film technologies for the future.

5.2 Surface-Assisted Photoalignment of Liquid Crystals

5.2.1 Surface Control of Nematic Liquid Crystals

A photochromic and photo-cross-linkable polymer films control the alignment of
LC materials contacting with the surface. A pioneering work was reported by
Ichimuraetal. [11, 15, 16]. They showed that the trans/cis photoisomerization reac-
tion of an azobenzene monolayer can reversibly switch the alignment of nematic
LCs and proposed a concept of command surface effect (upper scheme of Fig. 5.2).
When a photoreactive polymer film is exposed to LPL or oblique irradiation, all the
LC molecules included in a several micrometer-level-thick cell align according the
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Fig. 5.2 Schematic illustration of the command surface for orientational switching of liquid crys-
tal molecules on a photoresponsive surface of azobenzene monolayer (upper) and a scheme of
photoinduced orientation of LC molecular assemblies by linearly polarized light (LPL)
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angular selective photoreaction (lower scheme of Fig. 5.2). After 20 years since the
discovery, photoalignment technique is now eventually adopted in the production
process of LC display devices as the improved replacement of the rubbing alignment
procedure.

The surface photoreactive layer is mostly prepared by spincast method,
Langmuir-Blodgett technique, self-assembled monolayers (SAM), etc. In these
procedures, photoreactive layers are separately prepared on the substrate. Direct
covalent attachment of photoreactive groups onto a substrate via a photochemi-
cal surface modification was newly proposed by Sasaki et al. [17]. Vaccum ultra-
violet (VUV) light irradiation in the presence of a trace of oxygen to a polyimide
surface selectively generates hydroxyl groups on the topmost surface. This
chemically functionalized surface can be utilized to attach Az derivatives or cin-
namate units (Fig. 5.3). The introduced amount of Az derivative is almost a
monolayer level on the polyimide film surface. When a nematic LC cell is fabri-
cated with this substrate, the photoirradiation reversibly changes the nematic LC
alignment and thus works as an effective command surface. In principle, a vari-
ety of polymer materials can be used as the substrate. This procedure should be
versatile and widely applicable.

5.2.2 Surface-Grafted Polymer Chains

The photoalignment of Az mesogens in side-chain polymer in thin films including
spincast films and LB layers is widely investigated. In these films, the smectic lay-
ers are oriented parallel to the substrate plane and the Az mesogens in the normal
direction. This section introduces a system in which the orientation is just reversed
by anchoring one end of the polymer to the substrate. In recent years, polymer
brushes have become fascinating subjects in polymer research. They are defined as
dense layers of end-grafted polymer chains confined to a solid surface or interface
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Fig. 5.4 The mesogenic group and smectic layer orientations of grafted and spincast thin films of an
LC Az polymer. Surface-grafted polymer 1 and the corresponding free polymer 2 have the identical
chemical structure. In the upper figures, GI-XRD patterns are shown. The scheme below indicates the
illustration of LPL induced in-plane reorientation of the Az mesogenic groups [22, 23]

[18, 19]. Recently, high graft density and well-defined polymer brush structures
have been developed using controlled radical polymerization, such as atom transfer
radical polymerization (ATRP) [20, 21]. Since ATRP can be performed for various
types of monomers, many functional polymer brushes can be designed.

Uekusa et al. [22] have synthesized LC polymer brushes bearing an Az meso-
genic group in the side chains by adopting surface-initiated ATRP (1 in Fig. 5.4).
UV-visible spectroscopic and grazing incidence angle X-ray diffraction (GI-XRD)
measurements reveal that the periodic layer structure of smectic LC phase orients
perpendicular to the substrate plane with Az mesogens being aligned parallel to the
substrate. In comparison with a spincast film of the identical homopolymer (2 in
Fig. 5.4), the molecular and layer orientations are just reversed. Since the Az meso-
gens are oriented parallel to the substrate for the surface-tethered chain, this orienta-
tion feature enhances the probability of light absorption, leading to a highly ordered
in-plane photoalignment when exposed to LPL (Fig. 5.4) [23]. This level of high
orientational order is not attained for a spincast film of 2.
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Az LC homopolymer brush

S=0

PHMA-Az LC diblock copolymer brush

Fig. 5.5 Introduction of an amorphous flexible chain block underneath the LC Az polymer block.
The flexible chain block plays a significant role as the lubricant layer for the improvement of pho-
toalignment [24]

This approach has been extended to diblock copolymer brush systems by
Haque et al. [24]. Here, an amorphous chain with a low glass transition tempera-
ture (Tg) of poly(hexyl methacrylate) (PHMA, Tg= —20 °C) is introduced between
the Az chain block and the substrate surface. The surface-tethered diblock copo-
lymer was synthesized by two-step surface-initiated ATRP method. In this archi-
tecture, three obvious effects are recognized. (1) Even higher optical anisotropy is
obtained (Fig. 5.5). (2) The flexible chain affords more favorable packing for the
LC Az mesogens. (3) The in-plane rotational motions, i.e., photoreorientation
with an orthogonal LPL irradiation, are more readily achieved. These lubricant
effects agree with the well-known ones in the molecular design in the side-chain
LC polymers, namely, the existence of a spacer connecting the main chain and the
mesogenic group plays an important role to decouple the influence of main chain
in the assembling nature of mesogenic groups [25]. This approach expands this
molecular design concept to macromolecular levels of block copolymers. The
effect of the buffer chain length of PHMA has been further examined. The longer
flexible chain leads to the higher in-plane orientational order and more efficient
reorientations [26].
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5.3 Photocontrol of Microphase Separation Structures
of Block Copolymers

Microphase separation (MPS, regular meso-structure formation) of block copoly-
mers in thin films has been a subject of intensive study from the viewpoint of self-
assembly inaconfined state [27, 28]. From practical viewpoints, such meso-structures
also have been receiving considerable attention for fabrication of ever-smaller fea-
ture sizes than those obtained by the photolithography process [29-33]. The MPS
morphology is generally altered by changing the block length ratio of the different
polymer components. When the morphological structure and alignment of MPS is
altered by irradiation procedure, new possibilities in the block copolymer technol-
ogy will be developed [34].

5.3.1 Langmuir-Blodgett Monolayers

Photomechanical response is observed in monolayers of Az-containing amphiphilic
polymers on a water [35-38] or mica [39, 40] surface. UV and visible light irradia-
tion induces reversible expansion and contraction, respectively, of the monolayer.
Such light-induced modulations in the monolayer have been successfully attained
by Kadota et al. [41] for a triblock copolymer (3 in Fig. 5.6). The trans and cis iso-
meric states of Az result in mesoscaled dot and strip morphologies, respectively, of
the Az-containing domain. The light-induced morphology changes are essentially
reversible [42] (Fig. 5.6).

Alignment of MPS structure in the monolayer state is a highly challenging sub-
ject because, in such 2D state, the conformational freedom of the chains is highly
restricted. Aoki et al. [43] unexpectedly came across a phenomenon in which the
MPS structure is vanished by UV irradiation in a block copolymer monolayer com-
prising an Az polymer and poly(dimethyl siloxane) (PDMS) (4 in Fig. 5.7). In the
trans state of Az, the monolayer exhibits a stipe morphology of Langmuir mono-
layer on the water surface. In contrast, the stripe morphology is fully lost upon UV
light illumination. When LPL of 436 nm light is successively irradiated, clear
appearance of stripe morphology with the anisotropic morphology is observed, the
stripe patterns being perpendicular to the electric vector of LPL. Thus, by way of the
UV-induced morphology “reset,” the morphology alignment becomes possible. In
Fig. 5.7, light irradiation is performed on a hydrophilic substrate surface (clean
quartz plate) at high humidity conditions. UV irradiation brings about an expansion
of the monolayer, resulting in the generation of larger-scale protrusions. After the
successive LPL at 436 nm, the monolayer shrinks and anisotropic MPS pattern is
generated.



86 T. Seki et al.

Fig. 5.6 Photocontrolled MPS structure of block copolymer 3 on water. 3 pmx 3 pm topological
AFM images are indicated. Trans- and cis-Az isomers provide the dot and stripe meso-structure,
respectively. The morphological change is essentially reversible [41]

Fig. 5.7 AFM images (2 pmx2 pm) indicating the photoaligning process of monolayered MPS
stripe structure of 4 on a mica surface at a high humidity. The scheme illustrates the molecular
packing model in the photoaligned monolayer [43]
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Fig. 5.8 Light-directed orientation changes of MPS nanocylinders of polystyrene in a thin film
of 5. The figures indicate 3 pmx3 pm phase mode AFM images. The out-of-plane and in-plane
directions are convertible by photoirradiation with each other [50]

5.3.2 Spincast Thin Films

Many efforts have been made to induce macroscopic alignment of the MRS patterns
from viewpoints of new nanotechnologies [44]. When block copolymers with LC
nature is employed, the regular MPS structure is formed over large areas by the
cooperative effect. The importance of liquid crystallinity for large-scale alignment
of MPS structure is demonstrated by Iyoda et al. [45, 46] by using a series of
poly(ethylene oxide) (PEO)-block-Az LC polymers.

The obvious effect of LPL irradiation to align MPS in block copolymer films in
the in-plane direction is demonstrated for soft PEO-based Az-containing block
copolymers [47-49] and a polystyrene-based block copolymer [50] (5 in Fig. 5.8).
The MPS structure of mesocylinders of the polystyrene block aligned orthogonal to
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MPS cylinder

Fig. 5.9 Scheme of repeated reorientation of the MPS cylinder structure in a thin film of 6 via alter-
native irradiation with LPL orthogonal with each other. The images below indicate synchrotron
GI-SAXS profiles for the corresponding orientation taken with the X-ray shown by an arrow [51]

the direction of the electric field vector of the irradiated LPL. This direction can be
further altered to another in-plane direction corresponding to the subsequent illumi-
nation of LPL. Irradiation with a nonpolarized light in the normal incidence leads to
the out-of-plane orientation of the cylinders again. These independent alignments
are convertible with each other (Fig. 5.8). This is a unique example that a single
material can generate three independent stable states, which derive from the memo-
ries of directions, not from the state of the matter. For a rigid segment polymer of §,
the control of annealing temperature is an important factor for the successful align-
ment. The film is initially heated to 130 °C, the isotropic temperature of the Az
polymer, where the erasure of the MPS cylinder structure is attained (“reset” pro-
cess). Then, the film is irradiated with continuous LPL on a slow-cooling process at
LC temperatures where the MPS cylinder evolves in the controlled direction.
Nagano et al. [51] have recently succeeded in conducting the real-time observa-
tions of the in-plane reorientation of MPS structure by using a homologous block
copolymer possessing a low T, poly(butyl methacrylate) (PBMA) block (6 in
Fig. 5.9). Here, grazing incidence small-angle X-ray scattering (GI-SAXS)
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measurements have been achieved at the BL-15A beam line of the Photon Factory
(KEK-PF, synchrotron orbital radiation) in Tsukuba. The MPS cylinder structure of
PBMA in a film of 6 is initially aligned uniaxially by LPL, and successive LPL with
the direction rotated by 90° is performed at 90 °C. At this temperature, the LC Az
block adopts the smectic A phase. The initial oriented structures of smectic LC and
MPS cylinder diminish quickly within 30 s, and the structures in the orthogonal
direction appear rather slowly in 300 s. These experiments reveal that strong coop-
erative and synchronized motions occur at the two different hierarchical structures
of the LC layer (molecular level) and the MPS domains (mesoscopic level). In this
dynamic reorientation process, there remain open questions on the mechanism as to
how such meso-structures can be reoriented isothermally simply by irradiating with
LPL at LC temperature. The experiments are conducted always at the smectic LC
temperature without going through a heating “reset” process at isotropic tempera-
tures. Schmidt et al. [52] conducted in situ synchrotron SAXS measurements and
performed a computer simulation of data for the mechanism of the reorientation of
a solvent-swollen block copolymer driven by an electric field. They suggested that
the reorientation mechanism involves a domain nucleation and growth process or a
grain rotation, which seems to also be the case for the present light-driven system.

5.4 Mass Migrations for Surface Relief Formation

5.4.1 Features of Liquid Crystalline Polymer Materials

Surface relief gratings (SRG, regular topological surface modification) formed via
irradiation with an interference pattern of coherent argon ion laser beam (488 or
512 nm) were found in 1995 [53, 54] and are perhaps the most interesting target in
the current research in Az polymers. A great deal of data has been accumulated
rapidly due to its basic phenomenological interest and its technological applications
[55, 56]. Another type of photoactivated mass migration systems has been proposed
by our group using soft LC polymer systems such as binary component materials
[57] and random copolymers containing an oligo(ethylene oxide) segment [58, 59].
The mass migration is completed at surprisingly small dose levels (<100 mJ/cm?),
which is three orders of magnitude smaller than those required for the conventional
amorphous polymer systems. Recent explorations have revealed that the photo-
chemical phase change of the smectic LC to isotropic phase is essential for the
migration (Fig. 5.10) [60-62]. The mass transfer occurs at the boundary between
the smectic phase (frans-Az rich) and isotropic one (cis-Az rich). The motions
direct from the smectic to isotropic regions. The driving factor is thermal process in
essence and seems to be initiated from the disparity in the surface tension and fluid-
ity of the two phases.

Isayama et al. [62] have synthesized a series of random block copolymers con-
sisting the Az mesogenic and hexyl chains (7 in Fig. 5.11) systematically changing
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Fig. 5.11 A series of random copolymers composed of Az side group and hexyl group (7) [62].
Topographical AFM images display examples of relief structures. For details, see the text

the copolymerization ratio. This approach has revealed that mass migration behav-
ior is strongly coupled with the thermal properties of the film material. The optimal
mass migration occurs at temperatures above 7. and of smectic A of the polymer.
This finding is of practical significance in that the mass migration can be induced
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for almost any Az LC polymers or materials when the experimental temperature is
properly adjusted. Until this study, experiments had been achieved at room tem-
perature where the phototriggered mass migration takes place only for limited mate-
rials. Having the above knowledge, many types of migration processes have become
feasible. The migrating direction with respect to the photomask pattern can be
reversed by selecting the wavelength of irradiation. The positive and negative relief
structures with respect to the mask pattern are obtained by using visible and UV
light, respectively (Fig. 5.11, left). In UV irradiation process, more complicated
relief structure can be fabricated by dual irradiation (Fig. 5.11, right).

5.4.2 Supramolecular Strategy

The Az unit is essential for the photoinduced mass migration, but after the relief
formation the existence of this strongly light-absorbing chromophore can be a
drawback for optical applications such as waveguide coupler and LC alignment
layer. To overcome this issue, the supramolecular strategy employing hydrogen
bonding proposed by Kato [63, 64] would be a promising approach.

Zettsu et al. [65] have synthesized a supramolecular polymer in which an
Az-imidazole base is introduced via hydrogen bonding (8 in Fig. 5.12). The complex-
ation is attained with a random copolymer consisting of poly(acrylate) with 4-oxyben-
zoic acid moiety as the hydrogen-bonding donor part and poly(methacrylate) with a
flexible oligo(ethylene oxide) chain as a plasticizing and cross-linking part. The selec-
tive extraction of the Azo-imidazole from the film is performed after the chemical
cross-linking of the polymer under mild conditions in a vapor phase [58, 59]. The Az
unit attached via hydrogen bonding can be readily extracted selectively by ethanol or
tetrahydrofuran from the film with retention of the periodic relief feature (AFM
images of Fig. 5.12). For the purpose of cross-linking, the photochemical procedure
employing [2+2] dimerization of cinnamate units is an alternative effective approach
[66]. After the photo-cross-linking, the relief structure is maintained up to 300 °C.

The strategy of non-covalent attachment of Az side chain has also been reported
by Kulikovska et al. [67]. They adopted the ion complexation between an Az com-
pound having carboxylic acid and a cationic polyelectrolyte. This group has pro-
posed another system for detaching Az unit after SRG formation [68]. The film is
prepared by simply spin coating an isocyanate oligomer with 4-aminoazobenzene in
the presence of a catalyst, which leads to the formation of urea unit between the
oligomer and the Az unit. After the SRG is formed, the decoloration (detachment of
Az unit) is readily achieved by simply heating at 270 °C. The structure remains
unchanged at temperatures up to 300 °C.

5.4.3 Organic-Inorganic Hybrid Materials

The organic—inorganic hybrid materials have superior features possessing both flex-
ibility and functionality of organic components, and chemical, thermal, and mechan-
ical stability of inorganic ones. Little effort has been so far made to fabricate hybrid
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Fig. 5.12 A supramolecular strategy to remove Az unit from the relief film of 8. Topographical
AFM images display examples of relief structures before and after extraction of Az units. For
details, see the text

systems that show photoinduced mass migration. In this respect, Darracq et al. [69]
reported a pioneering work using Az-containing silica-based sol-gel system. They
succeeded in fabricating the SRGs on the hybrid film by holographic irradiation of
argon ion laser beam, but in this amorphous-type hybrid, a vast amount of recording
energy as 60-140 J/cm? (0.6-1.4 J/mm?) is required. More recently, Kulikovska
et al. [70] reported a supramolecular sol-gel material system based on the ionic
interaction between an oppositely charged Az unit and silica for optical generation
of surface relief structures. The modulation depths of the recorded gratings are
large, but also in this type hybrid material, a large amount of recording energy as
30-900 J/cm? is required. The mass transfer based on the LC framework is expected
to lead to substantial reduction of light dose required.

Nishizawa et al. [71] have developed a new type of Az-containing hybrid mate-
rial that shows the LC nature. In this case, titanium oxide (titania) is adopted as the
inorganic component which is anticipated to be converted to photofunctional materi-
als such as photocatalyst via removal of the organic component. An LC titania—Az
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Fig. 5.13 Flowchart of the process for removal of Az from the relief film of a hybrid material of 9.
In the right side, topographical AFM images and cross-sectional height profiles are shown for the
photoinscribed film of 9 at 125 °C through a photomask irradiation (a), the photochemically decom-
posed film using a low-pressure Hg lamp for 20 min (b), the pyrolized film at 650 °C (¢), and directly
pyrolyzed film at 550 °C without going through the photodecomposition (d) [71, 72]

hybrid material (9 in Fig. 5.13) shows a smectic phase (probably smectic A) in the
trans-Az form, in which organic Az and titania layers are alternatively piled up in
the thin film at a period of ca. 5 nm. The irradiation with 365 nm light brings about
the phase transition to the isotropic, just as observed for polymer materials. The
mass transfer can be performed by patterned UV irradiation through a photomask of
very low energy doses (ca. 10°~10° times less than hitherto known sol-gel materials)
at 125 °C. The topological pattern of the hybrid obtained above can be converted to
pure titanium oxide [72]. The process for removal of organics involves two-step
procedures. At the initial step of decomposition of organic components, the relief
film (a) is exposed to UV light at 185 nm of a low-pressure Hg lamp for 20 min (b).
The photochemical decomposition process modified the morphological characteris-
tics from the two-level-height relief to a simply undulated one with ca. 70 nm modu-
lation depth (b). Next, this film is annealed at 550 °C for 1 h and subsequently at
650 °C for 1 h to achieve full pyrolysis. The periodical feature of the relief structure
is essentially retained after the annealing. A direct pyrolysis procedure without the
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Fig. 5.14 Photoinduced dewetting behavior (morphological change) of a film of 10 on a hydro-
philic surface by uniform UV irradiation (right). AFM image at the bottom right shows an example
of a hierarchical relief structure produced via a line-and-space patterned UV irradiation consorted
with the surface dewetting [75]

photochemical treatment collapses the relief structure (d). X-ray analysis and TEM
observation reveal that the anatase-type crystal grains are obtained.

5.4.4 Dendritic Materials

Phototriggered mass migrations of LC materials have been achieved only for linear
polymers. The dendritic scaffold of constituting material in the thin film would
exhibit some characteristic effects in phototriggered migrating behavior, because it
has been pointed out that the dendritic topology eliminates chain entanglement and
interlacing with the neighboring molecules. Yonetake et al. [73] synthesized and
evaluated the LC properties of poly(propylene imine) dendrimers peripherally mod-
ified with cyanobiphenyl mesogens. The Az dendrimer employed here adopts the
identical scaffold of such dendrimers with the second generation (G2) (16 meso-
gens, 10 in Fig. 5.14).

Li et al. [74, 75] have shown that, with this dendritic architecture, particular
photoinduced dewetting takes place on a hydrophilic surface upon UV light irradia-
tion. Figure 5.14 shows the topographical AFM images observed in the photoin-
duced dewetting process of a film of 10 with an initial thickness of 90 nm. Upon
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uniform UV irradiation, the film exhibited drastic morphological changes. The ini-
tial flat state (0 mJ/cm?) starts to exhibit dewetting at 150 mJ/cm?. At this stage,
holes of 3-5 pm diameter with the film depth were formed. Around 200 mJ/cm?, the
continuous film became separated and the morphology is characterized by forma-
tion of separated dome structures (225 mJ/cm?). The domes possessed round bot-
toms of diameters of several micrometers and this basal bottom is not virtually
changed upon further irradiation. At the early stage the top of domes is flat, which
may reflect that the layer structure is involved. Prolonged irradiation leads to a sig-
nificant growth of dome height, and the flat top is lost. At 400 mJ/cm?, the average
height of domes reaches 770 nm, which corresponds to approximately eightfold of
the initial thickness.

The dendrimer film is then subjected to the mass migration by UV irradiation
with using a photomask at room temperature instead of uniform irradiation. The
right bottom AFM image in Fig. 5.14 shows an example of the resulting morphology
after a stripe patterned irradiation. The domes are arrayed as an ordered single-
column lines. In this way, the phototriggered mass transport consorted with photoin-
duced surface dewetting to form hierarchical surface morphologies by single
patterned irradiation. A new aspect on the photofabrication process is proposed.

5.5 Conclusion

Due to the strong cooperativity in LC materials, the introduction of a photorespon-
sive unit (typically an Az moiety) into molecular or polymer systems gives rise to
large amplification photoresponses. Such effects can be exemplified at a wide range
of size features, including the molecular nanoscales (photoresponsive surface align-
ment of liquid crystalline materials, effective molecular photoalignment in a
surface-grafted polymer film), mesoscales (10—100 nm) (photoalignment of micro-
phase separation structures of block copolymers), and micrometer scales (mass
migrations). Az derivatives are typical, simple, and classical photochromic mole-
cules; however, there seem to remain broad ranges of new applications when they
are coupled with molecular assembly systems. The topics dealt with in this chapter
are mostly dealt with quasi-2D film systems, but the ultimate goal would be to cre-
ate sophisticated dynamic 3D systems similar to the biological ones. It is anticipated
that accumulations on the various types of light-directed motions at various scales
of photoresponsive films in 2D state in ordered media will provide proper clues to
future directions of materials processing and applications.
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Chapter 6
Photochromism of Diarylethenes
at Surfaces and Interfaces

Kenji Matsuda

Abstract Photochromic reactions of diarylethene derivatives are investigated at the
surfaces of noble metal nanoparticles and at the interfaces between solution and
highly ordered pyrolytic graphite (HOPG). The network prepared from diarylethene
molecules and gold nanoparticles showed completely reversible 25-fold conduc-
tance photoswitching. Photo- and electrochromism of the diarylethene ligand over-
came the quenching effect of the photoexcited state on metal nanoparticles. The
switching behavior is attributed to the change in the n-conjugation in the molecules,
that is, in the open-ring isomer the m-conjugation is discontinued, while in the
closed-ring isomer the m-conjugation is delocalized throughout the molecule. By
using scanning tunneling microscopy at a solution—-HOPG interface, diarylethene
derivatives that have a pyrene moiety showed reversible photoinduced molecular
ordering change. The different photochromic isomers showed different orderings
reflecting the differences in their molecular structures. For the diarylethene—pyrene—
diarylethene triad, a new ordering appeared upon irradiation with UV light and
returned to the original ordering upon subsequent irradiation with visible light. The
new arrangement was assigned to the ordering of the closed—closed isomers based
on the images of the isolated open and closed isomers. These results show that pho-
tochromic molecules are candidates for future switching units in molecular elec-
tronic devices.
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6.1 Introduction

Molecular electronics is a rapidly expanding field in nanoscience and nanotechnol-
ogy. Molecular electronics can be defined as the study of electrical and electronic
processes by accessing the individual molecules with electrodes and exploiting the
molecular structure to control the flow of electrical signals through them [1].

Photochromic compounds change their geometric and electronic structures
along with their color upon irradiation with appropriate wavelength of light. Not
only the color but also various physical properties are different between the iso-
mers because of the differences in the electronic and geometric structures.
Diarylethenes undergo Woodward—Hoffmann-type 6x photocyclization/cyclore-
version reactions. The colorless open-ring isomer has a hexatriene structure,
while the structure changes to a cyclohexadiene one in the colored closed-ring
isomer. The most important feature of the molecular systems is that while the
n-systems of the two aryl rings are discontinued in the open-ring isomer, the
closed-ring isomer has a planar structure and its m-electrons are delocalized
throughout the molecule. This electronic structural change can be used to switch
the interaction between the functional units that are placed at each end of the
photochromic molecules.

The molecular conductance can be changed by controlling the molecular struc-
ture, and this is a key issue in molecular electronics [2, 3]. The relationship between
the structure and the conductance has started to be unveiled. We have investigated
the photoswitching behavior of the conductance in the network of photochromic
diarylethene molecules and noble metal nanoparticles. Noble metal nanoparticles
are currently attracting interest because they have unique physical properties [4]. As
the size of the nanoparticles is several nanometers, which is comparable to the size
of the molecules, the combined network structures fabricated from metal nanopar-
ticles and organic molecules can be used to form multifunctional integrated materi-
als. The relationship between the structural change and switching effect is
discussed.

Two-dimensional (2D) self-assembly of organic compounds on solid surfaces
has become a topic of considerable interest in materials science, organic elec-
tronics, and molecular electronics. Scanning tunneling microscopy (STM) is a
powerful tool for investigating the 2D structures with atomic resolution [5]. STM
measurements at a solution—solid interface provide information on an arrange-
ment of self-assembled monolayer formed at the interface [6]. Using this tech-
nique, it is possible to determine the molecular orientation and packing in 2D
crystalline states on surfaces and at interfaces [7]. We have investigated
the reversible photoinduced 2D molecular ordering change of photochromic
diarylethenes at the interface between a solution and highly oriented pyrolytic
graphite (HOPG). The relationship between the molecular structure and the 2D
assembled structure is discussed.
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6.2 Photoreaction on Metal Nanoparticles

Photophysical properties of the metal nanoparticles differ from the bulk state. For
example, plasmon absorption is clearly observed depending on the size of the par-
ticles. Gold nanoparticles have a surface plasmon resonance absorption band at
around 520 nm [8], while silver nanoparticles have a surface plasmon resonance
absorption at around 420 nm [9]. Photochemical properties of photochromic dyes
attached to the metal nanoparticles are affected by the metal. Gold nanoparticles
capped with azobenzene [10] and spiropyran [11] have been prepared and their
photochromic reactivities were examined.

Gold and silver nanoparticles covered with diarylethene thiol 1a were prepared
and their photochromic properties were investigated [12, 13] (Fig. 6.1). Diarylethene
1a has a thiol unit, which attaches to the metal nanoparticle core and forms self-
assembled monolayer. Gold nanoparticles capped with 1a (Au-1a) were prepared
by the Brust and Schiffrin protocol [14]. Silver nanoparticles (Ag-1a) were synthe-
sized by Kim’s method which is a modification of the Brust’s protocol [15].
Nanoparticles of different sizes were prepared by changing the molar ratio between
diarylethene 1a and the metal source.

Diarylethene attached to both gold and silver nanoparticles exhibits reversible
photochromism. The plasmon absorption intensity decreases when the particle size
decreases. Ag-1a (1:1) did not show any distinctive plasmon absorption because the
size of this nanoparticle was very small. The absorption maxima of the closed-ring
isomer were not strongly dependent on the metal element or the particle size. It is
well known that metals readily quench the electronic excited states of molecule that
are attached to their surfaces. Energy transfer and electron transfer to the metal sur-
faces are the main quenching processes [16, 17]. These quenching processes are
faster than fluorescence lifetimes; energy transfer and electron transfer on metal sur-
faces occur on the picoseconds timescale, while fluorescence lifetimes are several
nanoseconds. On the other hand, photocyclization reactions occur in the picoseconds
timescale. Therefore, cyclization reactions compete with quenching processes.

The photochromic reactions of the gold and silver nanoparticles Au-1 and Ag-1
were investigated starting from the nanoparticles made of the closed-ring isomer. The
conversion rate of the cyclization reaction at the photostationary state under irradia-
tion with 313 nm light was 74 % and 64 % for gold and silver nanoparticles, respec-
tively. The conversion rate gives information about the ratio of the cyclization and the
cycloreversion quantum yields; a lower conversion compared to that of the free ligand
indicates that the cyclization quantum yield is suppressed because of the metal.
Although the conversion rate was suppressed by the metal, a photochromic reaction
still takes place on the surface of noble metal nanoparticles. Provided that quenching
occurs by an energy-transfer mechanism, the cyclization reaction should be quenched
more effectively than the cycloreversion reaction. Gold nanoparticles have a plasmon
band at a longer wavelength than silver nanoparticles; therefore, because of the
weaker spectral overlap, the quenching ability of the gold nanoparticles is reduced.
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Fig. 6.1 (a) Photochromic reaction of diarylethene 1 and Au-1 and Ag-1. Absorption spectra of
(b) Au-1a (1:1), (c) Au-1a (3:1), (d) Ag-1a (1:1), and (e) Ag-1a (3:1) in ethyl acetate. Solid lines
denote the open-ring isomer. Dotted lines denote the photostationary state under irradiation with
313-nm light. Reprinted with permission from Bull Chem Soc Jpn 79:1413-1419. Copyright
(2006) Chemical Society of Japan

6.3 Conductance Photoswitching of Diarylethene-Gold
Nanoparticle Network

Conductance photoswitching is achieved by using a diarylethene n-switching sys-
tem sandwiched between electrodes. Although there are increasing numbers of
reports dealing with the conductance of single molecules, studies on
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Fig. 6.2 Chemical structures of photochromic diarylethenes for making gold nanoparticles
networks

photoswitchable molecules are rare [18—20]. Studies on the conductance of net-
works prepared with organic molecules and gold nanoparticles on interdigitated
nanogap electrodes are attracting interest because of their facile preparation and the
applicability to the small number of molecules [21, 22].

Diarylethene dithiols are designed to have a switching effect on molecular
conductance (Fig. 6.2). Then the network is prepared from diarylethene dithiol
and gold nanoparticles and the network makes a conducting path between the
interdigitated nanogapped gold electrodes (Fig. 6.3a) [23, 24]. As the excited state
of the organic molecule on noble metal surfaces is easily quenched by the surface
plasmon resonance, the photoswitching unit should be placed a certain distance
from the surface. However, considering that a conjugated molecule has much bet-
ter conductance than a nonconjugated molecule, the sulfur atom should be
attached directly to the m-conjugated system. The diarylethene—gold nanoparticle
networks are characterized using TEM and SEM. TEM images of the nanoparti-
cles network show the existence of an extended network. The SEM image of the
network on the interdigitated nanogap gold electrode shows that the network
bridges the electrodes.

Conductance is measured along with the alternate irradiation with UV and visi-
ble light (Fig. 6.3b—e). For Au-2a and Au-3a, upon UV irradiation, the conductance
increased significantly, and then upon visible-light irradiation, the conductance
decreased. This indicates that photoisomerization of the diarylethene unit induces
switching of the n-conjugated system. The photocycloreversion reaction of Au-2a
is very slow. Even after 56 h of visible-light irradiation, the conductance decreased
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Fig. 6.3 (a) Schematic diagram of a diarylethene—gold nanoparticle network. Changes of the /-V
curves of diarylethene—gold nanoparticle networks: (b) Au-5, (¢) Au-2a, (d) Au-3a, and (e) Au-4b.
Measurements were carried out at different stages during the photoreaction. For the open-ring
isomer nanoparticle networks Au-2a and Au-3a, initially UV light was irradiated and then visible
light was irradiated. For the closed-ring isomer nanoparticle network Au-4b, only visible-light
irradiation was performed. Reprinted with permission from J Phys Chem C 112: 17005-17010.
Copyright (2008) American Chemical Society

only 18 %. In contrast, the cycloreversion reaction of Au-3a was completed in 8 h
and the system showed reversible photoswitching behavior. The maximum ON/
OFF ratio of the conductance was 25-fold for Au-3a. Because 3a has a high quan-
tum yield for both cyclization and cycloreversion reactions, complete reversibility
has been achieved. No changes in conductance were observed for the non-
photoreactive Au-5.



6 Photochromism of Diarylethenes at Surfaces and Interfaces 107

To confirm that the origin of the switching is the photochromism of the diaryl-
ethene unit, 2-thienyl-type diarylethene 4, in which switching occurs in the opposite
direction, was investigated. Diarylethene 4 showed the opposite switching behavior
to 3-thienyl-type diarylethenes 2 and 3. Au-4a did not undergo cyclization under
UV irradiation. However, Au-4b, prepared under dark conditions from the sepa-
rated closed-ring isomer 4b, undergoes cycloreversion reaction upon visible-light
irradiation. Quenching by the gold surface suppressed the cycloreversion reaction
of Au-2b and Au-3b. For Au-4b, upon visible-light irradiation (1>470 nm), the
conductance increased. The maximum ON/OFF ratio was 3.8-fold. This observed
behavior of Au-4 demonstrates that the switching of the diarylethene plays an
essential role in controlling the conductance.

6.4 Conductance Switching of Diarylethene-Gold
Nanoparticle Network by Oxidization

Switching should smoothly proceed in both directions for the realization of prac-
tical molecular switching devices. Excited-state quenching by metal nanoparticle
surfaces should be avoided. As an alternative to photoisomerization, electrochro-
mic reactions provide an alternative external stimulus in which the isomeriza-
tions are induced by electrochemical oxidation or chemical oxidation [25]. The
diarylethene linker 6 shows both photo- and electrochromic reactivities [26]
(Fig. 6.4). The cyclization reaction of the thiophene-substituted dithienylethene
is strongly quenched when placed on gold nanoparticles and surfaces. Only one-
way photoswitching properties have been reported for single-molecular devices.
By using electrochromic oxidative cyclization, two-way photoswitching can be
achieved [27].

The conductance of Au-6a network hardly changed under UV irradiation for
2 h. This result illustrates the strong quenching effect of gold nanoparticles on the
cyclization reaction of the thienyl-substituted dithienylethene. The quenching
effect of gold nanoparticles on phenyl-substituted dithienylethene has been
reported to be less [28]. The fabricated electrode was soaked in FeCl, in acetone
for 1 min to start the electrochromic reaction, and the conductance measurements
were carried out in a vacuum chamber. The conductance of Au-6a network was
increased about fivefold. The increase in the conductance is explained by the elec-
trochromic reaction from “OFF” (the open-ring isomer) to “ON” (the closed-ring
isomer). To confirm the increase in conductance, the cycloreversion reaction
under visible light (A>510 nm) was carried out. The conductance of the network
slowly decreased under visible-light irradiation. This switching behavior suggests
that the closed-ring isomer in the network underwent cycloreversion by
photoexcitation.
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Fig. 6.4 Chemical structure of diarylethene which shows electrochromism

6.5 Photochromism of Diarylethenes Designed for STM
Measurement

Molecular imaging of the 2D structure formed at a liquid—solid interface provides
information on the molecular alignment and the molecular dynamics with distin-
guishing individual molecules. STM images at liquid—-HOPG interfaces visualize
self-assembled monolayers of solute molecules at the interface at very high resolu-
tion. At the liquid—solid interface, adsorbed molecules on the surface are in equilib-
rium with the molecules in solution and the formation of the 2D ordering is a very
good model of crystallization. By measuring real-time STM observations at the
liquid—solid interface, the dynamic behaviors of individual molecules can be
accessed [29-34].

Here, changes in the STM images monitor the photochromism of diarylethene
molecules [35, 36]. The photochromic reaction of diarylethene switches the
n-conjugation and molecular planarity. Thermal effects are negligible as both iso-
mers are thermally stable. The relationship between the molecular structure and the
2D assembled structure is discussed.

For the STM measurement at the solution-HOPG interface, diarylethene—pyrene
diad 7 and diarylethene—pyrene—diarylethene triad 8 were designed and synthesized
[37] (Fig. 6.5). The long alkyl chain and pyrene units were introduced into the
diarylethene in order to stabilize the 2D structure. Pyrene interacts with HOPG due
to extended planar n-conjugation [38]. The alkyl chains are also effective at interact-
ing with the HOPG substrate. The presence of the short alkyl chain between the
diarylethene and pyrene increases the flexibility. For the aromatic photochromic
core, 1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene was chosen.

Compounds 7 and 8 underwent photochromic reactions upon irradiation with
UV and visible light in solution. Upon irradiation with UV light (A=313 nm), the
colorless solution turned blue and the solution returned to colorless by irradiation
with visible light (1>480 nm). A comparison of the absorption spectra with the
pure closed-ring isomer separated by HPLC showed that the conversion rate from
the open- to the closed-ring isomer under irradiation with 313 nm light was 97 %
for diarylethene 7. For the diarylethene dimer 8, the ratio of the open—open, the
open—closed, and the closed—closed isomers in the photostationary state under
irradiation with 313 nm light was 0.1:8.2:91.7, respectively, as determined by
HPLC analysis.
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8(0-0) has two diarylethene moieties. Upon irradiation with UV light, both
diarylethene units underwent efficient cyclization reactions and a very high conver-
sion rate up to 92 % was attained. This result indicates that the two chromophores
undergo cyclization independently and the interaction between the two closed-ring
isomers is very small because of the broken n-conjugation and the large distance
between the diarylethenes.

6.6 STM Measurements of Diarylethene-Pyrene Diad

STM images of the open-ring isomer 7a were obtained at the 1-phenyloctane—
HOPG interface. As shown in Fig. 6.6a, compound 7a formed a well-ordered 2D
molecular arrangement over a wide area (larger than the scanning area of
100x 100 nm?). According to a previous report on the 2D structure of a pyrene-
containing molecule, the bright elliptic spots in Fig. 6.6b are assigned to the pyrene
moiety of compound 7a, and the small bright spots are assigned to the diarylethene
moiety [38]. The octyloxy chains could not be observed at any bias voltage or set
point current. The unit cell parameters of the 2D structure are a=1.4+0.1 nm,
b=2.6+0.1 nm, and a=115+2° Since no stable 2D molecular structure was
observed for those molecules synthesized without an octyloxy chain, we infer that
the octyloxy chain is effectively physisorbed on HOPG and indispensable to stabi-
lize 2D ordering.

This structure was explained on the basis of the molecular model constructed
using molecular mechanics calculations (MacroModel, OPLS_2005) (Fig. 6.6¢). In
contrast to the bent structure observed in the bulk crystal, the molecule was calcu-
lated to have a planar structure in gas phase. The total energy of the twisted isomer,
in which the pyrene ring and the diarylethene are perpendicular to each other, was
ca. 0.5 kJ/mol higher than that of the planar isomer, in which the pyrene ring and the
diarylethene are parallel. These calculation results indicate that the difference in the
total energy between the rotational isomers is very small. The small energy differ-
ence suggests that the molecular conformation can be easily affected by intermo-
lecular interaction between adjacent molecules or the interactions between the
molecule and the HOPG surface.

By comparing the molecular packing in the bulk crystal with the molecular
arrangement on the HOPG substrate, both sets of unit cell parameters are found to
be similar, but the length of the 2D unit cell observed by STM is slightly longer than
that observed in the bulk crystal. This suggests that the molecular packing on the
HOPG surface is looser than that in the single crystal.

Figure 6.6d displays STM images of the closed-ring isomer 7b. The unit cell
parameters of the 2D structure are a=0.5+0.04 nm, »>=4.9+0.1 nm, and a=109 £ 6°.
This ordering was not always observed. In fact, most of the time, no ordering was
observed. This result indicates that this ordering is less stable than that of 7a. As
shown in the small-area image, the 2D structure of compound 7b differs from that
of compound 7a (Fig. 6.6e). The molecules pack more densely than those in the
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Fig. 6.6 STM images of 7 at a
the interface of
1-phenyloctane-HOPG: (a)
open-ring isomer 7a

(50x50 nm?, I =10 pA,
Vias=—1.5 V). (b) Small-area
image of 7a (20x20 nm?,
I,=30pA,V, =-135V).
(¢) Structural model of
arrangement of 7a. (d)
Closed-ring isomer 7b
(50x50 nm?, I =20 pA,
Vius=—1.4 V). (¢) Small-area
image of 7b (20x20 nm?,
I,=40pA, VvV, =-13V). (D)
Structural model of
arrangement of 7b. Reprinted
with permission from J] Am
Chem Soc 130: 9371-9379.
Copyright (2008) American
Chemical Society

structure of 7a. The image of 7b is explained by the calculated model shown in
Fig. 6.6f. Unlike the open-ring isomer 7a, in which the pyrene ring is lying parallel
to the HOPG surface, the pyrene ring of 7b is lying perpendicular to the HOPG
surface. Compound 7b is thought to have less interaction with HOPG in comparison
with 7a, and the 2D structure of 7b is therefore less stable than the 2D structure of
7a. The diarylethene open-ring isomer has a twisted structure but the closed-ring
isomer has a flat thin structure. This difference significantly affects the stacking of
the molecule, as suggested by studies on the molecule in solution and in the crystal-
line phase [39].

When the arrangement of the open-ring isomer 7a was irradiated sufficiently
with UV light in situ, the image disappeared. Because the adlayer is a monomolecu-
lar layer, most of the molecules exist in the solution rather than at the interface.
Therefore, most of the photochromic reaction takes place in the solution not at the
interface. When the content of the solution phase is thereby changed, adsorption and
desorption processes exchange molecules between the interface and the solution
[40, 41]. The photogenerated closed-ring isomer 7b probably disturbs the adsorption
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of the open-ring isomer 7a. In the STM image of a 6:4 mixture of 7a and 7b, no
ordering was observed. This result indicates that the existence of 7b disturbs the
adsorption of 7a.

6.7 STM Measurements of
Diarylethene-Pyrene-Diarylethene Triad

Figure 6.7a shows STM images of the open—open isomer of the diarylethene dimer
8(0-0) at the octanoic acid-HOPG interface. 8(0—o0) formed a well-ordered 2D
molecular assembly, and the domain was larger than the scanning area of 100 nm?.
The arrangement consists of parallel lines with spacing of 5.8 nm. Each line has a
lamellar structure of bright lines consisting of three bright spots. The brightest spot
in the middle is assigned to the pyrene moiety, and the other bright spots are assigned
to the diarylethene moieties in a similar manner as in the case of compound 7. The
unit cell parameters are a=2.4+0.2 nm, »=6.3+0.2 nm, and a=87+2°. The
molecular packing was explained based on the results of molecular mechanics cal-
culations of molecules without alkyl chains.

When the open—open isomer 8(0-o0) is irradiated with UV light for a few seconds in
situ, a remarkable change in ordering was observed. After UV irradiation, a new arrange-
ment with a different line spacing of 2.2+0.2 nm was observed (Fig. 6.7b). This change
is due to the photoisomerization of the diarylethene moiety. Furthermore, subsequent
visible-light irradiation for about 10 min gave the original arrangement of 8(0—o).

As discussed for compound 7, the surface exchange of adsorbed molecules with
isomers in solution occurs after a photochromic reaction [40]. After UV irradiation,
three isomers exist in the solution phase: the open—open, open—closed, and closed—
closed isomers. In this system, not only the open—closed isomer but also the closed—
closed isomer was easily formed because the two diarylethene moieties were
separated from each other by a long distance. To investigate which isomer contrib-
utes to this new ordering, STM images of the pure open—closed isomer 8(o—c) and
the closed—closed isomer 8(c—c), which were separated by the HPLC, were obtained.

The arrangement of 8(0—c) consists of parallel lines that are similar to those seen
for 8(0—0). Each line consists of a lamellar structure and the line spacing of 8(o—-c)
was 4.7 nm, which is slightly shorter than that of 8(0—0). Judging from this arrange-
ment, the ordering of 8(o—c) is not identical with either of the ordering of 8(0—0) or
the new ordering after UV irradiation. Although 8(o—c) contains both open and
closed isomers in one molecule, the two different isomers could not be distinguished
in the STM image.

The ordering of the closed—closed isomer 8(c—c) is completely different from
that of 8(0—o0) (Fig. 6.8a). The ordering consists of parallel lines with a line spacing
of 1.9+0.2 nm which is narrower than that of 8(0—0) and is very similar to the new
ordering after UV irradiation. The new ordering in Fig. 6.7b is assigned to the
arrangement of 8(c—c). Figure 6.8b shows an expanded image. One bright ellipse
spot and the other spot make the unit cell. The unit cell parameters are a=2.6+0.2 nm,
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new ordering

ordering of the open-open isomer

Fig. 6.7 The sequence of STM images of 8(0—0) at the interface of octanoic acid-HOPG upon UV
and visible-light irradiation (100X 100 nm?, the same areas of the sample): (a) before UV irradia-
tion, (/=10 pA, V,, =-2.0 V); (b) after UV irradiation for 5 s (I =10 pA, V. =-2.5V); (¢)
after successive visible-light irradiation (/=10 pA, V,, =-2.5 V). Reprinted with permission
from J Am Chem Soc 130: 9371-9379. Copyright (2008) American Chemical Society

Fig. 6.8 (a) STM image of
an arrangement of 8(c—c) at
the interface of octanoic
acid-HOPG (100 x 100 nm?,
I,=10pA,V, =-1.5V).(b)
Small-area image of 8(c—c)
(20%20 nm?, I,=10pA,
V,e=—1.5 V). (¢) Structural
model for 8(c—¢). Orange line
denotes the direction of the
lines in the image. Reprinted
with permission from J] Am
Chem Soc 130: 9371-9379.
Copyright (2008) American
Chemical Society

b=5.3+0.1 nm, and =40+3°. Some of the brightest ellipses are only half the size
because of defects, suggesting that the brightest ellipse consists of two spots,
namely, the densely packed two diarylethene moieties. The calculated structural
model of 8(c—c) is displayed in Fig. 6.8c. The brightest ellipse represents two
diarylethene moieties and the other spot represents the pyrene moiety and the void
between them represents the alkyl chains. In order to reproduce the observed
arrangement, the two diarylethene moieties need to be perpendicular to the HOPG
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surface. The closed-ring isomer of diarylethene has a flat structure, so that a dense
packing is possible, as seen in the closed isomer of the diarylethene monomer 7b.

Judging from these experiments, the new ordering in Fig. 6.7 is assigned to the
arrangement of 8(c—c). As mentioned previously, the UV irradiation gives both the
open—closed isomer 8(o—c) and the closed—closed isomer 8(c—c), but the arrange-
ment of 8(o—c) was not observed. In order to examine the relative magnitudes of the
adsorption process, STM images of the mixture with the ratio of 0-0:0-c:c—
¢=45:33:22 were obtained. The image predominantly consists of the closed—closed
isomer 8(c—c) arrangement. This implies that 8(o—o0) and 8(o—c) are less likely to be
physisorbed on the HOPG surface than 8(c—c). This result also suggests that the
domain of the 8(0-o0) existing in Fig. 6.7b is a remnant of the initial 8(0—0) arrange-
ment domain.

For monomer 7, the ordered structure disappeared upon light irradiation. A
change in the ordering pattern is clearly observed for dimer 8. This difference can
be attributed to the higher stability of the 2D arrangement of the closed—closed iso-
mer 8(c—c) than that of the closed-ring isomer 7b. The height of the pyrene moiety
was around 0.17 nm in the STM images of 7a, 8(0-0), 8(0—c), and 8(c—c), but in the
STM images of 7b, the pyrene moiety was 0.43 nm high. This confirmed that the
pyrene adopts a perpendicular orientation to the HOPG surface in 7b, and a parallel
orientation in 7a, 8(0-0), 8(0o—c), and 8(c—c). The difference in the stability of the
2D structure is attributed to the different orientations of the pyrene ring.

One of the advantages of using a diarylethene photochromic unit is the thermal
stability of the photochromic isomers. In the present study, the separate arrange-
ment of each of the isomers could be determined by isolating each isomer. In our
system, the intermolecular interaction should be weaker than in other systems hav-
ing hydrogen bonds, metal-ligand interactions or charge—transfer interactions.
Here, the molecular assemblies have only a molecule—substrate interaction and van
der Waals interaction between the alkyl chains; therefore the 2D structure is not
stabilized. However, this relatively weak adsorption energy on HOPG is preferable
when studying ordering changes induced by external stimuli.

6.8 Conclusions

In this chapter, we have reviewed the photochromism and electrochromism of
diarylethene derivatives as a molecular switch in the field of molecular electronics.
Photochromism of diarylethene was studied on the surfaces of noble metal nanopar-
ticles and at the interfaces between solution and HOPG. The conductance photo-
switching of the network prepared from diarylethene molecules and noble metal
nanoparticles was successfully demonstrated. Photo- and electrochromism of the
diarylethene ligand are not quenched by the metal nanoparticles. STM images
recorded the reversible photoinduced molecular ordering changes that occurred in
the diarylethene—pyrene triad at the solution—-HOPG interface. These molecules are
candidates for future switching units in molecular electronic devices.
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Chapter 7
Photo-Control of Magnetic Materials
Utilizing Photochromic Compounds

Masayuki Suda and Yasuaki Einaga

Abstract Optically switchable magnetic materials are becoming increasingly
important in the field of high-density information storage media because the photon
mode allows us to access variety of different types of materials with high speed and
superior resolution. In particular, the design of molecular compounds that exhibit
photoinduced magnetization behavior has attracted great attention. Although revers-
ible photo-control of magnetic properties or electronic states including spin states
was realized in several compounds, most of the interesting phenomena were
observed only at low temperature. Furthermore, the number of optically switchable
molecular solids reported has not been so large. To realize practical optical switching
at room temperature, we have proposed a novel strategy that involves the incorporation
of organic photochromes into an inorganic magnetic system on a nanometer-scale
order. In this chapter, several novel photo-functional magnetic compounds created,
based on the above strategy, are introduced.

Keywords Ferromagnetic nanoparticles ¢ Organic—inorganic interfaces ¢ Photo-
controllable materials ® Superconductivity

7.1 Introduction

The design of molecular compounds that exhibit photoinduced magnetization and
magnetic transitions is one of the main challenges in the field of materials science
because of their possible application to future optical memory and switching devices [1].
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Photoinduced changes in magnetic order have been studied extensively in a variety
of systems, including cyanometalate-based compounds [2—4], light-induced excited
spin-state trapping (LIESST) compounds [5-7], diluted magnetic semiconductors
[8, 9], and manganite films [10]. Although interesting photo-magnetic phenomena
have been reported in the above systems, most of the observations of such phenom-
ena were limited to very low-temperature operation. To realize practical optical
switching at room temperature, we have proposed a novel strategy that involves the
incorporation of organic photochromes into an inorganic magnetic system on a
nanometer-scale order. The photochromes not only change their adsorption spectra,
they also change their physical and chemical properties, meaning that the magnetic
properties of such composite materials can be controlled by photoillumination.
Indeed, on the basis of this idea, we have already reported some optically switch-
able magnetic materials [11]. Although the examples described above exhibit
photo-switching even at room temperature, these systems still also show superpara-
magnetic behavior at room temperature. This is because decreases in particle size
lead to thermal fluctuations in magnetization, resulting in the disappearance of fer-
romagnetism. From the viewpoint of their practical application to magnetic record-
ing systems, the ability to fix their magnetic moments such that they still exhibit
room temperature ferromagnetism is an absolute requirement. In this chapter, sev-
eral novel photo-functional magnetic compounds that show room temperature oper-
ation are introduced. Furthermore, extended research results that show photo-control
of superconductivity will be also introduced.

7.2 Reversible Photo-Control of Ferromagnetic
Nanoparticles at Room Temperature

There has been a great interest in developing photo-switchable magnetic materials
because of their possible applications for future high-density information storage
media. In fact, however, the examples reported so far did not show ferromagnetic
behavior at room temperature. From the viewpoint of their practical application to
magnetic recording systems, the ability to fix their magnetic moments such that they
still exhibit room temperature ferromagnetism is an absolute requirement. L1 ~FePt
nanoparticles are promising materials for future high-density magnetic recording
media due to their uniaxial magnetocrystalline anisotropy (Ku=7x10°J m=) [12]
and excellent chemical stability. Here we have designed reversible photo-switchable
ferromagnetic FePt nanoparticles whose surfaces were coated with azobenzene-
derivatized ligands [13].

We have focused on the direct synthesis of the L1, phase, which is the so-called
polyol process with the aim of achieving surface modification by the application of
photo-functional ligands. The advantages of these direct syntheses techniques are
that they prevent particle aggregation during the annealing process, and they enable
the possibility for surface modification by using functional organic ligands.
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Fig. 7.1 Schematic illustrations (a) and TEM image (b) for azobenzene-passivated L1 -FePt
nanoparticles

Figure 7.1 shows schematic illustration and transmission electron microscope
(TEM) image of FePt nanoparticles after surface modification. The ligand-coated
FePt nanoparticles show good dispersibility and have a uniform nearest-neighbor
spacing of 4.3 nm, while as-prepared “bare” particles tend to aggregate. This
“neighbor spacing length” is in good agreement with the azobenzene ligand length
of 4.1 nm calculated from the molecular model. This indicates the formation of a
mixed monolayer of organic ligands on the surface of the FePt nanoparticles. The
average diameter of the particles that appeared in the dispersion was 5.6+ 1.4 nm.

On the surfaces of core particles, reversible photoisomerization of azobenzene in
the solid state was realized by using spacer ligands which provide sufficient free
volume. Normally, the photoisomerization of azobenzene-containing compounds
does not occur in the solid state because photoisomerization is usually accompa-
nied by a large change in volume. In this system, the presence of n-octylamine in
the form of spacer ligands enables the reversible photoisomerization of the azo
ligands (even in solid state) because it provides sufficient free volume between the
azo ligands.

These photoisomerizations brought about changes in the electrostatic field
around the core-FePt nanoparticles. During the UV illumination, the initial magne-
tization value at 10 G, 300 K increased from 3.13 to 3.44 emu/g. We then illumi-
nated the composite FePt nanoparticles with visible light, and the magnetization
value decreased from 3.44 to 3.21 emu/g. Even after the illumination was stopped,
the increased magnetization value was maintained for at least 2 h. After this process,
the UV light-induced increase and visible light-induced decrease in magnetization
were repeated at least four times. The photoinduced changes in the magnetization
values were estimated to be 9.9 % in the first cycle and 7.3 % after the second cycle.
This decrease in the values after the second cycle is also consistent with the decrease
in the efficiency of the photoisomerization after the second cycle. We also examined
the changes in the magnetization curves caused by photoillumination (Fig. 7.2).
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Fig. 7.2 Changes in magnetization by alternating photoillumination by UV and visible light
at 300 K (a) and changes in magnetization curves at 300 K before and after the UV light illumina-
tion (b)

After UV illumination, the hysteresis loop became slightly larger compared to the
initial state, with an increase in H_ from 250 to 300 G and in M_ from 4.38 to
5.87 emu/g. That is, UV illumination caused the composite FePt nanoparticles to
become slightly harder magnets. As a result, we have succeeded in controlling the
magnetic properties of these ferromagnetic composite nanoparticles by alternating
the photoillumination in the solid state at room temperature.

In order to confirm the photoinduced changes in the electronic states of the iron
atoms directly, the ’Fe Mossbauer spectra of the composite nanoparticles were
measured before and after the UV light illumination. It is known that organic-
ligand-coated FePt nanoparticles exhibit two magnetic phases: one is a hyperfine
interaction in the bulk-like core, while the other is a dipolar surface layer due to
dipolar charges on the organic ligands. Actually, ’Fe Mossbauer spectra for the cur-
rent composite FePt nanoparticles show another sextet component with a hyperfine
field of ca. 18 T which was not observed in bare-FePt nanoparticles. We attributed
this component to the surface Fe atoms on the core particles, which were electroni-
cally polarized by the dipolar charge of the organic ligands. These differences in
magnetic phase between the particle cores and the particle surfaces form electronic
shell structures with significant gradients in their electronic charge densities. After
UV illumination, the hyperfine fields of the surface-layer phase changed from ca. 18
to 21 T. These photoinduced changes in the hyperfine field mean that the photoi-
somerization of the azobenzene ligands had induced electronic polarization on the
surfaces of the FePt nanoparticles. As a result, changes in the magnetic properties
of the composite nanoparticles were caused by photoinduced changes in the elec-
tronic charge density on the surface iron atoms.

This system is the first report about photo-control of ferromagnetic properties at
room temperature. By use of this system as a plot type, we developed the functions
and expanded this strategy to other physicalities (see following sections).
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7.3 Sequential Assembly of Photo-Controllable Ferromagnetic
Nanoparticles with Perpendicular Magnetic Anisotropy

The controlled synthesis and assembly of magnetic nanoparticle-based compounds
are the keys to important new technologies. In the course of developing such assem-
blies, it is also crucial to find a way of controlling the magnetic anisotropy of the
nanoparticles, since it is expected that the application of perpendicular magnetization
will enable the production of ultrahigh-density magnetic recording media. Although
a number of papers about thin films that exhibit large perpendicular magnetic anisot-
ropy have been reported, an alternative route to these conventional methods is to use
a solution-based process utilizing chemically synthesized nanoparticles. Such pro-
cesses have great potential to realize the storage of one bit per one particle, which is
the ultimate goal in the development of ultrahigh-density recording media. Although
various methods for fabricating well-ordered nanoparticle assemblies by wet pro-
cesses have been proposed, no methods that enable the fabrication of nanoparticle
assemblies featuring perpendicular magnetic anisotropy have been proposed as yet.

Herein we propose a novel method, named as the “magnetic field-assisted layer-
by-layer method,” for the fabrication of ferromagnetic FePt nanoparticle assemblies
which exhibit large perpendicular magnetic anisotropy [14].

In the current system, we have modified the well-known layer-by-layer method
by simply applying a strong magnetic field during the deposition of the FePt
nanoparticles (Fig. 7.3).

Negatively charged hydrophobic L1 ~FePt nanoparticles were synthesized based
on the “SiO, nanoreactor method [15]” and subsequent ligand-exchange reaction
with 11-aminoundecanoic acid. Hybrid multilayer films were fabricated by means
of the layer-by-layer deposition of cationic polyelectrolyte azobenzene (Fig. 7.4)
and L1 -FePt nanoparticles.

Magnetic o
Field '

Fig. 7.3 Schematic illustration of film preparation procedure by “magnetic field-assisted layer-
by-layer method”
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Fig. 7.5 Changes in UV-vis adsorption spectra for the hybrid films with increasing number of
deposition cycles (a) and plot of maximum absorbance at 361 nm for the hybrid films versus the
number of dipping cycles (b)

The deposition cycle was monitored by UV—vis spectroscopy. Adsorption spectra
showing increasing numbers of deposition cycles are illustrated in Fig. 7.5. Each
spectrum gave an intense absorption peak at 361 nm. This peak is ascribed to the
n—n* transition of the trans-isomer of azobenzene—polyelectrolyte. The absorbance
at 361 nm increased linearly as the number of deposition cycles increased. This
linearity indicates that uniform deposition processes took place during each dipping
cycle. Surface  potential measurements also indicate that uniform layer-by-layer
deposition was taking place.

The magnetization curves for L1 -FePt nanoparticles dispersed in water solu-
tion show superparamagnetic-like behavior with no hysteresis curve, while a large
hysteresis loop with coercivity of 1.8 T was observed for powder LI -FePt
nanoparticles. In this case, the magnetization curve could be fitted by the curve
given by Langevin’s function, which expresses the superparamagnetic magnetiza-
tion theoretically. This means that each L1 ~FePt nanoparticle could be rotated by
an applied magnetic field until its c-axis (magnetic easy axis) was parallel to the
direction of the magnetic field when in the water solution because each of the
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Fig. 7.6 Plot of normalized 1.0k
magnetization M/Ms versus
applied magnetic field H at -
300 K with the external
magnetic field perpendicular 0.5
(filled circles) and parallel
(open circles) to the film

surface 0.0+

M/Ms

—— out-of-plane
in-plane
[ SR T S N S N T
-50000 -25000 0 25000 50000
Magnetic Field / Oe

L1-FePt nanoparticles were magnetically isolated from each other. Hence, it is
expected that the application of an external magnetic field during the layer-by-
layer deposition process will result in the assembly of magnetic nanoparticles with
oriented magnetic moments. Subsequently, we investigated the magnetic anisot-
ropy of the hybrid films as a primary purpose. Figure 7.6 shows the M—H plots of
the hybrid films. The external magnetic field was applied perpendicular and paral-
lel to the film surface.

Importantly, the hybrid films exhibited an extremely high coercive field of 2.4 T
and a higher degree of squareness (Mr/Ms=92 %) in the out-of-plane direction than
in the in-plane direction (H =0.5 T, Mt/Ms=40 %). That is, the hybrid films dem-
onstrated a preferential orientation for their crystalline c-axes in the direction per-
pendicular to the film surface. To the best of our knowledge, this is the first report
of the fabrication of ultrathin films consisting of magnetic nanoparticles with such
large perpendicular magnetic anisotropy through a solution-based process.
Furthermore, the magnetic anisotropy for the current system (Hc.easy/Hc,har .=0.20) is
comparable to the values obtained for the bulk systems realized previously
(H,,/H, ;. =0.13) [15].

We also investigated the photo-responsibility of the hybrid films. The photoi-
somerization of the hybrid films in the solid state at room temperature was moni-
tored by UV-visible absorption spectroscopy. The reversible spectral changes
indicate high-efficiency reversible photoisomerization, even in the solid state.
Subsequently, we investigated the influence of photoillumination on the magnetic
properties of the hybrid films at 300 K (Fig. 7.7) with an external magnetic field of
5 T applied perpendicular to the film surface. An increase of about 5 % for the initial
saturation magnetization value was observed during the UV illumination, and
recovery to the initial value was observed during the visible illumination. After this
process, the UV light-induced increases and the visible light-induced decreases in



124 M. Suda and Y. Einaga

Fig. 7.7 Changes in 0.0156
magnetization by
photoillumination at 300 K
under an external magnetic
field of 5 T perpendicular to
the film surface

—_—
T

-1

0.0152

Magnetization / emu g
. |

T
O

0.0148

0.0 1.0 2.0 3.0 4.0
Cycle index ——»

magnetization were repeated without any attenuation. Even when the external mag-
netic field was applied parallel to the film surface, very similar phenomena were
observed, with almost the same rates of change in the magnetization.

7.4 Reversible Photo-Control of Ferromagnetism
Appearing at Au-S Interfaces

Above systems that show photo-magnetic effects (Sects. 7.2 and 7.3) are the hybrid
materials of organic photochromes and inorganic magnetic compounds whose mag-
netic properties are relatively superior to those of conventional compounds. Based
on such a strategy, the systems have demonstrated room-temperature reversible
photo-control of ferromagnetic order in photochrome-modified FePt nanoparticles.
However, the occurrence of these photo-magnetic effects was limited to just the
surface layers of the FePt nanoparticles. Hence, the design and synthesis of a new
class of optically switchable magnetic compounds that exhibit both large magneti-
zation changes and ferromagnetic order even at room temperature is still a challeng-
ing issue.

Here we propose a novel strategy that focuses on the two-dimensional ferromag-
netism which appears at the interfaces between organic and inorganic hybrids such
as self-assembled monolayer (SAM) films on gold [16, 17]. Recently, the emer-
gences of paramagnetism or ferromagnetism in thiol-passivated gold films and gold
nanoparticles despite their bulk diamagnetic component have been reported. Since
the discovery by Naaman et al., the occurrence of magnetism at Au-S interfaces has
been reported in a number of recent papers. Furthermore, Crespo et al. have demon-
strated ferromagnetism in thiol-passivated gold nanoparticles even at room tem-
perature [18].
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Fig. 7.8 Schematic illustrations for azobenzene-passivated gold nanoparticles (a) and magnetic
properties of hybrid nanoparticles with different average particle size with 5.0 and 1.7 nm (b)

The ferromagnetism has been associated with Au 5d localized holes that are the
result of charge transfer from the Au surface atoms to the S atoms of the organic
ligands when forming the Au-S bonds. Since charge transfer from Au to S atoms
acts as a “trigger” for the generation of ferromagnetism, the magnitudes of the mag-
netic moments will vary with the metal work functions. It is well known that the
metal work function correlates with the surface dipole of organic layers, arising
from the cooperative effect of intrinsic molecular dipole moments. Since trans-state
and cis-state of azobenzene-derivatized thiol have opposite dipoles, they can be
used to decrease and increase the work function of gold, respectively. As a conse-
quence, the use of SAM-containing photochromes grafted onto gold surfaces has
been shown to have great potential for the photo-control of magnetic properties. We
now report reversible photoinduced magnetization changes that were observed in
gold nanoparticles passivated with azobenzene-derivatized ligands.

The gold nanoparticles with tunable particle size have been prepared by the mod-
ified Brust method with different Au/S ratio.

The magnetization curves for the hybrid nanoparticles with average particle size
with 5.0 and 1.7 nm are shown in Fig. 7.8. The large nanoparticles (5.0 nm) exhibit
a diamagnetic behavior, similar to that of bulk gold. On the other hand, typical hys-
teresis loops with coercivity and remanent magnetization were observed for the
small hybrid nanoparticles (1.7 nm).

The photoisomerization of the nanoparticles in the solid state at room tempera-
ture was monitored by UV-visible absorption spectroscopy (Fig. 7.9). Each spec-
trum of the initial state gave an intense absorption peak at 360 nm, which is ascribed
to the m—m* transition in the trans-isomer of the azobenzene ligands. After UV illu-
mination of the Au nanoparticles (5.0 nm), the absorption at 360 nm decreased,
suggesting the frans-to-cis photoisomerization of azobenzene occurred. Following
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Fig. 7.9 Changes in the optical absorption spectra for the Au nanoparticles (5.0 nm) (a) and the
Au nanoparticles (5.0 nm) (b) due to photoisomerization. The initial trans-state (solid line) was
first illuminated with UV light for 1 min (dashed line). It was then illuminated with visible light
for 1 min (solid line)

subsequent illumination with visible light, the absorption at 360 nm showed almost
no spectral changes, suggesting the cis-to-frans photoisomerization did not occur.
In the case of the Au nanoparticles (1.7 nm), the absorption at 360 nm also decreased
after UV illumination of the trans-isomer. Following subsequent illumination with
visible light, the absorption at 360 nm increased again. After the second cycle, the
cis—trans photoisomerization was repeated without any attenuation of the area
between the curves. These reversible spectral changes indicate high-efficiency
reversible photoisomerization, even in the solid state.

From the above observations, it is proposed that the decrease in particle size
provided free volume between each of the azobenzene ligands because the adjacent
angles between two neighboring azobenzene ligands would be increased with
decreasing particle size. The average distance between two neighboring nitrogen
double bonds on the azobenzene ligands could be estimated as 7.7 A for the Au
nanoparticles (5.0 nm), while it was 13.0 A for the Au nanoparticles (1.7 nm).

Another important remark concerning the optical absorption spectra is almost no
surface plasmon resonance around 550 nm despite the observation of significant
surface plasmon resonance for the AZ—Au NPs 5.0, indicating the strong Au-S
interactions make the 5d electrons of the core gold nanoparticles behave as partially
localized holes that have lost itinerancy because of the high-specific surface area for
Au nanoparticles (1.7 nm).

Subsequently, we investigated the influence of photoillumination on the mag-
netic properties (Fig. 7.10). Reducing the particles size to 1.7 nm also gave rise to
photo-magnetic properties because the decrease in particle size provided free vol-
ume between each of the azobenzene ligands. The photoinduced changes in the
magnetization values were estimated to be ca. 27 %. As mentioned above, in Au
nanoparticles, the apparent ferromagnetism is associated with 5d localized holes in
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the 5d shell generated through Au-S bonding. The magnetic ordering is not due to
the large exchange interaction but rather is due to extremely high local magnetic
anisotropy (estimated to be as high as 1 x 10% ergs cm=®) which blocks the moments
from switching, resulting in very high T, in Au nanoparticles. From the saturated
magnetization value of the Au nanoparticles under applied field of 5 T at 5 K, an
estimation of the lower limit value of the magnetic moment of the gold atoms is
straightforward. The values of the magnetic moment per Au atom bound to sulfur in
the trans-state and the cis-state are estimated to be 0.033p, and 0.024y,, respec-
tively, where u, represents the Bohr magnetron. This result clearly suggests that the
d-charge loss was decreased in the case of the cis-state. That is, the charge transfer
from Au to S could be reversed with trans-to-cis photoisomerization.

These phenomena are also consistent with the reported cooperative effect of
organic molecules in the electron transfer between a metal substrate and organic
layers. In such organic—inorganic interfaces, charge transfer acts to reduce the
dipole—dipole interaction between molecules but may either decrease or increase
the molecules-to-surface dipole moment. The change in the work function (WF) is
related to the dipole moment density perpendicular to the surface through the fol-
lowing relationship:

_ UNcos@
e,

Ad

In other words, the magnitude of the electron transfer to the organic layer
becomes smaller for adsorbates with electronegative end groups, while it becomes
larger for adsorbates with electropositive end groups.

In the current system, the values of p cos @ for the azobenzene ligands were cal-
culated as —0.24 D for the trans-state and 2.74 D for the cis-state, meaning that the
sign of the work function change would be negative for the trans-state and positive
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Fig. 7.11 Schematic illustrations of changes in the work function due to the photoisomerization
of azobenzene ligands. (a) Schematic energy level diagrams for an untreated interface (without
surface passivation). (b) Passivation of trans-azobenzene imposes an interface dipole that decreases
local vacuum energy level (E, ). (¢) Photoisomerization to cis-azobenzene imposes an interface
dipole that increases local vacuum energy level (E_ )

vac

for the cis-state. Hence, the magnitude of electron transfer in the initial trans-state
becomes smaller in the cis-state under UV light illumination, and it recovers to its
initial value under visible light illumination. Schematic illustrations of the changes
in the work function due to the photoisomerization are shown in Fig. 7.11. As a
consequence, the magnetization value could be controlled by employing alternating
photoillumination with UV and visible light and is caused by changes in the d-charge
loss due to the photoisomerization of azobenzene ligands.

7.5 Reversible Photo-Control of Superconductivity

In the above systems, charge transfers at the organic—inorganic interfaces were the
origin of the photo-magnetic effects. Such phenomena open new opportunities to
control other properties, such as superconducting properties.

Since the disappearance of electrical resistivity was first observed in mercury by
Onnes [19], much attention has been given to study superconducting materials. The
main objectives of such studies are to discover new classes of superconducting mate-
rials, to improve their superconducting properties, or to clarify their mechanisms
[20-24]. While manipulating the electronic states of condensed mater by external
stimuli is a key topic in the field of modern electronics, most notably optical stimuli
are of considerable importance because they present many possibilities for realizing
future optical memory or switching devices. Until now, photoinduced changes in
superconducting properties have been reported in several systems such as the YBCO
films [25], YBCO/LCMO hetero films [26], and the alkali-metal fullerides [27].
However, such photoinduced effects were based on structural changes or on photoin-
duced excitation of the electrons, so no reversible photoinduced effects on supercon-
ductivity have been reported so far. In the field of superconducting materials, the
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Fig. 7.12 Schematic illustration for azobenzene-monolayer-passivated Nb thin film (a) and tem-
perature dependence of the Nb film resistance before and after the surface passivation (b)

electric-field tuning of surface carrier density using a metal—insulator—semiconductor
field-effect-transistor (FET) structure is the most common method of manipulating
electronic states [28-30]. As existing microelectronics approaches its technological
and physical limits, alternative routes for realizing future nanoelectronics must be
molecular-based or hybrid devices. Recent studies reveal that a cooperative effect
involving charge transfer occurs at the interfaces between organic and inorganic
hybrids such as SAM films on conductive substrates [31]. These charge transfer pro-
cesses induce field-effect-like behavior, resulting in the alternation of conducting
properties in metals [32], semiconductors [33], and even in superconductors [34].

Here, we have designed an azobenzene-containing SAM on an Nb thin film
(10 nm thick including a ca. 2.7 nm native oxide layer) with which we can realize
the reversible photo-tuning of superconducting properties [35]. It is known that
well-organized SAMs on oxidized Nb surfaces can be obtained by using a silane
functional group. In the present study, we used a silane-terminated azobenzene mol-
ecule. A schematic representation of such a system is illustrated in Fig. 7.12.

The superconducting properties of the bare Nb film and the hybrid film were
determined from electrical measurements made using a four-point scheme. The bare
Nb film was superconducting with a zero resistance temperature ( 7,”**°) of 4.2 K,
while an abrupt increase in 7.”**° to 5.2 K was found in the hybrid film (Fig. 7.12b).
On the other hand, the initial I value was dramatically decreased after the formation
of the AZ monolayer. Furthermore, the values of I, T, and resistance for the hybrid
film could be reversibly controlled by employing alternating photoillumination with
UV and visible light (Fig. 7.13).

Table 7.1 summarizes the values of T,I, and resistance for each state. Since our
comparative experiments revealed that Nb films passivated with “non-azo” silane
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Fig. 7.13 V-I measurements of the Nb film at 2K before and after the surface passivation (a) and
photoillumination (b)

Table 7.1 Superconducting transition temperature, critical current, and
resistance value for the Nb films in each state

Bare Nb  Hybrid film (initial state) UV p.s.s.  Vis p.s.s.

7750 (i) 4.2 52 Down Up
I (mA) 53 20 23 17
Rn(Q)on'T, 22 0.71 0.50 0.21
Rn(Q)on"I 2.1 0.79 0.47 0.18

“The resistance values on T, were defined as the resistance value at 7 K
"The resistance values on I, were extracted from the slope of the V-I plots

molecules (e.g., hexadecyltrichlorosilane) did not show any photoinduced changes
in their superconducting properties, despite showing similar passivation-induced
effects, the observed photoinduced effects must originate from photoisomerization
of the azobenzene. Furthermore, the same measurements were also performed on
thick Nb films (~100 nm). In this case, the hybrid system did not show any
passivation-induced or photoinduced effects, confirming that the observed
passivation-induced and photoinduced effects are surface-dominated phenomena.
One possible explanation for the surface passivation-induced or photoinduced
effects is the theory of critical current in type II superconductors. In a type II super-
conducting thin film, the surface pinning potential is very strong because of the
nonuniformity of the electron density along the surface. When a SAM is formed on
a type II superconducting thin film, charge is transferred at the surface between the
superconductor and the organic layer in order to reduce repulsion within the organic
layer, resulting in a uniform distribution of the charge density along the surface. As
a result, variations in the electron density at the film surface that are induced by the
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Fig. 7.14 Schematic illustrations of changes in the work function due to the photoisomerization
of azobenzene. (a) Schematic energy level diagrams for an untreated interface (without surface
passivation). (b) Passivation of trans-azobenzene imposes an interface dipole that decreases the
local vacuum energy level (E, ). (¢) Photoisomerization to cis-azobenzene imposes an interface
dipole that increases the local vacuum energy level (E_ )

absorbed organized molecular layer are responsible for the dramatic decrease in I
These explanations are also consistent with enhancement of 7.”**°. Type II super-
conductors exhibit superconducting mixed states around their superconducting
transition temperature. Such effects make a superconducting mixed state extend
over a wide temperature range, resulting to a lower 7.”**°. Hence, the presence of a
more uniform distribution of charge density along the surface caused by the charge
transfer process increases the value of 7.7,

Since charge transfer processes from the substrate to the organic monolayer act
as a “trigger” for the alternation of superconducting properties, these effects must
be controlled by using the metal work function, which is linearly related to the
dipole moment density perpendicular to the surface. Since the trans-state and cis-
state of the azobenzene monolayer have different dipoles, they can be used to
change the work function of the substrate by photo-irradiation. In the current sys-
tem, the values of ycosd for AZ were calculated as —0.15 D for the trans-state and
1.53 D for the cis-state. Hence, the magnitude of the electron transfer in the initial
trans-state becomes smaller in the cis-state under UV light illumination, and it
recovers to around its initial value under visible light illumination.

Consequently, the observed reversible photo-switching of superconductivity can
be summarized as follows. The work function of bare Nb substrates was decreased
by the negative surface dipole of trans-state azobenzene with surface passivation,
and charge transfer from the Nb substrate to the organic monolayer was induced.
Such charge transfer processes decrease the inhomogeneities of the electron distri-
bution along the surface. After UV illumination, the charge transfer could be
reversed with trans-to-cis photoisomerization because of the positive surface dipole
of cis-state azobenzene. As a result, the values of I_and 7, could be controlled by
employing alternating photoillumination with UV and visible light, which caused
changes in the electron density along the surface due to the photoisomerization of
azobenzene. Schematic illustrations of the changes in the work function due to the
photoisomerization of azobenzene monolayer are shown in Fig. 7.14.
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Until now, photoinduced changes in superconducting properties have been
reported in several systems. However, such photoinduced effects were based on
structural changes or on photoinduced excitation of the electrons, so this system is
a first report about reversible photoinduced effects on superconductivity.

7.6 Conclusion

In this chapter, several novel photo-functional magnetic compounds created based
on the above strategy have been introduced. These results overcame the hard part of
the designing condition for photo-functional magnetic compounds, which are (1) to
determine how to develop such materials and (2) room temperature operation.
Finally, these works have not only proposed a new strategy for developing photo-
functional materials but have also opened up great possibilities for practical applica-
tions in future optical magnetic recording systems.
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Chapter 8
High Performance Thermally Irreversible
Photochromism Based on 67t-Electrocyclization

Yasushi Yokoyama

Abstract In this chapter, we will first introduce a remarkably efficient switching of
the fluorescence of a bisarylcoumarin with photochromism as well as pH change of
the medium. Next, the development of a new thermally irreversible photochromic
family featuring the indene group as the central ethene moiety is presented along
with the realization of a highly photon-economic transformation of the open form to
the closed form. Thirdly, the highly diastereoselective transformation (up to 100 %)
for the chiral photochromic diarylethenes, from the open to closed form, is described.
Finally, this research concept is extended to include the conformation control of
photochromic bisarylindenols, achieving a high ring-closing quantum yield (up to
0.85) as well as high diastereoselectivity (up to 100 %) which were brought about
by the conformational fixation of the hexatriene moiety by two intramolecular
hydrogen bonds.

Keywords Diarylethene ¢ Diastereoselectivity ¢ Electrocyclization ¢ Fluorescence
switch ® Quantum yield

8.1 Introduction

A number of thermally reversible photochromic compound families are known;
however, few that are thermally irreversible have been reported [1]. In fact, until
recently, only fulgides [2], diarylethenes [3], and phenoxynaphthacenequinones [4]
had been recognized. Diarylethenes exhibit reversible transformation between
hexatriene and cyclohexadiene structures by photochemical electrocyclization. And
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when the structure is adequately designed, they are extraordinarily fatigue resistant.
Diarylethenes are, therefore, regarded as one of the best candidates for applications
in light-driven switches and memory devices.

Most of the ethene moieties in present-day diarylethenes employ hexafluorocyclo-
pentene. The hexafluorocyclopentene ring has two additional advantages to photo-
chromic systems: (1) high durability towards fatigue by photoirradiation as well as
thermal side reactions and (2) no occurrence of cis—trans isomerization. Despite such
superb characteristics, hexafluorocyclopentene restricts molecular modification only
on aromatic groups. If the central ethene moiety can be used as a part of a photo-
chemically switchable functional group when durability is not an important issue, the
capabilities of the molecular design can expand. We undertook to create a novel skel-
eton and found that the indene skeleton is an attractive alternative ethene moiety.

In order to use photochromic compounds as switches of functions and properties,
the conversion ratios (CRs) to both stable open form (O-form) and closed form
(C-form) should be high; otherwise, the properties of the O-form and C-form may
compensate for each other. While the O-form tends to have an absorption maximum
only in the UV region so that it is usually colorless, the C-form has absorption bands
in the visible region as well as UV region. Thus, the CR to C-form is usually less
than 100 % since irradiation of UV light causes not only O-form to C-form transfor-
mation but also C-form to O-form transformation. Since the conversion of the
C-form to O-form by visible light irradiation results in the complete generation of
the O-form, the problem is how to increase the CR to the C-form by UV irradiation.
An increase in the quantum yield of the O-form to C-form is one of the possible
ways to achieve such high CR. This chapter investigates these challenges in relation
to novel compounds such as bisarylindenone derivatives.

We have realized from before that the hexatriene moiety of the O-forms of pho-
tochromic compounds does not take a planar conformation but a helical structure
[5]. Upon photochemical cyclization, the hexatriene moiety composed of all-sp?
carbon atoms changes to the cyclohexadiene ring with two newly formed sp® carbon
atoms which may be stereogenic centers [6]. We have long been interested in the
chirality in photochromism and have achieved the 94:6 diastereomer ratio of a bis-
benzothienylethene which was governed by one point chirality [7]. Extended
research results on this subject will be described here.

8.2 Fluorescence Switch

Diarylethenes [3] are one of the most promising thermally irreversible photochro-
mic families to be applied to molecular switches [8]. However, since structurally
less modifiable hexafluorocyclopentene is usually used as the central ethene moiety,
replacement of the hexafluorocyclopentene ring with other functional groups has
recently attracted much attention [9-15]. When a n-conjugating functional group is
located as the central ethene moiety and its property is switched by changing the
n-conjugation, a photoinduced molecular switch can be realized. Among the
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Fig. 8.1 Dual mode
switching of fluorescence by
pH change and
photochromism

molecular properties that can be switched, fluorescence is particularly interesting
and useful [16, 17] since fluorescent chemical species can be used as probes for
intracellular processes [18—23] as well as for optical recording materials with fluo-
rescence readout [24-26]. In addition, related to the former use, fluorescence imag-
ing techniques have been developed to visualize biological materials. For example,
ultrahigh resolution imaging that we could hardly have previously imagined has
recently been achieved [27]. In order to follow the flow of materials in a living cell
before and after an event, such as a stimulus applied to the cell, the activation of the
fluorescent ability of the probe, which should coincide with stimulation at the same
point where the stimulus is applied, is essential. It is also more useful if the fluores-
cence intensity is sensitive to a specific environment so that it works as a fluorescent
probe, e.g., a light-switchable probe which works under specific pH conditions [28].

It is obvious that such a switchable fluorescence imaging system requires both a
high fluorescence quantum yield and high fluorescence switching ability. Although
photochromic compounds exhibiting good reversibility in fluorescence intensity have
been reported, most of them have relatively low fluorescence quantum yields and fluo-
rescence switching ability [18-23]. It is also known that coumarin-type compounds
possess a high fluorescence quantum yield and that it increases when an electron-
donating group is attached to C(7) of the coumarin skeleton [29-31]. Although a pho-
tochromic hexatriene structure possessing a coumarin as one of the terminal double
bonds has been reported [32], its fluorescence switching ability was not excellent.

With these considerations in mind, we undertook the synthesis, photochromism,
and fluorescence switching of a molecule 10 having two thiazole rings and a
7-hydroxycoumarin skeleton as the central ethene moiety. Upon UV irradiation, we
expected the fluorescence of 10 to be quenched by photocyclization due to the
deformation of the coumarin structure. In addition to photochromic structural
changes, its fluorescence would become stronger by the generation of the phenolate
anion upon base treatment [28, 31] so that it could be regarded as a dual-mode fluo-
rescence switching molecule (Fig. 8.1).
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Fig. 8.2 (a) Change in absorption spectra of 10 upon addition of DBU in CH,CI,. Equivalence of
DBU: 0-12; (b) change in absorption spectra of 10, . during irradiation of 405-nm light in the
presence of 12.0 eq. DBU in CH,Cl,. Irradiation time: 0—40 min. Reproduced by permission of The
Royal Society of Chemistry from [34]

Upon consecutive irradiation with 313- and 578-nm light in dichloromethane and
acetonitrile, 1 showed good photochromism. High conversion ratios to 1C at the pho-
tostationary state (PSS) of 313-nm light irradiation were as high as 98 % and 95 % for
dichloromethane and acetonitrile, respectively. When 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) was added to a dichloromethane solution of 10 to generate the phenolate,
a new absorption band centered at 404 nm appeared, and its intensity was saturated
when the 12.0 mol equivalent of DBU was added (Fig. 8.2a). The appearance of this
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Fig. 8.3 Change in fluorescence spectra of 10 with pH of the medium. Solvent: CH,OH/NaNO,
aqueous buffer solution=1/2 (v/v), concentration: 5.1x 10 mol dm™, excitation: 365 nm, pH of
the solution: 2.64, 6.05, 6.38, 7.01, 7.58, 9.65. Reproduced by permission of The Royal Society of
Chemistry from [34]

new band is ascribable to the generation of a phenolate anion 10, [33]. A reversible
photochromic reaction between 10anion and its PSS (lCanim/lOanion> 100; calculated
from the fluorescent intensity) in dichloromethane was observed by means of alterna-
tive irradiation with 405-nm (Fig. 8.2b) and 578-nm light.

The fluorescence of 10 was then examined in water/methanol (2/1, v/v) with
base treatment. Figure 8.3 illustrates the change in the fluorescence spectra upon
acid-base titrations using aqueous sodium hydroxide solution. The pK, value of the
phenol moiety of 10 was determined to be 6.84, which is consistent with that of
7-hydroxycoumarin [29]. This pK_ value is adequate in controlling the changes
between 10 and 10, ; by the slight change of the pH in biological systems. Indeed,
a 14.2-fold increase was observed by changing the pH from 6.05 to 7.58. The fluo-
rescence quantum yield of 10, . with an excitation wavelength of 330 nm at pH
9.48 was determined to be 0.25, which is large enough to apply to fluorescence
imaging, even under more neutral conditions (Fig. 8.3).

In the mixed solvent of a buffer solution of sodium tetraborate and methanol
(2/1, vlv, pH 9.48), 1 showed excellent photochromism upon successive irradiation
of 405-nm (Fig. 8.4a) and >500-nm light. When 10_, at pH 9.48 was irradiated
with 405-nm light and reached its PSS (1C, . /10, . =98.5/1.5; calculated from
the fluorescent intensity), the intensity of the fluorescence excited at 420 nm
decreased to 1.5 % from the initial intensity before irradiation (Fig. 8.4b).

As the conclusion of this section [34], we have synthesized 7-hydroxy-3,4-bis(5-
methyl-2-phenyl-4-thiazolyl)coumarin 1. Its fluorescence intensity changed (quan-
tum yield of 0.25 at pH 9.48 in buffered aqueous solution containing methanol) with
photochromism as well as with changes in the pH of the media. The fluorescence
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Fig.8.4 (a) Change in absorption spectra of 1 during irradiation of 405-nm light in CH,OH/10 mM
sodium tetraborate buffer solution (pH 9.48). Concentration: 4.38 x 10~ mol dm™>, light intensity:
0.25 mW cm™2, irradiation time: 0—7 min; (b) change in fluorescence spectra between IOanion and
1C, .., upon 405- and >500-nm light irradiation in CH,OH/10 mM sodium tetraborate buffer

anion

solution (pH 9.51). Concentration: 2.75x%10° mol dm™, excitation: 420 nm. Reproduced by
permission of The Royal Society of Chemistry from [34]

intensity of the PSS generated from 10 by 405-nm light irradiation at pH 9.48 was
quenched 0.015-fold (1/60), while that of the open form at pH 7.58 was increased
14.2-fold that of pH 6.05. These results show that the fluorescence intensity of 10 can
be modulated efficiently by photochromic reactions as well as by the pH of the media.
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8.3 Photochromic Compounds with Novel Skeletons:
Indenone Derivatives

Diarylethenes [3] are a well-designed and superior class of thermally irreversible
photochromic compounds; however, one drawback is that structural modifications
are mainly performed on the aryl groups at both ends of the molecule and a modifi-
cation of the central ethene moiety is sometimes difficult. Nowadays, most diaryle-
thenes are hexafluorocyclopentene based and structural modification of this ethene
moiety is almost impossible. When the central ethene is incorporated in an aryl
group [14, 15, 35, 36], it usually becomes thermally reversible due to the large loss
of aromatic stabilization energy upon photocyclization. Other modifications have
proved that the central ethene moiety can act as a switchable functional group [11-
13] or the monomer for polymerization [37].

We envision that if the central ethene moiety were a functional group that could
be modified structurally as well as electronically in easily accessible ways, the
diversity of the thermally irreversible photochromic molecules could be widely
expanded. We decided to synthesize 2,3-bisarylindenones (Fig. 8.5).

For the aryl group, 5-methyl-2-phenylthiazole was employed, and 2,3-bis(5-
methyl-2-phenyl-4-thiazolyl)indenone (20) was synthesized. When it cyclizes by
photoirradiation, the closed form 2C will be formed as the result of the photoin-
duced 6m-electrocyclization, with a large conjugated system showing absorption
bands at longer wavelengths in the visible region.

In acetonitrile, 20 showed an absorption maximum at 433 nm, in addition to the
maxima in the UV region at 262 and 311 nm (Fig. 8.6a), while the color of the solu-
tion was yellow. Upon irradiation of 436 nm light, new absorption maxima appeared
at 542, 429, 363, 307, and 253 nm, and the color of the solution turned brown. This
is attributable to the formation of the cyclic form 2C. HPLC analysis revealed that the

Fig. 8.5 Photochromism of
2,3-bisthiazolylindenone and
its ethylene acetal
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Fig. 8.6 (a) Absorption spectral change of 2 during irradiation of 436-nm light in acetonitrile.
Concentration: 0.558 x 10~ mol dm~3, light intensity: 2.4 mW cm™, irradiation time: 0—12 min;
(b) absorption spectral changes of 3 during irradiation of 313-nm light in hexane. Concentration:
0.628 x 10 mol dm, light intensity: 0.24 mW cm™, irradiation time: 0-20 min. Reprinted with
permission from [9]. Copyright 2009 American Chemical Society

conversion ratio to 2C at the PSS of 436-nm light irradiation was 58 %. The cyclized
form showed no change after 1.5 months storage in the dark at room temperature.
When the 436-nm PSS solution was irradiated with 579 nm light, it turned yellow
and HPLC analysis proved that 20 was recovered again. However, due to the long
absorption tail of 20 in the visible region, the ratio of 20/2C at the PSS of 579-nm
light irradiation was 99/1.

Thus, a novel photochromic system, in which back-and-forth reactions can be
driven by visible light of two different wavelengths, was created.

The electronic influence of the carbonyl group was then changed by acetalization
in a manner similar to that of Kiihni and Belser for 3,4-bis(2-methyl-5-phenyl-
3-thienyl)-3-cyclobutene-1,2-dione [38]. In their case, acetalization of both car-
bonyl groups could realize photochromic properties.

Photochromism of the acetal 30 was investigated in several solvents with differ-
ent polarities, and the photocyclization quantum yield in hexane proved to be as
large as 0.81. The changes observed in the absorption spectra by photochromic
reactions in hexane are shown in Fig. 8.6b. The conversion ratio to 3C at a PSS of
313-nm irradiation was 99 %.

The reason for the high cyclization quantum yield of 30 can be interpreted as two
sets of intramolecular nitrogen—hydrogen interactions (highlighted with squares in
Fig. 8.5; a thiazole nitrogen atom and the proximate hydrogen atom on the indenone
phenyl group, and a thiazole nitrogen atom and a hydrogen atom on the carbon atom
adjacent to an oxygen atom in the acetal group) that play an important role in con-
straining the conformation of 30 in favor of cyclization. The solvent effect on the
quantum yield for the ring closure of 30 can be explained by polar CH-N interac-
tions. The highest value was recorded in hexane, while the value decreased as the
solvent polarity became larger (hexane: 0.81, toluene: 0.72, ethyl acetate: 0.70, ace-
tonitrile: 0.63, ethanol: 0.68). As the polar solvent molecules prevent effective
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CH-N interactions, the distribution of the conformers became less biased, thus
decreasing the quantum yield. In addition, results obtained by DFT calculations
suggest that an antiparallel (i.e., photocyclizable) conformation is particularly stable
(more than 98 % population at 25 °C) in which the two sets of CH-N distances are
around 260 pm, almost the same as the sum of the van der Waals radii of N and H.
As the conclusion of this section [9], we have synthesized a novel thermally irre-
versible photochromic system based on 6z-electrocyclization. Bisarylindenone 2
showed photochromic back-and-forth reactions with visible light of two different
wavelengths. The photochromic and absorption spectral properties can be switched
by its acetalization. The photocyclization quantum yield of acetal 30 became as
large as 0.81 in hexane. Achievement of the large quantum yield was explained by
the two sets of intramolecular interactions of nitrogen and hydrogen atoms to fix the
conformation in favor of photochemical cyclization. This concept was extended to
the study described in the final section of this chapter.

8.4 Diastereoselective Photochromism

8.4.1 Bisbenzothienylethenes: Stereocontrol with Point Chirality

The photochromic reaction of diarylethenes is, like another important class of ther-
mally irreversible fulgides [2], based on the photochemically induced conrotatory
6n-electrocyclization of the 1,3,5-hexatriene moiety, which takes a C,-symmetric
helical structure because of steric congestion. As a result, the photocyclization reac-
tion produces a racemic mixture of the colored closed form (C-form), possessing
two new stereogenic sp* carbon atoms.

When some intermolecular or intramolecular stereoregulating force works on a
diarylethene molecule to make one of the enantiomeric helical structures more sta-
ble than the other, then the ratio of the stereoisomers of the C-form molecules would
be biased. If such stereoselective photochromic reactions are possible, the switch of
functions can be quite useful for biological as well as materials sciences. We have
reported several stereoselective photochromic reactions on fulgides [39—41]. As for
diarylethenes, several studies had already been reported when we started our
research. However, they were effective only at low temperatures [42], in crystals at
low conversion [43—45], or in reactions that required some additives [46].

Our strategy of stereoregulation is to use “allylic 1,3-strain” [47, 48] as well as
steric and electronic repulsion between the substituents. Allylic strain has been used
in various aspects of organic synthesis [49-51]. When it is applied to the terminal
part of the ring-closing hexatriene of a diarylethene, the smallest substituent RS,
such as hydrogen, faces the bulky hexafluorocyclopentene that locates cis to the
stereogenic carbon atom. Accordingly, two different substituents (medium-sized RM
and largest R") hang down in the rather wide space, as shown in Fig. 8.7. The other
benzothiophene will take a position close to RM rather than R" because of steric
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repulsion, resulting in the diastereomerically biased ratio of the helical conformers.
If R" has heteroatoms, their electronic repulsion with the sulfur atom on the second
benzothiophene will make the conformer ratio more biased.

With this expectation in mind, we have designed and synthesized 40, as depicted in
Fig. 8.7, possessing a hydrogen atom, a methyl group, and a methoxymethoxy (MOMO)
group on the stereogenic carbon atom on C2 of one of the benzothiophene rings.

When racemic 40 was irradiated with 313-nm light in ethyl acetate at room tem-
perature, two diastereomeric 4C were formed. HPLC analysis proved that the diaste-
reomer ratio (DR) was 94:6, with a conversion ratio to the C-form of 85 %. They
then completely returned to 40 by 519-nm light irradiation. In other solvents such
as toluene (94:6 DR, 85 % conversion) and hexane (93.5:6.5 DR, 80 % conversion),
the dr values were similarly high.

The crystal structure of 40 (Fig. 8.8) revealed that (1) the allylic strain nicely
works around the relevant double bond on the benzothiophene so that the hydrogen
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atom on the stereogenic center is facing the perfluorocyclopentene ring, (2) the
second benzothiophene resides in close proximity to the methyl group, and (3) the
hexatriene moiety takes the s—cis—cis—s—cis (i.e., antiparallel) conformation so that
photochemical ring closure can occur easily.

In conclusion of this section [7], we have succeeded in obtaining a highly diaste-
reoselective photochromic diarylethene system by introducing one asymmetric cen-
ter and employing steric as well as electronic interactions.

8.4.2 Bisbenzothienylethenes: Stereocontrol
with Point Chirality-Based Axial Chirality

When a photochromic compound is chiral and non-racemic [52], its chiroptical
properties, such as circular dichroism spectra [53, 54] and optical rotation [39, 55,
56], also change reversibly. These chiral and chiroptical differences can be used to
(1) detect the state of the system without inducing any property change, (2) induce
and control the alignment of a chiral nematic liquid crystal in a sensitive manner
[57-60], or (3) make a chiral complex [46] that may work as a chiral catalyst [61].

Diastereoselective ring closure of diarylethenes [3, 62, 63] through photo-
chemical reactions, which can be achieved for molecules possessing at least one
chirality unit, has been reported in solution [42, 64], crystals [43—45], amorphous
solids [65], and gels [66]. We have also achieved diastereoselective ring closure
of photochromic diarylethenes in solution by applying the concept of the allylic
1,3-strain [47-51, 67] to the hexatriene moiety, which gave a 94:6-97:3 diastereo-
mer ratio (DR) by using only one chiral unit to control the stereochemistry [7,
68-70], as described in the previous section. We next expanded this approach to
helical chirality by attaching two chiral substituents on both ends of the hexatri-
ene moiety.

In our new strategy, electrostatic and steric repulsion between the two
1-methoxymethoxyethyl side chains are expected. This methodology is applicable
to any diarylethene derivative as long as the chiral unit that controls the
stereochemistry can be attached to both of the carbon atoms where ring closure
occurs.

We synthesized three diarylethenes (5-7; Fig. 8.9) from two chiral benzothio-
phene components 8 and 9 obtained by way of the enantioselective reduction of the
corresponding ketones with the Corey—Bakshi—Shibata oxazaborolidine [71, 72].
The final diarylethenes were purified by repeated recrystallization and/or HPLC on
a chiral stationary phase.

Photochemical reactions were carried out in ethyl acetate with 366 nm (50) or
313 nm (60, 70) light for ring closure and 437 nm (5C), 483 nm (6C), or 515 nm
(70) light for ring opening. These diarylethene derivatives showed excellent photo-
chromism. The changes in the absorption spectra of 5 in ethyl acetate upon irradia-
tion with UV light and visible light are shown in Fig. 8.10.
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Fig. 8.10 Change in absorption spectra of 5 by photochromism in ethyl acetate. (a) Concentration:
1.01x 10~ mol dm™, light intensity: 0.49 mW cm™ (366 nm), irradiation time: 0-35 min. (b)
Concentration: 1.01x10* mol dm3, light intensity: 0.29 mW cm™ (437 nm), irradiation time
0-16 min. Reproduced from [74]

The DR values for the ring-closing reaction at their PSS were then examined
using HPLC on a chiral stationary phase. The results are summarized in Table 8.1.
It is apparent that the dual-stereocontroller system worked very well.

We then examined the solvent effect on the diastereoselectivity of these com-
pounds. In n-hexane, they are all slightly lower than those observed in ethyl acetate.
This difference can be interpreted by the interaction of the solvent molecules with
the polar side arms. As for the stable helical conformation, the polar side arms are
expected to be sticking out of the molecule so that the polar solvent molecules can
strongly interact with them. When the molecule takes the other unstable helical
conformation, the polar side arms are located inside the molecule so that the solvent



8 High Performance Thermally Irreversible Photochromism... 149

Table 8.1 Diastereoselectivity of C,-symmetrical diarylethenes [74]

Diastereomer ratio (conversion ratio to C-form/%)

Ethyl acetate Hexane
Room temperature =70 °C 67 °C Room temp.
5 99:1(81) 100:0 (50) - 97:3 (82)
6 99:1(83) 99.5:0.5(89) - 98:2 (81)
7 97.5:2.5(94) 95.5:4.5(97)  99:1(56)  96:4 (94)

effect is less pronounced. The DR values of § in polar acetonitrile and ethanol were
also 99:1, with conversion ratios of 77 % and 81 %, respectively.

Another way to change the ratio of the diastereomeric helical conformers is to
change the temperature. We then carried out the photoreaction of § at —70 °C. When
the diastereomer ratio was examined by HPLC, the minor diastereomer of SC which
was observed when the reaction was carried out at room temperature was not
detected. Thus, 100 % diastereoselectivity was achieved and, similarly, 6 showed
99.5:0.5. However, 7 showed only 95.5:4.5 at =70 °C, which is lower than the ratio
of 97.5:2.5 at room temperature. When the photoirradiation of 7 was carried out at
67 °C, the diastereomer ratio was raised to 99:1, although a small amount (1.6 %)
of an aromatized compound 10 was detected, which was not observed during the
photoirradiation at room temperature. This mysterious problem was solved by 'H
NMR measurements of the UV-PSS solution at periodic intervals over several
months at room temperature. The less stable 7C (7C,_, ) slowly went back to 70
thermally at room temperature, but the more stable 7C (7Cmajor) did not. Therefore,
at higher temperatures the thermal reaction rate of 7C_, _-t0-70 increased so that the
diastereoselectivity increased, while at lower temperatures the rate of 7C_, -to-70
decreased so that the diastereoselectivity decreased [73].

In conclusion of this section [74], we have shown extremely high diastereoselec-
tivity in polar solvents for photochemical 6zn-electrocyclizations of diarylethenes,
which have two side arms that control the stereochemistry. The cyclization of § at a
lower temperature afforded exceptional diastereoselectivity of 100 %. This struc-
tural modification can be applied to any diarylethene molecule possessing two alkyl
groups on bond-forming carbon atoms at both ends of the hexatriene moiety by
simply replacing these alkyl groups with 1-methoxymethoxyethyl groups having
the same absolute stereochemistry.

8.4.3 Bisthienylethene: Stereocontrol with Facial Chirality

Loosely classified, there are three categories of asymmetry [75]: point chirality,
axial chirality, and facial chirality. We have reported the use of point chirality [7,
67-70] and point chirality-based axial chirality [74, 76] to induce diastereoselectiv-
ity for the photochromic ring closure of diarylethenes which both exhibit thermally
irreversible photochromic 6m-electrocyclizations. Different from point chirality,
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Fig. 8.11 Concept of facially chiral bisthienylethene
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Fig. 8.12 Calculated stability of isomers of facially chiral diarylethene

facially and axially chiral compounds do not need to have asymmetric carbon atoms.
In fact, facial chirality has been successfully introduced to thermally reversible pho-
tochromic azobenzenes [77, 78]. We then aimed for the use of facial chirality on a
diarylethene to induce 100 % diastereoselectivity of photochromic ring closure in
various solvents (Fig. 8.11). When one of the two surfaces of an aromatic ring (ring
A) is occupied by a bulky attachment, ring closure is possible when the other ring
(ring B) approaches from the back of ring A. Perfect control of the diastereoselec-
tivity during ring closure could, thus, be realized.

Our molecular design and expected photochromic reaction pathways are shown
in Fig. 8.12. The target open form 80 has a bridge across the surface of a thiophene
ring which prevents access of the other thiophene to the side of the bridge. Therefore,
this molecule can take only one antiparallel (cyclizable) conformation. We chose
the C2 and C4 carbon atoms to span the bridge since C3 is used to connect with
hexafluorocyclopentene while C5 is useful in attaching to a functional substituent.
As the bridge, we chose triethylene glycol (TEG) which is long enough to connect
the methylene carbon atoms on C2 and C4, yet short enough to prohibit isomeriza-
tion of the facial chirality with the rope-jumping action of the TEG bridge over a
substituent such as the phenyl group on C5.

First, we carried out DFT calculations (Spartan008 with B3LYP/6-31G*) which
proved that one of the two possible antiparallel conformers (80maj0r), in which the
non-bridged thiophene is located at the back side of the bridge, is more stable by
32.8 kJ mol™! than the other (80 . ). If the population at 25 °C is calculated from

minor
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Fig. 8.13 Absorption spectral changes of 8 in hexane. (a) 80 to PSS. 313 nm (0.71 mW cm™).
0-15 min. (b) PSS to 80. 512 nm (1.24 mW cm~2). 0-150 min. Reproduced by permission of The
Royal Society of Chemistry from [79]

the difference in heat of formation (AH)) by disregarding the entropy term, the ratio
is 564,800/1. In addition, AH, of the two C-forms (ficmjor generated from the more
stable Somjor and 8C . generated from the less stable 80 . ) is 194.1 kJ mol™',
indicating that the ground state of 8C . locates close to the excited state level of
8c . .

nIl;‘ﬂ):)tochromic reactions of 80 were carried out in hexane, toluene, and ethyl
acetate. A change in the absorption spectra during the ring-closing reaction of 80 in
hexane with 313-nm light irradiation until the PSS was achieved, and the ring-
opening reaction upon 512-nm light irradiation to the PSS solution are shown in
Fig. 8.13. A clear isosbestic point (287 nm) could be observed.

The components existing at the PSS were thoroughly examined by HPLC with
three different columns and three different solvent systems. '"H NMR analysis of the

compounds was also carried out; however, not even slight evidence of the formation



152 Y. Yokoyama

of the minor C-form was observed. From these results obtained along with the cal-
culation results, it was concluded that 80 showed ultimate diastereoselectivity
within the detection limit of the minor diastereomer upon photochromic ring clo-
sure under any of the reaction conditions carried out.

In conclusion of this section [79], we have succeeded in synthesizing a bisthie-
nylethene with hitherto unprecedented facial chirality imposed by a TEG bridge on
a thiophene ring which showed photochromic ring closure with 100 % diastereose-
lectivity upon UV irradiation.

8.4.4 Bisarylindenols: Stereocontrol with Hydrogen Bonds

In Section 8.3, bisthiazolylindenone ethylene acetal showed a large quantum yield
for photocyclization [9]. Sections 8.4.1-8.4.3 introduced several diarylethenes
which cyclize with high diastereoselectivity [7, 67-70, 74, 76, 79]. If a compound
has both characteristics of a large quantum yield and high diastereoselectivity, its
application to biological systems [80-85] is favorable since a large quantum yield
protects the living cells from prolonged exposure to light, and high diastereoselec-
tivity creates a simple system with regard to the various interactions of the
photo-generated isomers and biological chiral environment.

Compound 3 [9], an ethylene acetal of 2,3-bisthiazolylindenone 2, showed a
thermally irreversible photochromic reaction to give its closed form 3C with a cycli-
zation quantum yield of 0.81. In the most stable conformation of 3 obtained by DFT
calculations, we found that two sets of CH-N interactions between two hydrogen
atoms on the indenone acetal and two nitrogen atoms on the thiazole rings fix the
molecule in antiparallel conformation, which favors photocyclization. As these
interactions are obviously weak, introduction of a stronger interaction in this photo-
chromic system was undertaken to enhance the controlling ability of the conforma-
tion. As 2 has a carbonyl group, nucleophilic alkylation will generate tertiary
alcohol which can form a strong hydrogen bond with the nitrogen atom on the thia-
zole ring (90-120). In addition, as the carbon atom bearing the hydroxy group in
90, for example, is now stereogenic, the photochemical ring closure of 90 to give
9¢ will generate a pair of diastereomers. Judging from the close proximity of the
hydroxy group and nitrogen atom, the most favorable conformation will predomi-
nantly generate one of the diastereomers (9Cmajm) (Fig. 8.14).

With these expectations in mind, we have synthesized four bisthiazolylindenols,
90-120, and examined their diastereoselectivity and quantum yields for photocycli-
zation. X-ray crystallographic analysis of 100 revealed its structure in the crystal-
line state (Fig. 8.15). Notable characteristics are the existence of a hydrogen bond
between the hydroxy group and nitrogen atom (OH-N distance: 215.7 pm), and a
hydrogen bond-like interaction between the phenyl hydrogen on the indenol moiety
and the other nitrogen atom (C(indenol Ph)H-N distance: 274.3 pm). These two
interactions fix the conformation of 100 in favor of cyclization.
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90R =CHj 9Cmajor 9Cminor
100R =Ph 10Cmajor 10Cpminor
110R = tBu 11Crnajor 11 Crinor
120 R = CH,0OCHjy 12Crmajor 12Crminor

Fig. 8.14 Indenone, its acetal, and indenols

Fig. 8.15 X-ray
crystallographic structure of
bisarylindenol 100

The indenols were then subjected to photochromic reactions with 313-nm and
514-nm light irradiation in hexane, ether, and acetonitrile, with different polarities
to see the effect of the intramolecular hydrogen bonds. Typical absorption spectral
changes of 11 in hexane upon irradiation of 313-nm light are depicted in Fig. 8.16,
and the diastereoselectivity and quantum yields of the photoreactions of 9-12 are
summarized in Table 8.2.

The diastereoselectivity is apparently higher when the alkyl/aryl substituents are
larger. Steric repulsion is enhanced for the less stable conformation when the sub-
stituent is large. This effect is the largest for 110 with a #-butyl group. When the
photoreaction was carried out in hexane, the minor diastereomer was not observed,
although tiny amounts were detected in ether and acetonitrile. This is because the
solvent molecules did not interfere with the intramolecular hydrogen bonds in hexane.
For 120 possessing a methoxymethyl (MOM) group, lower diastereoselectivity was
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Fig.8.16 Change in absorption spectra of 11 by 313-nm light irradiation in hexane. Concentration:
0.450x 10~ mol dm=3, light intensity: 0.153 mW cm™, irradiation time: 0, 0.25, 0.5, 1, 2, 4, 8,
16 min. Reproduced by permission of The Royal Society of Chemistry from [90]

Table 8.2 Diastereomer ratio, conversion ratio to C-form, and quantum yield of
photocyclization of indenols in solution®

9 (Me) 10 (Ph) 11 (+-Bu) 12 (MOM)

Hexane 94.9/5.1 99.1/0.9 100/0 90.8/9.2
97.6 % 96.6 % 97.9 % 98.4 %
0.74 0.78 0.85 0.56

Ether 75.8/24.2 92.0/8.0 99.8/0.2 74.6/25.4
97.6 % 97.3 % 97.0 % 97.2 %
0.65 0.70 0.75 0.43

CH,CN 71.6/28.4 86.7/13.3 99.7/0.3 75.6/24.4
93.0 % 929 % 94.9 % 96.2 %
0.49 0.60 0.64 0.44

*Upper numbers: ratio of diastereomers. Middle numbers: conversion ratio to the
C-form at the photostationary state of 313-nm light irradiation. Lower numbers:
quantum yield for major C-form generation by 313-nm light irradiation

exhibited than the other compounds. This can be interpreted as a partial replacement
of the hydrogen bond (OH-N) by the other hydrogen bond (OH-OMe) which forms
a five-membered ring. The latter hydrogen bond enables the rotation of one of the
single bonds between the thiazole rings and the indenol so that diastereoselectivity
is significantly lowered.

Among the three solvents employed, hexane always exhibited the highest diaste-
reoselectivity. In ether or acetonitrile, heteroatoms with the lone pair on the solvent
molecules interfered with the formation of intramolecular OH-N hydrogen bonds
so that fixation of the conformation was not sufficient.
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As the alkyl/aryl substituent becomes larger, the cyclization quantum yield to
form the major C-form becomes larger. 11 possessing a #-butyl group showed the
largest quantum yield of 11C, . generation. In contrast, 12, possessing a func-
tional group capable of forming another hydrogen bond, showed rather low cycli-
zation quantum yields. Partial replacement of the OH-N hydrogen bond with the
OH-OMe hydrogen bond increases the amount of O-form molecules with paral-
lel conformation which cannot cyclize in a conrotatory manner upon light
irradiation.

Judging from the three properties, i.e., diastereoselectivity, quantum yield of
photocyclization, and conversion ratio to the C-form, 11 having a #-butyl group can
be considered the best performing among the compounds examined. With the col-
laboration between the intramolecular OH-N and CH-N hydrogen bonds and the
sterically demanding #-butyl group, generation of the less stable conformation could
almost entirely be prevented, and the molecules were fixed in the more stable anti-
parallel conformation, leading to high diastereoselectivity. Fixation of the confor-
mation also resulted in an increase in the cyclization quantum yield to the highest
level (>0.8) for 6m-electrocyclization of the thermally irreversible photochromic
compounds in solution [9, 86—89].

In conclusion of this section [90], we have synthesized bisarylindenols, a fasci-
nating photochromic family which show both excellent diastereoselectivity and an
extremely high ring-closing quantum yield with a high conversion ratio to the
closed form in hexane. Collaborative interactions between two sets of intramolecu-
lar hydrogen bonds and the steric restriction worked very efficiently to fix the con-
formation in favor of cyclization in a diastereoselective manner. These properties
are highly beneficial when photochromic compounds are applied to biological sys-
tems for the switching control of organic functions within cells.

8.5 Conclusions

We are engaged in the construction of photochromic systems exhibiting
6m-electrocyclization with high diastereoselectivity and a high cyclization quantum
yield. Our interests also include photochromic systems with coumarin or indene as
the central ethene moiety. The former involves an efficient two-way fluorescence
switching molecule upon pH change and photochromism. The latter forms a system
of conformations governed by hydrogen bonds which achieved high diastereoselec-
tivity as well as a high cyclization quantum yield, a long-sought goal.
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Chapter 9
Fast Photochromism of Bridged
Imidazole Dimers

Jiro Abe

Abstract Switching of the physical and chemical properties of materials by
photochromic compounds has been the subject of considerable research. Increasing
switching rates, particularly the thermal bleaching rate, is required for certain appli-
cations, such as optical data processing and light modulators. We recently devel-
oped the photochromic bridged imidazole dimers that show instantaneous coloration
upon exposure to UV light and rapid fading in the dark. We designed and synthe-
sized several bridged imidazole dimers, having a naphthalene or a [2.2]paracyclo-
phane moiety that bridge two triphenylimidazole or diphenylimidazole units, and
succeeded in accelerating the thermal bleaching rate. These photochromic com-
pounds show photoinduced homolytic bond cleavage of the C—N bond between the
imidazole rings and successive fast C—-N bond formation. Rapid thermal bleaching
kinetics enables a solution color change only where it is irradiated with UV light
because the thermal bleaching rate is much faster than the diffusion rate of the colored
species at room temperature. Photochromic materials showing such intense photo-
coloration and rapid thermal bleaching performance are promising materials for
prospective fast light modulator applications.
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9.1 Introduction

Photochromic materials are a well-known class of molecules that change their color
upon irradiation with light. The photogenerated species can be reversed to the initial
species either thermally or by subsequent irradiation with a specific wavelength of
light [1, 2]. Switching of the physical and chemical properties of materials using
photochromic compounds has been the subject of considerable research. There is an
increasing interest in the use of organic photochromic compounds to modulate con-
ductivity, fluorescence, magnetism, and shape at the bulk level [3-9]. One of their
most common applications is their use in photochromic lenses that darken in sun-
light. The ideal conditions for photochromic lenses are satisfied with molecules that
can be stimulated by sunlight to rapidly develop an intense coloration in a wide range
of visible light and can be returned to the initial state with fast fading kinetics in addi-
tion to fatigue resistivity for many coloring—decoloring cycles. Increasing switching
rates, particularly the thermal bleaching rate, is also indispensable for applications
such as optical data processing and light modulators. For the application to real-time
image processing at video frame rates [10, 11], the return to the initial state should be
accomplished within tens of milliseconds. However, the thermal back reaction of
colored species toward their colorless form is generally on the timescale of tens of
seconds to hours, which precludes their practical use in certain applications.

We recently developed two types of novel fast photochromic molecules,
naphthalene-bridged imidazole dimers [12] and [2.2]paracyclophane-bridged imidaz-
ole dimers [13] (Fig. 9.1b, c), which show instant coloration upon exposure to UV
light and rapid fading in the dark. Both of the photochromic molecules show photoin-
duced homolytic bond cleavage of the C—N bond between the imidazole rings and
successive fast C—N bond formation. The half-life of colored species of 1-NDPI-8-
TPI-naphthalene and pseudogem-bisDPI[2.2]PC in solution are 170 and 33 ms at
room temperature, respectively. The diversity of the molecular design and the ease of
synthesis make this class of photochromic compounds attractive for high-performance
ophthalmic plastic lenses and revolutionary optical switching devices.

9.2 Photochromism of Hexaarylbiimidazole

Hexaarylbiimidazole (HABI) was discovered in the early 1960s by Hayashi and
Maeda, and it has since attracted significant interest because of its unusual physical
properties (Fig. 9.1a) [14]. Various stimuli, such as heat, light, and pressure, readily
cleave HABI into a pair of 2,4,5-triphenylimidazolyl radicals (TPIRs), which ther-
mally recombine to reproduce their original imidazole dimer. The solution of HABI
changes from colorless to purple upon UV irradiation. This photochromic behavior
is attributed to the photoinduced homolytic cleavage of the C—N bond between
the imidazole rings. The photochromism of diarylethene is a closed-ring/open-
ring-type switching, while that of HABI is a closed-shell/open-shell-type
switching, which can be regarded as a diamagnetic/paramagnetic photoswitching.
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Fig. 9.1 Photochromism of (a) hexaarylbiimidazole, (b) 1-NDPI-8-TPI-naphthalene, and (c)
pseudogem-bisDPI[2.2]PC

The dissociation of HABI into TPIRs occurs along the repulsive potential energy
surface of the first excited singlet state with a time constant of 80 fs [15, 16]. The
high yield of TPIRs in solid matrices and their low sensitivity to the presence of
oxygen have stimulated industrial interest in the use of HABIs as a photoinitiator
for a variety of imaging materials.

There are a number of spectroscopic studies for the photochemical reaction of
HABI and their derivatives [17-25]. The thermal transformation of TPIR into HABI
in solution requires several minutes at room temperature since the radical-radical
reactions generally obey second-order kinetics. The recombination of the radical
pairs (RPs) formed by photodissociation provides fundamental information on the
solvent cage effect and the dynamic behavior of the encounter RPs in bimolecular
chemistry. The nonreactive random encounter RP, which subsequently separates, is
formed by diffusion, while the reactive random encounter RP is formed only when
the RP approach with their reactive sites facing each other. Thus, the diffusion
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process and spatial arrangement of the encounter RPs made it difficult to study of
the reaction kinetics of the radical-radical reactions in solution. A number of inves-
tigations on the photodissociation processes yielding two of the same radicals via
photoexcitation have been published for tetraphenylhydrazine [26-28] and diphe-
nyl disulfide derivatives [29-32]. Ernsting et al. reported that bis(p-aminophenyl)
disulfide undergoes the photodissociation in the time region of 40—100 fs in various
solvents. Following excitation, Ernsting et al. observed that the geminate recombi-
nation between the nascent radicals in viscous solutions occurs in the first 2 ps [31].
Similar results were confirmed for the other diphenyl disulfide derivative [32].
Although the time constant of the dissociation in HABI is comparable to those for
the diphenyl disulfide derivatives, the radical recombination process of TPIRs is
very slow as described above. The recombination process in the time frame of sec-
onds to hours required large activation entropy, indicating that the geometrical
restriction for the recombination is severe. This restriction might contribute to the
inhibition of the rapid geminate recombination in the nascent RP.

Although UV irradiation of a single crystal of 0-ClI-HABI at room temperature has
no photochemical reaction, the crystal turns from pale yellow to reddish brown upon
irradiation with UV light at low temperatures (7<160 K). We reported the in situ
direct observation of the photoinduced RP in a single crystal of 0o-CI-HABI by X-ray
diffraction analysis using cryotrapping [33] and described the first measurements of
intermolecular exchange coupling for the photoinduced RP by ESR spectroscopy
[34]. Our crystallographic study for a single crystal of 0-ClI-HABI measured after UV
irradiation at 103 K revealed the molecular geometry of the photoinduced RP. The
resulting spatial arrangement of the RP in a crystal offers a structural suggestion for
the transition state of the radical dimerization reaction. There are two types of RPs,
pair A and pair B, differing only in the spatial arrangement of the two lophy] radicals.
The temperature dependence of the ESR spectral pattern shows that pair A converts
irreversibly into pair B on increasing the temperature. The Curie analyses on the ESR
signal intensities show that the spin triplet state of pair A is the ground state or nearly
degenerates with the spin singlet state. Conversely, the triplet state of pair B is ther-
mally populated and the singlet state is the ground state. The exchange coupling
between the unpaired electrons in pair B in the crystal was determined as —77 cm™
by assuming thermal equilibrium between the ground singlet state and excited triplet
state. The experimental value is in fair agreement with the theoretical value of
—45 cm™! evaluated by the DFT calculations [34]. Thus, the RPs created by homolysis
in a single crystal of 0-Cl-HABI can present an opportunity to observe electron—elec-
tron through-space coupling between the well-characterized radical species.

9.3 Molecular Design of the Bridged Imidazole Dimers

The thermal recombination behavior of the TPIR derivative, tF-BDPI-2Y
(1,4-bis-(4,5-diphenylimidazol-2-ylidene)-2,3,5,6-tetrafluorocyclohexa-2,5-
diene), was reported in 2004 [35]. tF-BDPI-2Y dimerizes to form photochromic
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tF-BDPI-2YD at room temperature, while it crystallizes at 200 K because of the
activation energy barrier toward the recombination reaction. On irradiation with
360 nm light, the colorless solution of tF-BDPI-2YD quickly turns to blue—pur-
ple and gives rise to a broad absorption band centered at 609 nm. On standing in
the dark, the blue—purple color gradually fades with the decrease in the visible
light absorbance. The thermal recombination reaction of tF-BDPI-2Y to form
tF-BDPI-2YD is observed over a period of two days at 293 K in the dark, indicat-
ing that the photoinduced radical species are stable in solution at room tempera-
ture. We conceptualized that a fast thermal bleaching photochromic molecule
could be developed on the basis of a virtual one-photon reaction of tF-BDPI-
2YD (Fig. 9.2) [36]. The photoinduced fluorinated TPIR pair will immediately
recombine because the RP is restricted in their diffusion and the reaction centers
are held in close proximity even in solution. Hence, this class of structure is
assumed to be optimum for achieving the fast back reaction of the imidazole
dimers. In restricted conditions such as a crystalline phase, it is known that the
thermal back reaction of TPIR pairs instantly proceeds. For example, the recom-
bination reaction of chlorine substituted TPIR pairs is completed within several
milliseconds in the crystal at room temperature. We directed towards fabricating
a fast thermal bleaching photochromic imidazole dimer with the assistance of
naphthalene linker as a diffusion inhibition unit.
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9.4 Naphthalene-Bridged Imidazole Dimers

9.4.1 Thermal Back Reaction of Colored Species

1,8-TPID-naphthalene cleaves photochemically into 1,8-bisTPIR-naphthalene, and
the solution changes from colorless to green [36]. Unlike the conventional HABI
derivatives, the photoinduced RP of 1,8-bisTPIR-naphthalene cannot diffuse into
the medium to yield free radicals. A kinetic study of the thermal back reaction from
the biradical to the dimerized product in solution showed that the reaction obeys
first-order kinetics with a 730 ms half-lifetime at 298 K. A new type of a naphthalene-
bridged imidazole dimer, 1-NDPI-8-TPI-naphthalene (Fig. 9.1b), which consists of
two different TPIR units, i.e., 2-(1-naphthyl)-4,5-diphenylimidazolyl radical
(NDPIR) and TPIR units, was also developed [12]. The colored species (1-NDPIR-
8-TPIR-naphthalene) of 1-NDPI-8-TPI-naphthalene can be expected to give a
superposed absorption spectrum in the visible region for the corresponding NDPIR
and TPIR. Therefore, a wide range of visible light would be absorbed by 1-NDPIR-
8-TPIR-naphthalene because TPIRs absorb light between 500 and 600 nm, while
NDPIRs absorb light between 550 and 900 nm in addition to a sharp band at approx-
imately 460 nm. 1-NDPI-8-TPI-naphthalene has the chirality resulting from the
1,1’-binaphthyl unit, and the two enantiomeric forms of the molecule are found to
make up the racemic crystal. 1-NDPI-8-TPI-naphthalene shows a photochromic
reaction changing its color from colorless to green under UV irradiation in both
solid and solution. Under continuous irradiation, the solution of 1-NDPI-8-TPI-
naphthalene reaches the photostationary equilibrium quickly, and the absorption
band decreases soon after ceasing the irradiation. The complete bleaching is
achieved within 1 s at 295 K. The colored species absorbs the whole range of visible
light, which is attributed to NDPIR and TPIR chromophores of 1-NDPIR-8-TPIR-
naphthalene. The thermal back reaction obeys first-order kinetics and its half-life at
295 K is 260 ms. The fast fading kinetics makes it possible to change the color of
solution where UV light is irradiated because the diffusion rate of colored species is
slower than the decoloration rate at room temperature. The enthalpies and entropies
of activation (AH* and AS*, respectively) for the thermal back reaction were esti-
mated from the Eyring plots to be 53.0 kJ mol~! and —57.1 J K-! mol~!, respectively,
over a temperature ranging from 298 to 325 K. Thus, the naphthalene-bridged imid-
azole dimers were the first photochromic compounds that show both intense color-
ation upon UV light irradiation and successive fast decoloration in the dark.

9.4.2 Chiroptical Switching

Besides the fast bleaching rate, the intrinsic chirality of the binaphthyl moiety in
1-NDPI-8-TPI-naphthalene should guarantee the construction of chiral molecular
switches [37]. Axially chiral binaphthalenes show strong circular dichroism (CD)
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signals and large optical rotation values, which are dependent on the dihedral angle
of the two naphthyl moieties. Chiral molecular switches refer to a class of chiral
materials whose chiroptical properties can be reversibly modulated under external
stimuli such as light irradiation, heat, pH, chemicals, and electric fields [38—47].
Reversible photoregulation of chiral structures along with a photochromic reaction
will lead to the switching of the chiroptical properties of molecules [48]. Moreover,
a series of the imidazole dimers is the photochromic molecule that results in the
formation of paramagnetic imidazolyl radicals with an unpaired electron by the
homolytic C—N bond cleavage upon UV light irradiation. Therefore, the rapid opti-
cal switching of magneto-optical properties can be expected for the chiral fast pho-
tochromic molecules forming the chiral radicals. The X-ray crystallographic
analysis of a single crystal of 1-NDPI-8-TPI-naphthalene affirmed the presence of
a couple of enantiomers in a unit cell [12]. The resolution of the racemic mixture by
chiral HPLC gave each enantiomer up to 96 % ee. The CD and UV-vis absorption
spectra of each enantiomer in toluene (3.5x 107 M) are shown in Fig. 9.3b. As
described above, the half-life at room temperature of the colored species (1-NDPIR-
8-TPIR-naphthalene) is too short to measure a CD spectrum by using a conven-
tional CD spectrometer. Therefore, the CD spectra of the colored species were
measured at 200 K immediately after the irradiation with 365 nm of UV light to
slow down the rate of the thermal recombination reaction. The CD spectra of each
enantiomer of 1-NDPI-8-TPI-naphthalene exhibit the strong Cotton effect at wave-
lengths shorter than 400 nm (Fig. 9.3b, left). This is consistent with the spectra for
the axially chiral binaphthyl derivatives [49, 50], whereas the CD spectra of each
enantiomer of the colored species are different from those of the parent 1-NDPI-8-
TPI-naphthalene as shown in Fig. 9.3b (right). The broad absorption band in the
visible light region can be attributed to the electronic transitions of NDPIR and
TPIR chromophores. Each enantiomer of the colored species shows the mirror-
image CD bands in the visible light region where the absorption band of the colored
species is located. This indicates that the electronic transitions attributable to the
radical chromophores have become optically active. It is known that the intensity of
CD signals depends on the dissymmetric spatial arrangement of interacting chromo-
phores, in particular on the distance and relative twisting angles between chromo-
phores. Therefore, the Cotton effect in the visible light region of the colored species
is tentatively ascribable to the chiral exciton interaction between NDPIR and TPIR
chromophores [51, 52].

Several studies have derived optically active products from cage reactions.
Stowell et al. reported the stereoselectivity in the cage effect of the homolytic
decomposition of an optically active azo compound [53]. The RPs generated closer
together recombine with higher stereoselectivity because the radical has a reactive
partner initially positioned in a stereoselective manner within the solvent cage.
Though the solvent cage could suppress the diffusion of the radicals generated by
homolytic decomposition of the molecule, the change in orientation of one radical
relative to the radical of the caged RP would decrease the stereoselectivity in the
product of the radical-radical coupling [54-61]. We investigated the possibility of
the photoracemization of 1-NDPI-8-TPI-naphthalene through the transient colored
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Fig. 9.3 (a) Photochromism of 1-NDPI-8-TPI-naphthalene. (b) CD and UV-vis absorption spec-
tra of the enantiomer A (red) and the enantiomer B (blue) of 1-NDPI-8-TPI-naphthalene in toluene
at 293 K (left) and those of 1-NDPIR-8-TPIR-naphthalene in toluene immediately after irradiation
with 365 nm of UV light at 200 K (right)

biradical at room temperature. It should be noted that the chiral HPLC analysis
confirmed that no photoracemization takes place along with the photochromic reac-
tion, suggesting the suppression of the rotation of NDPIR moiety relative to the
naphthyl unit. In darkness, 1-NDPI-8-TPI-naphthalene keeps the chiral structure
because of the presence of C—N bond between two imidazole rings, which inhibit
the rotation of NDPI moiety.

We achieved the first demonstration of reversible photogeneration of the stable
chiral RP from the fast photochromic molecule. The photogenerated radical species
of 1-NDPI-8-TPI-naphthalene maintains the chiral conformation, and colored
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radical exhibits the Cotton effect in the visible light region. This result suggests that
the chirality resulting from binaphthyl moiety induces the exciton coupling between
the two radical chromophores by a through-space interaction. In addition, the rapid
magneto-optical switching can be expected because of the fast switching ability
between the diamagnetic colorless state and paramagnetic colored state.

9.5 [2.2]Paracylophane-Bridged Imidazole Dimers

9.5.1 Photochromic Properties

As described in the previous section, the thermal bleaching rates of the naphthalene-
bridged imidazole dimers are fast enough to be utilized in ophthalmic lenses.
Although this development was noteworthy in which the thermal back reaction was
drastically accelerated while maintaining the optical density in the colored state, it
was not satisfactory for application to real-time image processing at video frame
rates. A green-colored spot following the movement of UV light irradiation could be
displayed in solution, but an afterimage can be recognized for 1 s or less with the
naked eye. To increase the thermal bleaching rate, the photogenerated RPs should be
more closely spaced together. Thus, we designed a novel-bridged imidazole dimer,
pseudogem-bisDPI[2.2]PC, with a [2.2]paracyclophane (PC) moiety that tightly cou-
ples two TPIR units (Fig. 9.1¢) [13]. Pseudogem-bisDPI[2.2]PC undergoes photo-
chromic reaction, changing its color from colorless to blue, on UV irradiation in both
solid form and solution at room temperature. Under continuous irradiation, the solu-
tion of pseudogem-bisDPI[2.2]PC reaches photostationary equilibrium quickly, and
the absorption decreases rapidly following monoexponential thermal bleaching
kinetics after ceasing the irradiation. The complete bleaching of the light-irradiated
solution is achieved within 200 ms in benzene at 25 °C. Figure 9.4a shows the tran-
sient absorption spectra of pseudogem-bisDPI[2.2]PC in benzene (2.1x 10~ M) at
25 °C, measured by a nanosecond laser flash photolysis experiment (excitation wave-
length, 355 nm; pulse width, 5 ns; power, 8 mJ/pulse). A sharp absorption band at
400 nm and a broad absorption band ranging from 500 to 900 nm can be ascribed to
the colored species, pseudogem-bisDPIR[2.2]PC. The half-life of the colored species
is 33 ms at 25 °C. Figure 9.4b shows the time profile of the transient absorbance at
400 nm, measured in the temperature range from 5 °C to 40 °C. The thermal bleach-
ing process obeys first-order kinetics, and the half-life of the colored species varies
from 198 ms at 5 °C to 10 ms at 40 °C as shown in Fig. 9.4c. The AH* and AS* values
estimated from standard least-squares analysis of the Eyring plots are 59.8 kJ mol™'
and —19.1 J K=' mol™, respectively. The free energy barrier (AG*=AH*—TAS") is
65.5 kJ mol™" at 25 °C. Fast thermal bleaching kinetics enable a solution color change
where it is irradiated with UV light at room temperature. Note that the afterimage
seen in the photochromic reaction of the naphthalene-bridged imidazole dimer is
invisible to the naked eye for pseudogem-bisDPI[2.2]PC system.
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Fig. 9.4 (a) Transient
absorption spectra of
pseudogem-bisDPI[2.2]PC.
Each of the spectra was
recorded at 20 ms intervals
after excitation with a
nanosecond laser pulse.

(b) Decay profiles of the
colored species monitored at
400 nm. (c) Temperature
dependence of the half-life of
the colored species
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In general, the faster the thermal bleaching rate is, the lighter the color of photo-
stationary equilibrium because of the fundamental difficulty in increasing the sta-
tionary concentration of colored species [62, 63]. In contrast to any other currently
available photochromic system, the high quantum yield of the bond cleavage reac-
tion of the photochromic imidazole dimers can enable visual inspection of the col-
oration upon UV light irradiation. A moderate thermal bleaching rate is important
for recognition by the human eye. It is difficult to detect a phenomenon that is faster
than 10 ms by the human eye, but the colored species of pseudogem-bisDPI[2.2]PC
has a half-life of tens of milliseconds, which is favorable for detection by the human
eye. Thus, pseudogem-bisDPI[2.2]PC can potentially be applied to real-time image
processing at video frame rates.

9.5.2 Remarkable Acceleration for Back Reaction

The stability of the colored species generated from the photochromic reaction of
pseudogem-bisDPI[2.2]PC can be attributed to the inhibition of the diffusion of
reactive radicals and rapid geminate recombination in the nascent RP. However, a
molecular design that significantly accelerates the thermal back reaction is neces-
sary for practical use in fast light modulators. A significant feature of the synthetic
character of the [2.2]PC-bridged imidazole dimer is a stepwise formation of two
imidazole rings by the condensation reaction between aromatic 1,2-diketones and
two aldehyde groups of pseudogem-bisformyl[2.2]paracyclophane. This type of
stepwise reaction permits rational design for achieving desired performances such
as thermal bleaching rate, coloring, and photosensitivity.

Although Marcus theory was originally developed for electron-transfer reactions
[64—66], it has been successfully applied to a variety of organic reactions [67-70].
Following standard Marcus theory, an increase in the change in Gibbs energy, AG®,
between the reactant and product would lead to a decrease in the free energy of
activation, AG*, and consequently, the rate constant for the reaction would be accel-
erated. Thus, Marcus theory gave us a crucial insight into controlling the rate of the
radical recombination reaction. We have considered that the AG® of the thermal
back reaction could be enlarged by destabilizing the colored species, and designed
pseudogem-DPI-PI[2.2]PC (Fig. 9.5), with a PC moiety that couples diphenylimid-
azole and phenanthroimidazole groups [71]. The steric repulsion between the rigid
phenanthroimidazole group and the phenyl rings facing each other should destabi-
lize the biradical state. Conversely, the rotational motion along the C—C single bond
between the imidazole group and phenyl ring in pseudogem-bisDPIR[2.2]PC could
relax the steric hindrance between the phenyl rings facing each other.

On irradiation with UV light in the solution of pseudogem-DPI-PI[2.2]PC, no
color change is discernible at room temperature but the solution changes from col-
orless to blue at liquid nitrogen temperature. That is, the thermal back reaction is too
rapid for detection by a human eye at room temperature. Laser flash photolysis
measurements confirm the photochromic properties of pseudogem-DPI-PI[2.2]PC
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Fig. 9.6 (a) Transient absorption spectra of pseudogem-DPI-PI[2.2]PC in benzene at 25 °C. Each
of the spectra was recorded at 20 s intervals after excitation with a nanosecond laser pulse. (b)
Time profiles of transient absorbance of the colored species monitored at 400 nm

with the formation of a transient colored species. Figure 9.6a shows the transient
absorption spectra of pseudogem-DPI-PI[2.2]PC in benzene (3.4x 1075 M) at 25 °C
(excitation wavelength, 355 nm; pulse width, 5 ns; power, 8 mJ/pulse). A sharp
absorption band at 400 nm and broad absorption band ranging from 450 to 1,000 nm
can be ascribed to the colored biradical, pseudogem-DPIR-PIR[2.2]PC. Indeed, the
transient absorption spectra are almost identical to those for pseudogem-bisDPI[2.2]
PC. The half-life of the colored species is 35 us at 25 °C. Figure 9.6b shows the time
profiles of the transient absorbance at 400 nm, measured at temperatures ranging
from 5 °C to 40 °C. The thermal bleaching process obeys first-order kinetics, and
the half-life of the colored species varies from 110 pus at 5 °C to 17 pus at 40 °C. The
original state is fully restored within 200 us in benzene at 25 °C. This fast color-
ation—decoloration cycle would make it possible to operate light modulator applica-
tions at a repetition frequency of 5 kHz. The AH* and AS* values estimated from
standard least-squares analysis of the Eyring plots are 35.4 kJ mol™ and
—44.1 J K-! mol!, respectively. The AG* is 48.6 kJ mol™! at 25 °C.
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Note that the thermal back reaction of pseudogem-DPIR-PIR[2.2]PC is acceler-
ated approximately 1,000 times compared with that of pseudogem-bisDPIR[2.2]PC
while maintaining its optical density in the colored state. Moreover, AOD values
immediately after laser excitation are not influenced by a temperature change, as
can be seen in Fig. 9.6b. These photochromic behaviors demonstrate the distin-
guishing feature of the [2.2]PC-bridged imidazole dimer. As described above, con-
trolling the stability of the biradical state is effective in controlling the thermal
bleaching rate for the photochromic [2.2]PC-bridged imidazole dimer. The method
for controlling the stability of the biradical state is not restricted to utilizing the
steric effect since the electronic effect induced by substituent groups would also be
effective. As compared with another photochromic system, the [2.2]PC-bridged
imidazole dimers are characterized by their diverse molecular design. A variety of
[2.2]PC-bridged imidazole dimers can be prepared by selecting appropriate aro-
matic 1,2-diketones that meet the requirements.

9.5.3 Efficient Strategy for Enhancing the Photosensitivity

Though the large optical density in the visible light region is necessary when the
[2.2]PC-bridged imidazole dimers are applied to fast color-changing ophthalmic
lenses, a fast bleaching rate decreases in the optical density in the photostationary
state. One possible approach to increase the optical density for the colored state is
to enhance the photosensitivity to solar radiation. Unfortunately the photosensitiv-
ity of the earliest [2.2]PC-bridged imidazole dimer is poor because it does not have
an efficient absorption band in the UVA radiation region. To improve the photosen-
sitivity to sunlight, we developed pseudogem-bisTMDPI[2.2]PC, which shows
excellent photochromic color change even under sunlight [72]. The [2.2]PC-bridged
imidazole dimer has two types of imidazole rings—Im1 and Im2—as shown in
Fig. 9.7. The two imidazole rings are not equivalent in their electronic environ-
ment. Im1 is a resonant planar structure that has a typical bond distance for a 67
electron system with an electron-donating characteristic. Im2 has two localized
C=N double bonds and one sp* carbon connecting Im1, consistent with a 47 elec-
tron system with an electron-withdrawing characteristic. The absorption band in
the UVA radiation region of pseudogem-bisTMDPI[2.2]PC was assigned to the
intramolecular charge-transfer (CT) transition from the electron-donating dime-
thoxy-substituted phenyl rings to the electron-withdrawing Im2 on the basis of the
TDDFT calculation. Moreover, the relationships of the CT characteristics and pho-
tochromic properties of two types of newly designed [2.2]PC-bridged imidazole
dimers (pseudogem-DPI-TMDPI[2.2]PC (1), pseudogem-TMDPI-DPI[2.2]PC
(2)) were investigated to determine the accuracy of the molecular design for
enhancing the photosensitivity [73].

The molecular structures revealed by X-ray crystallographic analysis are shown
in Fig. 9.8. Each C-N bond lengths connecting two imidazole rings (1; 1.4851(18) A,
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Fig. 9.7 Chemical structures of methoxy-substituted [2.2]PC-bridged imidazole dimers

Fig. 9.8 ORTEP representation of the molecular structures of (a) 1 and (b) 2 with thermal ellip-
soids (50 % probability), where nitrogen and oxygen atoms are highlighted in blue and red,
respectively

2; 1.480(3)A) are approximately equal to that of pseudogem-bisDPI[2.2]PC
(1.4876(15)A). The imidazole ring of 1 attached with the dimethoxy-substituted
phenyl rings is an electron-withdrawing Im2, whereas the imidazole ring of 2
attached with the dimethoxy-substituted phenyl rings is an electron-donating Im1.
Though the significant difference in the bond lengths of 2 compared with those of
pseudogem-bisDPI[2.2]PC was not recognized, the bond lengths of the C—C bond
between the imidazole ring and the dimethoxy-substituted phenyl rings of 1 were
considerably different from those in pseudogem-bisDPI[2.2]PC. These differences
in the molecular geometries can be plausibly explained by the contribution from the
intramolecular CT resonance between the electron-donating dimethoxy-substituted
phenyl rings and the electron-withdrawing imidazole ring.



9 Fast Photochromism of Bridged Imidazole Dimers 175

a b
40x10° 40x10° - 0.2
‘s
30 30
- =02 -
'E § '€ g
o - o -
- 1 - =
T 20 g - 204 o1 8
g @ g @
- o1 & = E
u L= wu =2
10 k 5 10 5
o |l||.||J..l|l I 0.0 o ﬂh | l. l 1 K 0.0
g [TTTTITTTI[TITT I T T TI T I I T[T I T I oaeey E
250 300 350 400 450 250 300 350 400 450
Wavelength /nm Wavelength /nm

Fig. 9.9 UV-vis absorption spectra and TDDFT calculations for (a) 1 and (b) 2. The calculated spec-
tra (MPW1PW91/6-31+G(d)//MPW 1PW91/6-31G(d)) are shown by the blue perpendicular lines

Figure 9.9 shows the UV—vis absorption spectra of 1 and 2 in the acetonitrile
solution, along with those calculated by the TDDFT method (MPWI1PW91/6-
31+G(d)/MPW1PW91/6-31G(d)) for the optimized molecular geometries. The
green curves are the experimental spectra and the calculated oscillator strengths are
shown by the blue perpendicular lines. It should be noted that a clearly distinct
absorption band is found in the UVA radiation region for the UV—vis absorption
spectra of 1, whereas 2 does not show a similar absorption band in the same region.
The S — S, transition at 372 nm (f=0.159) of 1 demonstrated by the TDDFT calcu-
lation is described by HOMO-1 — LUMO transition. As can be found in Fig. 9.10,
this transition can be attributed to the intramolecular CT transition from the
dimethoxy-substituted phenyl rings to the electron-withdrawing Im2. Moreover,
both of the S,— S, transition at 351 nm (f=0.075) and S — S, transition at 348 nm
(f=0.0606) are associated with HOMO-3 — LUMO transitions. These excited states
are also characterized by the same type of the intramolecular CT transition.
Conversely, as shown in Fig. 9.8, the dimethoxy-substituted phenyl rings are con-
nected to the electron-donating Im1 for 2. Thus, the intramolecular CT transition
from the electron-donating dimethoxy-substituted phenyl rings to the electron-
withdrawing Im2 would have small oscillator strength. This is because of the small
orbital overlap between the molecular orbitals (MOs) delocalized over the
dimethoxy-substituted phenyl rings and the MOs delocalized over Im2. As shown
in Fig. 9.9, significant absorption bands are not found in the experimental or the
theoretical absorption spectra of 2 in the UVA radiation region. The solvent effects
on the absorption spectrum of 1 are also investigated. The maximum wavelength of
the absorption in the UVA radiation region is slightly red shifted, depending on the
increase in the permittivity of the solvent. This result also supports the CT nature of
the absorption in the UVA radiation region. These structure—spectra relationships
are the definitive evidence for the presence of the intramolecular CT band from the
electron-donating substituents to the electron-withdrawing Im2.

The photosensitivity of the [2.2]PC-bridged imidazole dimers can be readily
controlled by appropriately designing of the phenyl rings attached to the imidazole
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rings. The introduction of electron-donating substituents into the phenyl rings
attached to the electron-withdrawing Im2 would enhance the photosensitivity with
the aid of the intramolecular CT transitions. Both of the solutions of 1 and 2 undergo
photochromic reaction involving a color change from colorless to blue upon UV
light irradiation and generate the identical colored biradical species. The solutions
reach the photostationary equilibrium very rapidly under continuous irradiation,
and after irradiation ceases, the absorption decreases quickly according to
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monoexponential thermal bleaching kinetics. The oxidation of the precursor gives
the crude mixture of 1 and 2, and consequently, the photochromic reaction of 1
leads to the formation of the mixture of 1 and 2 via the colored biradical species.
The formation of 1 by the photochromic reaction of 2 is also true. Thus, the repeated
irradiation of UV light to the solution of 1 would gradually change to the mixture of
thermal equilibrium of 1 and 2.

9.6 Conclusion

We have developed a wide variety of the photochromic [2.2]PC-bridged imidazole
dimers, which show instantaneous coloration on exposure to UV light and rapid
fading in the dark [74-79]. The diversity of the molecular design and the ease of
synthesis make this class of photochromic compounds highly attractive for high-
performance ophthalmic plastic lenses and revolutionary optical switching devices.
In view of the thermal bleaching rate, the fast photochromism of the [2.2]PC-bridged
imidazole dimers can be applied to real-time image processing at video frame rates.
Thus, molecular design based on the photochromism of HABI can lead to the devel-
opment of a new family of photochromic compounds with unprecedented switching
speeds and remarkable stability. These could eventually evolve into solid-state pho-
tonic materials with unique photoresponsive characters.
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Chapter 10
Photochromic Terarylenes

Takuya Nakashima and Tsuyoshi Kawai

Abstract Properties of photochromic terarylenes are described as a novel series of
photochromic switching molecules. The chemical structure of terarylenes can be
recognized as an extension of diarylethenes modified at the central ethene moiety
with extended m-conjugated systems. Terarylenes also show photo-induced
6m-electrocyclization reaction in a similar manner to that of diarylethenes. A variety
of terarylene structures with various combinations of heteroaromatics could be
achieved by metal-catalyzed conventional aryl-aryl cross-coupling methods as well
as azole-forming condensation reactions from bis(heteroaryl)-a-hydroxyketones.
The conformations of terarylenes are controlled both in solution and crystal with the
molecular design of terarylenes by means of the combinations of heteroaromatics
including their coupling directions, leading to the design of photo-switching mole-
cules with ultimately high sensitivity. The modification of less versatile ethene moi-
ety of diarylethenes with various m-conjugation systems has expanded the versatility
as photo-switching molecular materials. In this chapter, we review the chemistry of
photochromic terarylenes including synthetic approaches, photochromic properties,
and various photo-switching properties.

Keywords Heteroaromatics ¢ Photo switches ® Supramolecular chemistry

10.1 Introduction

The basic structure of photochromic terarylenes is composed of three heteroaro-
matic rings to form a 1,3,5-hexatriene structure, which is capable of 6x-electrocyclic
photochromism in a similar manner to those of fulgides [1, 2] and diarylethenes [3, 4].

T. Nakashima (D<) » T. Kawai

Graduate School of Materials Science, Nara Institute of Science and Technology,
8916-5 Takayama, Ikoma, Nara 630-0192, Japan

e-mail: ntaku@ms.naist.jp; tkawai @ms.naist.jp

M. Irie et al. (eds.), New Frontiers in Photochromism, 183
DOI 10.1007/978-4-431-54291-9_10, © Springer Japan 2013



184 T. Nakashima and T. Kawai

Fig. 10.1 Photochromic
reaction of a terthiophene

The chemistry of photochromic terarylenes could be seen as an extension of dia-
rylethenes modified at the central ethene moiety with aryl units. Photo-switching
effects in diarylethenes have been extensively studied for controlling various chem-
ical and physical properties such as fluorescence intensity and wavelength [5-10],
refractive index [11-14], electronic conductivity [15-19], electrochemical response
[20-24], magnetic interactions [25, 26], and molecular interactions [27-30]. Most
of these photo-switching effects are based, at least partly, on changes in the extent
of m-conjugation in the diarylethenes in the course of photochromic reactions. That
is, the m-conjugation system of diarylethene extends over both sides of the molecule
in the closed-ring form, while it is restricted on each side for its open-ring isomer.
In this context, thiophene-bridged bis(thienyl)ethene derivatives were developed as
molecular re-routers of the n-conjugation pathways [31]. As illustrated in Fig. 10.1,
the n-conjugation system in the open-ring form extends from the top to the left-hand
side of molecule, while it changes between the top and the right-hand side of mol-
ecule in the closed-ring isomer. Thus triangle terthiophenes have offered the switch-
ing capability of m-conjugation pathways in multiple ways.

Some diarylethene derivatives incorporating expanded n-conjugation systems such
as naphthoquinone [32], phenanthroline [33], and tetraazaporphyrin [34] on the central
ethene group have been proposed. The direct introduction of functional n-conjugation
groups as the bridging ethene unit participating in the 6r-electrocyclization reaction
would endow the significant switching effect as well as the unique photochromic reac-
tivity, which has touched off the development of “terarylenes” as a novel series of
photochromic molecules. In this chapter, we first give an overview of synthetic routes
to terarylenes and then introduce their photochromic properties including the molecu-
lar design for the enhanced photochromic reactivity, the controlled thermal stability of
closed-ring isomers, and various switching properties.

10.2 Synthesis

Photochromic terarylenes are prepared through two synthetic approaches. One
route goes through the ring-forming reactions of azoles from diaryl-a-dions or
diaryl-a-hydroxylketones to 4,5-bisarylazoles. The other involves metal-catalyzed
aryl-aryl cross-coupling reactions between central and side-aryl units.

Krayushkin et al. reported the synthesis of photochromic bis(thienyl)azoles from
a-hydroxyketone derivative 1 (Fig. 10.2) [35, 36]. a-Haloketone 2 and a-diketone 3
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were synthesized from o-hydroxyketone 1 and were converted to bis(thienyl)ami-
nothiazole 4 and bis(thienyl)phenylimidazole 5, respectively, by the azole-forming
condensation reactions. The key substrate a-hydroxyketone 1 was synthesized start-
ing from 2,5-dimethylthiophene through three reaction steps [35]. Alternatively,
Branda et al. [37] proposed an efficient way to a-hydroxyketone 6 through a ben-
zoin condensation reaction of thienylaldehyde (Fig. 10.3) [38].

In contrast to the route through the azole ring-formation reaction, which is limited
to terarylenes with some specific azoles as a central bridging unit, a variety of ter-
arylene molecules have been prepared from various combinations of heteroaromat-
ics by the metal-catalyzed aryl—-aryl cross-coupling reactions. Figure 10.4 shows the
typical synthetic route of a terarylene with symmetrical side-aryl units. 3-Borylated
thiophene as a side-aryl unit and 4,5-dibromo-2-phenylthiazole as a central unit were
prepared separately, which were then combined by the Pd-catalyzed Suzuki-Miyaura
cross-coupling reaction to form a photochromic bis(thienyl)thiazole 7 [39]. Tian
et al. reported a one-pot synthesis of terthiophene 8 from commercially available
reagents. The Grignard reagent prepared from 2-bromo-3-methylthiophene was
combined with 2,3-dibromothiophene by the Ni-catalyzed cross-coupling reaction to
form 8 in good yield over 90 % (Fig. 10.5) [40].

Terarylenes with asymmetric side-aryl units were synthesized by sequential
cross-coupling reactions utilizing the different reactivity of a- and pB-carbons of
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heteroaryls [41]. For instance, the nucleophilic 5-position (S-side) carbon is more
reactive than 4-position (N-side) for the Suzuki—-Miyaura coupling reaction of
4,5-dibromothiazole [42]. Bis(thienyl)thiazoles 10 and 12 with asymmetric side-
thienyl units were synthesized according to Fig. 10.6. Since the n-conjugation path-
ways of closed-ring isomer of bis(thienyl)thiazoles is extended from the top to the
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right-hand side (N-side) of molecule, the closed-ring isomer of 10 gave an absorp-
tion maximum at longer wavelength than that of the closed-ring isomer of 12.

10.3 Photochromic Properties

Terarylenes exhibit reversible 6z-electrocyclization reactions, photo-induced cycli-
zation, and photo- and/or thermal cycloreversion in a similar manner to those of
diarylethenes. Figure 10.7 showed a typical absorption spectral change of a ter-
arylene 7 upon photochromic reaction. Open-ring isomer has an absorption maxi-
mum in the UV region, which shifts to longer wavelength above 600 nm by UV
irradiation. The absorption spectrum of closed-ring isomer reverts to that of open-
ring form by the irradiation with visible light above 400 nm. The absorption spectral
change accompanies an isosbestic point at 340 nm.

Figure 10.8 summarizes the absorption maxima of each isomer of bis(aryl)thia-
zoles together with those of diarylethene analogs [39, 43—46]. The introduction of
2-phenylthiazole instead of hexafluorocyclopentene gives rise to the redshift in
absorption peaks in both open- and closed-ring isomers because of the expansion of
T-systems.

The effect of the introduction and expansion of the n-conjugation system at the
central aryl unit of terarylenes on their photochemical properties has been system-
atically investigated by a series of bis(benzothienyl)thiazoles (Fig. 10.9, Table 10.1)
[47]. The introduction and expansion of the n-conjugated system at the 2-position
of the thiazole ring led to the redshift of absorption peak for both open- and closed-
ring isomers. Although 18 and 17 exhibited relatively high photo-cyclization reac-
tion quantum yields (@ ) over 0.5, 19 with the most extended n-system showed a
considerably suppressed photo-reactivity, even though it is supposed to have a simi-
lar conformation to those of the other two derivatives. Meanwhile, these molecules
showed similar photo-cycloreversion quantum yields as high as 0.3. Quantum
chemical calculations explained the decrease of the @ _ and unchanged photo-
cycloreversion reactivity of 19 [47].

In the following, the thermal stability of closed-ring isomers and the structure-
photochromic reactivity relationship of terarylenes are introduced.

10.3.1 Thermal Stability

Although the closed-ring isomer of cis-stilbene quickly returns to its open form at
room temperature, the closed-ring isomers of diarylethenes, which are the analogs
of cis-stilbene with thiophene or thiazole rings instead of benzene, are highly stable
in the dark. Less aromatic stabilization energies of thiophene and thiazole were
reported to be responsible for the stability of closed-ring isomers of diarylethenes
by reducing the degree of destabilization of closed-ring isomers to the open-ring
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Table 10.1 Absorption A (nm) @ @
maxima and molecular
extinction coefficients of the 18a 295 0.56
open- and closed-ring 18b 534 0.30
isomers of 17, 18, and 19, 17a 329 0.58
together with their quantum 17b 539,556 0.45
yields in hexane 19a 370 0.078

19b 550, 590 0.29

Table 10.2 Arrhenius parameters and thermal half-lifetime at 20 °C of cycloreversion reaction of
closed-ring isomers

Ph Ph Ph Ph Ph Ph
£y \§ S/gN S/gN S/gN S/gN S/gN
Pi /S S\ PhPhl/SX isi\ Ph Ph/zsﬁ isg\Ph Pl /S S\ /S S\ Ph /S S\
7N 7\ /A I\
Ph Ph
16b

Ph Ph Ph Ph Ph  Ph

20b 7b 10b 12b 21b
E_(kJ mol™")* 84 92 112 83 91 83
A (s 2.0x 10 1.6x10"°  7.1x10" 1.4x10" 1.8x 10" 9.3x10"
kat20°C (s")  23x10°  63x107 7.7x10° 22x10* 1.0x10* 1.4%x107!
tipa 20 °C 11h 14 days 3.3 years 51 min 94 min 54s

In toluene

form [48]. In terms of aromatic stabilization energy, the closed-ring form of ter-
arylenes seems less stable than that of diarylethene analog because three aromatic
units collapse simultaneously with the photo-cyclization. The thermal cyclorever-
sion reaction rate constants of a series of terarylenes were studied at various tem-
peratures, and the first-order kinetics (k) exhibited Arrhenius-type temperature
dependence (Table 10.2) [39, 42].

The half-lifetime (¢,,,) of closed-ring isomer of terarylene composed of three
thienyl rings 20b was estimated to be 11 h at 20 °C [39]. While increasing the num-
ber of substitution of thienyl group with thiazole, which has a smaller aromatic
stabilization energy than thiophene [49, 50], the ¢, n values improve to 14 days for
7b and to 3.3 years for 16b. The contribution of lower aromaticity of thiazole units
compared to thiophene was indicated by the increase of activation energy (E ) from
84 (20b) to 92 and 112 kJmol™ for 7b and 16b, respectively. Although the 7, , of
3.3 years seems still short in comparison with diarylethenes [3], the introduction of
benzothiophene, fused heteroaromatic, or S,S-dioxide thiophene groups [51] would
further improve the thermal stability of colored isomers sustainable for practical
applications.

Meanwhile, the terarylene structure might have an advantage in the development
of photochromic molecules with fast thermal bleaching rate. In addition to the small
activation energy for the thermal cycloreversion reaction of terarylenes, the increase
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Fig. 10.10 ORTEP drawings of open-ring isomers of 7 (a) and 16 (b), showing 50 % probability
displacement ellipsoids

of the frequency factor by the introduction of rigid phenylethynyl groups on the
side-thienyl groups resulted in the significant acceleration of thermal bleaching rate
constant from 6.3 x 1077 for 7b t0 2.2x 107, 1.0x 10, and 0.14 s~ for 10b, 12b, and
21b, respectively. Thus the control of thermal cycloreversion rate constant over 7
orders of magnitude was achieved by the use of terarylene structures.

10.3.2  Structure-Photochromic Reactivity Relationship

Since the photo-electrocyclic reactions of fulgide and diarylethenes typically take
place within a few ps [52] in a conrotatory manner, the photo-cyclization quantum
yield is generally determined by the electronic structure in the excited state, which
is directly interpreted as the molecular conformation in the ground state [3]. In con-
trast to diarylethenes, terarylenes offer a wide accessibility to the control of molecu-
lar folding in terms of the design of intra- and intermolecular interactions through
the combination of various heteroaromatic rings.

The crystal structures of 7 and 16 exhibited the photochromic-active and
photochromic-inactive molecular conformations, respectively (Fig. 10.10). The dis-
tance between the photo-reacting carbon atoms are evaluated to be 0.36 nm for 7,
which seems short enough for the electrocyclization reaction in crystal [53], whereas
that of 16 was 0.49 nm, indicating nonreactive conformation. The photochromic-
active conformation of 7 was seemingly supported via the multiple weak CH/N and
CH/S hydrogen bonding interactions [54] between the methyl groups on the
4-positions of side-thienyl rings and heteroatoms (N and S) in the central thiazole.
The atomic distance of CH/N and CH/S could be possible below 0.27 and 0.30 nm,
respectively, which are shorter than the sums of van der Waals radii, 0.275 nm for
H/N and 0.30 nm for H/S. On the other hand, the photochromic-inactive
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Fig. 10.11 Photochromic reactions of dibenzothienylthiazoles

conformation of 16 would be also supported by CH/N interaction between the
methyl group on the reactive carbon atom of a side-aryl unit and the nitrogen of the
central thiazole. The N/N repulsion between the central and side-thiazolyl rings
might flip the side-thiazolyl ring, and the CH/N interaction stabilizes the flipped
conformation. These intramolecular non-covalent interactions of the sort mentioned
above might be responsible for the @ _ of 7 and 16, where 7 gave higher value of
0.6 than 16 (¢ =0.4) in solution [39].

As another example, 2-phenyl-4,5-bis(benzothienyl)thiazole 22 (Fig. 10.11)
shows @ _ of 0.77 which is markedly larger than that of 2-phenyl-4,5-bis(2-
methylbenzothienyl)thiazole 17 (@ _ =0.58). Specific intramolecular CH/N interac-
tion is possible to stabilize the reactive conformation in these compounds. However,
the nonreactive conformation of 17 is also possible to be stabilized with another
CH/N interaction because of methyl protons. Therefore, the relative stability and
thus population of the reactive conformation is efficiently enhanced in 22 [46].

Bis(thiazolyl)arylenes 23 [55] and 24 [56] (Fig. 10.12) were designed for further
efficient photochromic reactivity in solution, whose molecular geometries were
expected to be fixed in the photo-reactive conformation by multiple intramolecular
interactions including CH/heteroatom and inter-heteroatom interactions. As shown
in Fig. 10.12a, the CH/N and S/N [57] interactions between the central benzothio-
phene and both side-thiazolyl rings were indicated by the atomic contact observed
in the crystal structure [55]. In combination with these interactions, CH/r interac-
tions between the methyl groups on the reactive carbon atoms and thiazole ring at
the opposite sides were suggested by the short distance between the methyl groups
and the molecular plane of the thiazolyl rings (0.31 and 0.32 nm). Such multiple
weak intramolecular interactions were also observed for 24 to stabilize the photo-
reactive conformation [56].

The conformations of 23 and 24 in solution were evaluated by temperature-
dependent 'TH NMR spectra [55, 56]. Methyl protons on the reacting carbon atoms
for both 23 and 24 gave signals at substantially high field below 2.0 ppm even
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Fig. 10.12 Chemical structures and ORTEP drawings of open-ring isomers of 23 (a) and 24 (b),
showing 50 % probability displacement ellipsoids

though they are attached to sp? carbon atoms. Such a high field chemical shift of
methyl groups would originate from the ring-current effect of the neighboring thia-
zole ring, supporting the CH/r interactions. The downfield shift of methyl signals
upon the heating suggested the weakening of CH/r interactions by increasing tem-
perature. On the other hand, the signals of protons, which are expected to take part
in CH/N interactions, showed upfield shift upon heating. The downfield shift at low
temperature could be attributed to the anti-shielding effect by nitrogen atom and
supported the CH/N interactions in 23 and 24. Furthermore, the systematic DFT
calculations for 23 by the rotation about the single bond between the central benzo-
thiophene and the side-thiazolyl ring participating in S/N interaction gave the rota-
tional energy barrier about 20 kJ/mol from photochromic-reactive conformation to
an unreactive one [58]. Due to the considerable contributions of multiple intramo-
lecular interactions, bis(thiazolyl)arylenes 23 and 24 prefer the photo-reactive con-
formation in solution and gave markedly high photo-cyclization quantum yields,
0.98 and 0.90, respectively.

The photochromic system integrated with molecular folding controlled by host-
guest interaction has been demonstrated using terarylene 25 (Fig. 10.13) [59]. 25
has a thienopyridyl ring as a side-aryl unit. In less polar media, the N/N repulsion
between the central thiazole and the pyridyl ring flips the thienopyridyl ring to form
a photochromic-inactive conformation, which would be stabilized by the intramo-
lecular CH/N interaction as shown in Fig. 10.13. Meanwhile, in a protic media such
as methanol, the methanol molecule is expected to interact with both the aromatic
nitrogen atoms through conventional OH/N hydrogen bonding. Binding of a
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clarity

methanol molecule would effectively suppress the rotation about the thiazolyl—thi-
enopyridyl bond, therefore directing the adoption of a photochromic-active confor-
mation. Temperature-dependent '"H NMR study revealed that the photo-reactive
conformation was dominant in methanol whereas the unreactive one was favored in
hexane. The solvent-dependent folding of molecular conformation resulted in the
photochromic cyclization quantum yields of 0.60 in methanol, which is twice of
that in hexane (0.30).

Complete regulation of molecular conformation between photo-reactive and unre-
active ones was achieved in the crystalline state. The geometry of 25 in the crystal
from hexane is apparently unsuitable for the photo-cyclization reaction (Fig. 10.14a).
The weak hydrogen bonding between (C)H and N, (about 0.24 nm) stabilizes the
nonreactive form (Fig. 10.13). The atomic distance between the reacting carbons
(C,;~C,)) of 424 nm was too long to exhibit the single-crystalline photochromism
[59]. Interestingly, the crystal formed in the methanol solution binds a methanol mol-
ecule at the N1-N2 binding site to form an inclusion complex and adopts the photo-
reactive conformation (Fig. 10.14b). The distance between the reacting carbon atoms
was 3.72 nm, which endows the photochromic capability in the crystalline state.

The control of photochromic reactivity of a terarylene in terms of molecular
conformation was also attained by the combination with chemical reactions,
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26b photochromic inactive

Fig. 10.15 Control of photochromic reactivity of a terthiophene with redox reactions

demonstrating a “lock and key control” system [60]. The selective oxidation of
sulfur atoms in bis(thienyl)benzothiophene 26 gave a partly oxidized 27 with S,S-
dioxide moieties by the oxidation using m-chloroperbenzoic acid (mCPBA). While
26 showed reversible photochromic reactions, the photochromic reactivity of 27
was strongly suppressed. X-ray crystallographic study indicated the CH/O intramo-
lecular hydrogen bonding interactions between S,S-dioxide moieties and methyl
and aryl protons as shown in Fig. 10.15, which was responsible for the suppressed
photochromic reactivity of 27 to fix the unreactive conformation.

10.4 Switching Property

10.4.1 Photochromic Metal Complexes
and Organometallics for Luminescence Switching

The use of extended n-system as an ethene bridging unit for diarylethenes has pro-
vided photo-responsive ligands for photochromic metal complexes and organome-
tallics [61, 62], where the 6m-electrocyclization reaction brings about the direct
modulation of m-conjugated ligand structures. Those photochromic metal com-
plexes often provide luminescence-switching capability based on the photo-
modulation of metal-perturbed n—n* transition of ligand or metal to ligand charge
transfer (MLCT) characters. Figure 10.16 shows typical photochromic metal com-
plexes with photo-responsive bis(thienyl)aryl ligands [33, 34, 63—65]. Tian et al.
reported preparation of tetraazaporphyrin derivative 28 having four bis(thienyl)eth-
ene units. 28 undergoes a ring-cyclization reaction at two photochromic sites with
the both UV and visible irradiation, and the near-IR emission was quenched after
the cyclization reaction [34]. Yam et al. extensively studied the luminescence mod-
ulation of photochromic metal complexes as exemplified by 29-32 introducing
coordinating units as central bridging moieties [33, 63—-67].

Photochromic lanthanide complexes afford the unique mechanism for photo-
switching of luminescence property, which is derived from the emission property of
lanthanide ions on the basis of characteristic 4f—4f transition processes [68, 69]. The
electric dipole (ED) transition on the 4f orbitals is intrinsically La Porté forbidden
and is markedly sensitive to the asymmetric structure of the coordination field.
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Fig. 10.17 Photochromic reaction of a terthiazole—Eu(III) complex

Thus, the probability of ED transition is expected to change upon the photochromic
reaction of the ligand, which causes the modulation in the symmetry of the ligand
field, or “odd parity” [61].

The terthiazole 16 was employed as a photochromic ligand to form Eu(IIl) com-
plex 33 using a bidentate N—N coordination site formed between neighboring thia-
zolyl rings (Fig. 10.17). The reversible photochromic reaction of terthiazole ligand
changed the emission profile, the relative intensity of ED transition at 614 nm to that
of magnetic dipole (MD) transition at 592 nm. The relative intensity of ED transi-
tion for 33a was larger than that of 33b. The anisotropic polarizability of open-ring
form of terthiazole 16a was calculated to be larger than that of closed-ring isomer
16b, which might lead to the larger ED transition probability of 33a [69].

10.4.2 Fluorescence Turn-On Switching

In many cases, terarylenes showed fluorescence turnoff behavior, where the fluores-
cent open-ring form becomes nonfluorescent by the photo-cyclization reaction as
also seen in most fluorescence switching diarylethenes [70]. There are a few fluo-
rescence switching terarylenes which show the turn-on character (Fig. 10.18).
While the open-form 34a was nonfluorescent, the photo-isomer 34b showed red
fluorescence with the fluorescence quantum yield (@) of 11 % [71]. The dynamic
fluorescence signal switch of compound 34 was demonstrated in live cells.



196 T. Nakashima and T. Kawai

Ph Ph
ST
vis.

oA Q lﬁi DS i—ﬁ
S o \\ ’ o oo

34b 35a 35b

hem = 580 nm, hem =577 nm,

= 0.11 (in ethyl acetate) @; = 0.45 (in toluene)

Fig. 10.18 Photochromic terarylenes with fluorescence turn-on property

37

Fig. 10.19 Photochromic terarylene which shows a subsequent elimination reaction

Bis(thienyl)ethenes with S,S-dioxide moieties were reported to be fluorescent in the
closed-ring forms [72, 73]. Terarylenes with S,S-dioxide moieties also showed the
turn-on behavior [74]. The fluorescence quantum yield of closed-ring isomer 35b
was 45 %, which is substantially larger than that of the diarylethene analog with a
perfluoro-cyclopentene bridging unit (@,=3 %) [74]. The oxidation of thienyl units
markedly decreases the photo-cycloreversion quantum yield as well [74]. The con-
tinuous irradiation with visible light to 35b for hours caused no marked changes in
visible absorbance and emission intensity of 35b due to the extremely low cyclorev-
ersion quantum yield (@ _<1.0x10™), offering a practical irreversible photo-
patterning of fluorescence image.

The fluorescence turn-on system was also achieved in combination with the sub-
sequent reaction following the photo-cyclization reaction to form a fused polycyclic
compound. Terarylene 36a has a methoxy group and a hydrogen atom at each
photo-reacting carbon to release a methanol molecule from the closed-ring isomer
under polar or acidic conditions (Fig. 10.19) [75]. The fused polycyclic aromatic 37
exhibited blue fluorescent with @_of 10 % and never returns to 36b, which is useful
for write-once optical memory with nondestructive fluorescence readout.

10.4.3 Integration of Photochromic Reactivity
with Chemical Reactivity

The physicochemical properties such as Lewis acidity and electron-donating prop-
erties of the central aromatic moieties are modulated by the photochromic reaction
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Fig. 10.20 Photochromic molecules which switch the electron-donating property

due to the reconstruction of m-systems upon the 6m-electrocyclization reactions
(Fig. 10.20). Compound 38a has a 1,3,2-dioxaborole as a central bridging unit,
which has a significant aromatic character because of overlapping p-orbitals con-
taining 4n+2n-electrons [37]. The delocalized =n-electrons partially occupy the
p-orbital of boron atom to reduce the Lewis acidity. UV irradiation induces the
cyclization reaction to generate 38b. The reconstruction of w-conjugation reduces
the electron density of boron center and enhances the Lewis acidity. The similar
modulation of electron density on the central bridging aryl unit was demonstrated
using 39 [76]. Compound 39a is composed of the same photochromic carbene
ligand with the complex 31 [65]. The decrease of electron-donating property of
photochromic carbene ligand was confirmed by the change in the vibration energy
of carbonyl ligand coordinating to iridium.

The switching electron-donating property of N-heterocyclic carbene was further
applied to the photo-switchable carbene catalyst [77]. Under ambient light and in
the presence of base, the open-form 41a catalyzed transesterifications as well as
amidations in a manner similar to those of N-heterocyclic carbene precatalysts.
However, upon UV irradiation to form closed-isomer 41b, the rate of the trans-
esterification reaction was significantly attenuated to less than a tenth (Fig. 10.21).
Thus the photo-control of chemical properties such as acidity and electron-donating
properties is promising for the photo-switchable catalyst whose reactivity or selec-
tivity is controlled with light in a remote manner [78].

Some photochromic terarylenes have been involved in the gated reaction systems
where the external stimuli such as chemical reaction control the photochromic reac-
tivity or structural change by the photochromic reaction imparts chemical reactivity.
Branda has extensively studied molecular systems interlocking the photochromic
reactivity with chemical reaction at the central ethene moiety (Fig. 10.22). A dialk-
oxybenzoin structure as a photocage was introduced as the central unit bridging two
benzofurans (42) [79]. The photo-release of acetic acid from the bridging unit gen-
erates a dimethoxybenzofuran, making up a hexatrien backbone with two side-ben-
zofuran rings. The tris(benzofuran) derivative 43a undergoes photo-cyclization
reaction to form closed-ring isomer 43b by irradiation with the same wavelength for
the photo-release of acetic acid. Thus the photochromic reactivity was controlled
with other photochemical reaction and the color change due to the formation of 43b
reports the release of acetic acid. The reversible Diels—Alder reactions of a
bis(thienyl)fulvene 44 with a dienophile control the photochromic reaction between
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45a and 45b [80]. Meanwhile, the photochromic reaction controls the retro-Diels—
Alder reaction as well. The thermally stable “armed” state 45b is unlocked with
visible light to be converted to 45a, which thermally releases a dienophile.
Bis(thiazolyl)imidazolium 46a (Fig. 10.23) was demonstrated to change the
charge localization state of the imidazolium bridging moiety upon photochromic
reactions [81]. The delocalized cationic charge in the central imidazolium ring of
46a becomes localized at the 2-position of imidazolium ring (46b) by photo-
cyclization reaction. Since the ionic interaction is dependent on the ionic radii of
components and the dielectric constant of solvents, the closed-ring form 46b showed
unique solvatochromism. That is, 46b gave two patterns of absorption peaks depend-
ing on the solvents instead of the continuous peak shift responding to the dielectric
constants as is often found in conventional solvatochromism. The absorption peak
of 46b appeared at 650 nm in polar solvents such as methanol, acetonitrile, acetone,
and dichloromethane, while the peak redshifted to 560 nm in less polar media with
the dielectric constant below 7. In polar media, each imidazolinium cation 46b and
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iodide anion would be well solvated with solvent molecules to result in weak elec-
trostatic interaction. However, the insufficient solvation of ionic species in low polar
media may give rise to the formation of a certain kind of contact ion pair in which
the iodide anion strongly binds to the imidazolinium cation at ground state to shorten
the effective mn-conjugation length. Meanwhile, such solvatochromism was never
found in the open-ring isomer 46a because of the inherently weak ionic interaction
between the imidazolium ring with a well delocalized cationic charge and iodine
anion. In other words, as also seen in compounds 38, 39, and 41, the ring-cyclization
reaction reduces the electron density of the central bridging imidazolium moiety.
The photo-modulation of cationic delocalization state was further demonstrated
by the “photo-gated” reactivity of 46 (Fig. 10.23). The closed-ring isomer 46b gave
an absorption band at 650 nm in methanol, which shifted to 550 nm in the presence
of appropriate nucleophile such as sodium methoxide (NaOMe). The formation of
methoxy adduct 47 was confirmed by "H NMR spectrum. The selective reactivity of
the closed-ring isomer 46b was demonstrated by the reaction in an imidazolium-
based ionic liquid combined with reversible phase transfer between hexane and
ionic liquid (Fig. 10.24). An ionic liquid solution of 46a turned to blue with UV
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irradiation, and the color was corresponding to that in methanol solution. The addi-
tion of NaOMe to the ionic liquid solution changed the color to red with simultane-
ous phase transfer to upper hexane solution, indicating the formation of neutral
compound 47. The color reversibly changed to blue and transferred into the lower
ionic liquid phase through the addition of acid (TFA) to again form ionic 46b.

10.5 Summary and Outlook

In this chapter, we introduced photochromic terarylenes as an extension of diaryle-
thenes modified with extended n-systems at the ethene bridging part. Substitution of
(perfluoro)cyclopentene unit, which is stable against photochemical reactions,
highly electro-withdrawing, and convenient for syntheses, with extended n-systems
has expanded the utility of diarylethenes in many aspects, including synthetic
routes, thermal stability, conformational control via molecular interactions, and
thereby photochromic efficiency, and a variety of switching properties.

Especially, the photochromic system with high cyclization quantum yields would
be beneficial for the application of light-triggered chemical reaction systems, such
as photo-resist, 3D-photo molding, and related optical technologies, with extremely
high efficiency. Furthermore, the molecular system with high efficiency in both
directions, photo-cyclization and ring-opening reactions, would be attained with the
aid of efficient oxidative or thermal cycloreversion reactions.
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Chapter 11

Photochromic Organometallics:
Redox-Active Iron and Ruthenium
Complexes with Photochromic DTE Ligand

Takashi Koike and Munetaka Akita

Abstract This chapter focuses on our works in the area of “photochromic organo-
metallics” with a M—-C (M: redox-active metal fragments, C: carbon atom in the
photochromic unit=dithienylethene (DTE)) bond. Smart molecular systems, which
are designed to bring appropriate functions in response to change of the environ-
ment, are important foundations for the development of intelligent materials.
Chromic molecules can recognize external stimuli so as to trigger chemical func-
tions required for smart chemical systems. Combination with metal components,
which exhibit unique properties such as redox and photophysical properties and
catalysis, should lead to more sophisticated systems. In particular, photochromic
molecules with metal fragments can provide an attractive molecular system driven
by light. The first part is related to photoswitchable molecular wires. The second
part deals with dual stimuli-responsive system, i.e., photo- and electrochromic
organometallics. The use of dithienylethene, a representative photochromic mole-
cule, is a key for unique chemical systems in this chapter.

Keywords Dithienylethene ® Dual chromism ¢ Electrochromism ¢ Organometallic
molecular wire ® Photochromism

11.1 Introduction

Stimuli-responsive systems are essential components of smart chemical systems
[1]. Stimuli-responsive systems can recognize changes of the environment so as to
trigger a chemical function required for the smart chemical system. Many kinds of
organic and inorganic stimuli-responsive systems have been developed so far.
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Fig. 11.1 Photochromic organometallics: combination of organic photochromic unit with metal
species

Among them much attention has been focused on chromic systems [2]. Chromism
is defined as a transformation of a chemical species between two forms by applica-
tion of a stimulus, where the two forms have different absorption spectra, i.e., dif-
ferent colors, and the process is often reversible (Fig. 11.1).

The color change results from a change of the electronic structure of the chro-
mic molecule (usually m-conjugated system), which is often associated with a
change of the geometrical structure of the molecule. Combination of such chromic
systems with other chemical systems should lead to the development of more
sophisticated stimuli-responsive systems. One way is the combination of chromic
n-conjugated organic fragments with metal species, which exhibit unique features
such as redox properties, photophysical properties, and catalysis. There are many
kinds of chromism, such as photo-, thermo-, iono-, halo-, electro-, solvato-, vapo-,
and mechanochromism [2]. Herein photochromic system with metal complexes
will be focused on, in particular, in which the photochromic unit is 1,2-dithienyl-
ethenes (DTE) [3, 4]. Over the past 10 years, photochromic metal complexes fea-
turing other photochromes such as azobenzene, spiropyran, spirooxazine,
benzopyran, and dimethyldihydropyrene derivatives have been developed from the
viewpoint of modulation of photochromism or photoregulation of the redox, opti-
cal, and magnetic properties of metal units [5-10]. In addition, metal complexes
themselves can also show photochromic properties usually via linkage isomeriza-
tion of ligands [11]. In contrast to them, “photochromic organometallics” in this
chapter refers to the DTE metal complexes, M—DTE-M or M-DTE (M: redox-
active metal fragments), with a M—C bond. This molecular design of photochromic
organometallics provides a promising way for creation of metal complexes with
photochromic properties.
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11.2 Photoswitchable Organometallic Molecular Wire

11.2.1 Introduction

Molecular electronics are regarded as one of the promising ways for miniaturiza-
tion of electronic circuits leading to highly integrated electronic systems [12-25].
In order to build up molecular circuits, many molecular components such as wires,
switches, transistors, and logic gates should be developed and assembled. The
polyynediyldimetal complexes, M—(C=C) -M (M: redox-active metal fragments),
with a wirelike appearance are expected to display properties applicable to molec-
ular wires [26-30], because the d-orbitals of the metal fragments at the termini
may interact with each other through the n-conjugated (C=C)_ rod. For efficient
communication between the two metal centers, the properties of the metal frag-
ments must be best tuned [31-41]. Molecular electronics, however, are still in their
infancy. Other molecular components need to be synthesized and their perfor-
mance should be assessed [42]. Thus, we carried out the synthesis of switching
systems.

11.2.2 I* Generation Dinuclear Iron and Ruthenium Complexes
with Dithienylethene Ligand

Dithienylethene (DTE) has been chosen as the switching mechanism. The family of
DTE is one of the versatile photochromic systems developed by Prof. Irie (Fig. 11.2)
[3, 4]. Their photochromism is based on the reversible photochemical cyclization—
cycloreversion processes between the open 1,3,5-hexatriene skeleton and the closed
cyclohexadiene skeleton in the central part, and the forward and backward pro-
cesses are triggered by UV and visible light irradiation, respectively. It is notable
that the double bonds in the closed isomer C are fully conjugated, whereas the open
isomer O contains cross conjugation at the thiophene—cyclopentene junctions. This
dramatic structural change causes the striking color change (O: pale-colored, C:
deep-colored), and DTE is superior to other photochromic systems with respect to
many aspects such as quick response, fatigue resistance, and facile control of the
photophysical properties (e.g., 4__). If metal fragments are attached to the 5- and
5’-positions of the thiophene rings, the communication between the two metal cen-
ters through the DTE bridge may be switched.

Taking into account for the facile access to the acetylide complex-type skeleton,
the DTE/Fe system with the C=C linkers, Fe—-C=C-DTE-C=C-Fe (Fe= (n5—C5Me5)
Fe(dppe), and dppe =Ph,PCH,CH,PPh,) (1Fe*0), was designed and readily synthe-
sized from the corresponding 1-alkyne (Fig. 11.3) [43]. For the open isomer 1Fe*O
characterized by crystallographic methods, it is worthy of note that the DTE moiety
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Fig. 11.2 Photoswitchable organometallic molecular wire (1% generation DTE complex)

adopts an antiparallel conformation suitable for photocyclization, i.e., the Fe groups
bulkier than the central DTE part do not significantly affect the conformation of the
central part in the ground state (Fig. 11.3a). The organometallic DTE derivative
1Fe*O underwent photocyclization upon UV irradiation, in a manner similar to
organic counterparts, to be converted to the closed isomer 1Fe*C. A visible absorp-
tion at 774 nm grew progressively and reached a photostationary state with the
composition of 1Fe*0/1Fe*C=10/90 in C,D, (Fig. 11.3b). Subsequent visible light
irradiation of the equilibrated mixture regenerated 1Fe*O quantitatively. After ten
photochemical cyclization—cycloreversion cycles, no noticeable deterioration was
detected. Switching factor (SF) can be evaluated by comparison of wirelike perfor-
mance of 1Fe*O with that of 1Fe*C. In general, wirelike performance of organo-
metallic molecular wires is estimated on the basis of K, value (comproportionation
constant) obtained by electrochemical analysis. Wirelike behavior is attributed to
the stability of monocationic species, that is, the mixed-valence (MV) complex. The
K. value is derived from the potential difference between the two-redox process
(AE) according to the equation, K.=exp(AEXF/RT) (F: Faraday constant
(9.65x 10* C mol™), R: gas constant (8.31 J K! mol™), T: temperature (K)), and
represents the thermodynamic stability of the mixed-valence monocationic species
against non-mixed-valence ones, indicating that the extent of delocalization of the
hole over the bridging part (Fig. 11.4).

The two isomers (1Fe*0 and 1Fe*C) isolated by repeated recrystallization were
subjected to electrochemical measurements to determine the K. values. For the
open isomer 1Fe*Q, as can be seen from the CV trace, a slightly broad single redox
wave was observed indicating very weak interaction between the two metal centers
with K.=13 as analyzed by simulation of the CV trace (Fig. 11.3c) and
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deconvolution analysis of a differential pulse voltammetry (DPV) trace. In sharp
contrast, the closed isomer 1Fe*C showed two separated redox waves (Fig. 11.3d).
From the separation (AE=160 mV), the K, value was determined to be 510, which
is significantly larger than that of the open isomer. As a result, the switching factor,
SF=K_ (closed)/K . (open), turned out to be calculated at 39. It is clear that the pres-
ent iron DTE complex 1Fe* is an excellent photoswitchable molecular wire [44].
The isoelectronic complexes, Ru-C=C-DTE-C=C-Ru (Ru=(n>-C,Me,)Ru(dppe))
(1Ru*0), were also prepared and tested for photochromic behavior and switching fac-
tor [45]. It should be noted that photochromic performance is significantly improved
(1Ru*C was formed quantitatively under UV irradiation). Quantum yields (in toluene)
were determined to be 0.0021 (1Fe*Q; irradiated at 366 nm) and 0.38 (1Ru*O;
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irradiated at 366 nm) for the ring-closing processes and 0.00018 (1Fe*C; irradiated at
A, of 1Fe*C (768 nm)) and 0.00044 (1Ru*C; irradiated at A _of 1Ru*C (710 nm))
for the ring-opening processes. Note that although the ring-closing quantum yield of
1Ru*Q is comparable to that of the diphenyl derivative, C.H-DTE-C H. 5 (1,2-di(2-
methyl-5-phenylthien-3-y1)-3,3,4,4,5,5-hexafluorocyclopentene), (0.59 for ring clo-
sure and 0.013 for ring-opening in hexane) [46], the ring-opening quantum yields are
significantly even smaller than the rather small quantum yield for the ring-opening
process of 5. On the other hand, switching performance of 1Ru* (SF=4) is inferior to
that of 1Fe*. These results show that the structures of metal fragments strongly affect
photochromic properties as well as redox properties.

11.3 Dual Photo- and Electrochromic Organometallics

11.3.1 Introduction

To gain further insight into the effect of metal fragments on photochromic behavior,
we designed a new series of 2™ generation DTE complexes without acetylene link-
ers, M-DTE-M (M = (nS—CSRs)MLT M=Fe, Ru; L=CO, phosphine), which redox-
active metal fragments are directly c-bonded to the thiophene rings at the
5,5'-positions (Fig. 11.5 and Table 11.1).

In addition, computational analysis was conducted to investigate the photochem-
ical process in detail. Time-dependent DFT (TDDFT) calculations suggested that
the photocyclization proceeds via triplet excited state, which is a different reaction
pathway from the proposed process in the photocyclization of normal organic DTE.
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Furthermore, these “photochromic organometallics” exhibit ring-closing reaction
triggered by 2e-oxidation, i.e., the present molecular system provides dual photo-

and

electrochromic system. Multi-stimuli—responsive systems can be key elements

for the construction of molecular devices as well as smart chemical systems, because

they

are expected not only to simply work as a switch but also to be applicable to

logic systems. Combination of a photoresponsive DTE unit with redox-active metal
fragments has potentials to produce multi-stimuli—responsive systems and multi-
chromism. We also developed the mononuclear DTE complexes, M-DTE (M = (-

CH
man

JML,, M=Fe, Ru; L=CO, phosphine), which express dual chromism in a
ner different from dinuclear complexes.
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11.3.2 2" Generation Dinuclear Iron and Ruthenium Complexes
with Dithienylethene Ligand

A series of 2" generation DTE complexes, M-DTE-M (M =(n’~C.H,)Fe(CO),
(2Fe), (’-C.H,)Ru(CO), (2Ru), (1>~C.H,)Fe(CO)(PPh,) (3Fe), (1’~C.H,)Ru(CO)
(PPh,) (3Ru), (n’~C,H,(Me))Fe(dppe) (4Fe’), and (n°-C,Me )Fe(dppe) (4Fe*)),
was prepared by (a) metalation of the lithiated DTE using the corresponding car-
bonyl metal halides, (1]5—C5R5)MX(CO)2 (M/X=Fe/l and M/X=Ru/Cl), and (b) sub-
sequent photochemical ligand exchange reactions. Some of the derivatives are
characterized by single-crystal X-ray crystallography, which reveals the open struc-
ture with the antiparallel conformation of the two thiophene rings being suitable for
photochemical ring closure [47, 48]. The obtained organometallic DTE complexes
exhibit photochromic behavior but the performance turns out to be dependent on the
attached metal fragments, as expected from above-mentioned results (Sect. 11.2.2).
The photochromic behavior on the basis of UV—vis spectra and NMR data was sum-
marized in Table 11.1.

Complexes 2Fe, 2Ru, and 3Ru undergo the reversible photochemical interconver-
sion, whereas the other complexes 3Fe, 4Fe’, and 4Fe* are virtually inert with respect
to the photochromism. Isomer ratios (O/C) at the photostationary states in C.D, are
estimated to be 61/39 for 2Fe, 36/64 for 2Ru, 91/9 for 3Fe, and 30/70 for 3Ru.
Dependence of the photochromic performance can be estimated by the isomer ratios
at the photostationary states as follows: metal: Ru>Fe; ligand: (CO),>(CO)
(PPh,) ~dppe (for the iron complexes), (CO),~ (CO)(PPh,) (for the ruthenium com-
plexes); and linker: C=C (1) >none (2-4). Dependence on the metal will be discussed
in the next Sect. 11.3.3 on the basis of theoretical analysis. It should be noted that
conversion of 2Ru and 3Ru to the closed isomers C is incomplete, whereas the
acetylide derivatives 1Ru* are converted to the closed isomers almost quantitatively.
The difference could be ascribed to the absorption ranges of the closed isomers. The
envelope of the UV absorption of the open isomers O could be extended to the absorp-
tion ranges of 2RuC-3RuC (550-600 nm) but not to that of 1Ru*C (>700 nm) being
in the far longer wavelength region. Stability (fatigue resistance) of the organometal-
lic DTE complexes is dependent on the structure of the metal auxiliaries. For the
stability, the following orders are noted: metal: Ru>Fe and ligand: (CO)(PPh,) > (CO),.
The stability appears to be limited by photochemical decarbonylation and, therefore,
is dependent on the strength of back-donation to the CO ligands. The CpM(CO)
(PPh,) complexes 3 are more robust than the CpM(CO), complexes 2, and the ruthe-
nium complexes are more stable than the iron derivatives. In accord with this consid-
eration, any notable deterioration was not observed for the dppe complexes without a
CO ligand, 4Fe’ and 4Fe*, although they did not show photochromic behavior.

Quantum yields for the ring-closing and ring-opening processes of a representa-
tive example 2Ru in toluene were determined to be 0.22 (irradiated at 355 nm) and
0.011 (irradiated at 4 of 2RuC (549 nm)), respectively. For 2FeC, the ring-
opening quantum yield was determined to be 0.016 (irradiated at 4 _of 2FeC(560
nm)), but determination of the ring-closing quantum yield was hampered by the
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photochemical decomposition mentioned above proceeding at a rate comparable to
that of the ring-closing process. It is notable that the ring-closing quantum yield of
2RuO is in the same range of those of the organic diphenyl derivative, Ph-DTE-Ph
5, (0.59 in hexane) and the ruthenium-acetylide complex 1Ru*O (0.38) but signifi-
cantly larger than that of 1Fe*O (0.0021). On the other hand, the ring-opening
quantum yields of 2FeC and 2RuC are virtually the same as that of § (0.013 in
hexane) and even much larger than those of for 1Fe*C (0.00018) and 1Ru*C
(0.00044). Thus, it turns out that photochemical reactivity of the ruthenium com-
plexes is superior to that of the corresponding iron derivatives. The 2™ generation
DTE complexes exhibit the photochromic properties in a manner similar to that of
organic derivatives but the performance is dependent on the metal and ancillary
ligands. With respect to central metal, it has similar results as those of 1* generation
DTE complexes.

Electrochemical behavior turns out to also be dependent on the attached metal
fragments. Behavior of the 2- and 3-series complexes is considerably different from
that of the 4-series dppe complexes. As a typical example, electrochemical behavior
of 3Ru is described in detail (Fig. 11.6). The closed isomer 3RuC shows the revers-
ible, two consecutive le-redox waves at =430 (A) and —174 mV (B) (vs. [FeCp, )/
[FeCp,]*; Fig. 11.6a). The CV trace for the open isomer 3RuO (Fig. 11.6¢) is totally
different from that of 3RuC. A 2e-oxidation wave is observed at 273 mV (C) but the
corresponding reduction wave is not detected and, instead, two consecutive reduc-
tion waves are observed at —495 (D) and —217 mV (E). A subsequent anodic scan
gives two oxidation waves (F and G) corresponding to the two reduction processes
(E and D, respectively). These two redox processes observed at E,,=-430 and
—174 mV (D-G) are superimposable on those of the closed isomer 3RuC (A and B)
mentioned above. These results suggest that 2e-oxidation induces cyclization of the
open isomer. Similar electrochemical behavior is observed for the open isomers of
the ruthenium complex 2RuQ and the iron complexes 2FeO and 3FeO. In contrast
to 20 and 30, the dppe complexes 4Fe’O and 4Fe*(0 show two consecutive revers-
ible le-redox waves when scanned in the range of —1,500 to 500 mV.
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To confirm the chemical events taking place, chemical oxidation of the DTE
complexes was conducted. Treatment of 3FeO, 3RuO, and 4Fe’O with [FeCp, |PF,
(2 equiv.) gave the isolable, deep-green-colored diamagnetic dicationic closed spe-
cies, [3FeC**](PF,),, [3RuC**](PF,),, and [4Fe’'C**](PF,),, respectively (Fig. 11.7).
Single-crystal X-ray crystallography of one of the stereoisomers of [3FeC**](PF,),
confirms (a) formation of a C—C single bond between the two thiophene rings at the
2- and 2’-positions (1.52(1) A), (b) the double bond character of the Fe=C moieties
(1.858(6) and 1.872(6) A) substantially shorter than the Fe—C single bond, and (c) a
change of the pattern of the bond alternation in accordance with the canonical form
C?*depicted in Fig. 11.7. The CV trace for the dicationic species 3RuC?** (Fig. 11.6b)
identical to that of the neutral closed species (Fig. 11.6a) verifies that the two spe-
cies contain the same closed carbon skeleton with different n-conjugated systems. It
is significant that the Fe—phosphine complexes 3FeO and 4Fe’O, which do not
undergo the photochemical ring closure, cyclize quantitatively upon the 2e-oxidation.
As expected from the bond alternation pattern of C*, the dicationic closed isomers
are so stable under daylight and do not undergo photochemical cycloreversion in
contrast to the neutral closed isomers C. In addition, reduction of the dicationic
closed species C** by cobaltocene, CoCp,, gave the corresponding neutral closed
species C. For 2FeO and 2RuO, sequential in situ oxidation by CAN (cerium
ammonium nitrate) and reduction with CoCp, at =78 °C afforded the neutral closed
species 2C, indicating occurrence of an analogous redox process. The cyclic voltam-
mograms for complexes 2 similar to those of 3Ru also suggested occurrence of
analogous oxidative ring closure but the cationic carbene intermediate 2C** was too
unstable to be isolated because of the lack of an electron-donating ligand (e.g.,
phosphine ligand) for stabilization of the electron-deficient Fischer-type carbene
functional group [49, 50]. The dppe complexes 4Fe’O and 4Fe*0 exhibit CV fea-
tures different from those of 2 and 3 as mentioned above. The Cp’ complex 4Fe’O
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underwent oxidative cyclization in a manner similar to 3Fe and 3Ru to give
[4Fe’C**](PF,),, although reduction of the resultant dicationic species with CoCp,
did not afford 4Fe’C but a complicated mixture of products. On the other hand,
2e-oxidation of the Cp* complex 4Fe* did not afford the cyclized product but the
isolable, paramagnetic, open diradical species 4Fe*Q*", which shows the same CV
features as those of 4Fe*Q.

The redox processes of the 2" generation DTE complexes 2—4 can be interpreted
in terms of the reaction sequence summarized in Fig. 11.8. The 2e-oxidation of O
should give the dicationic diradical species O**. The radical centers in O** should
be delocalized over the thiophene rings in resonance with the thienyl radical form
O’*, which undergoes radical coupling at the 2- and 2’-positions of the thiophene
rings to give the closed diamagnetic species C**. Subsequent 2e-reduction gives the
neutral closed isomer C. The lack of reduction waves for the oxidized, open dica-
tionic species O* (Fig. 11.6¢) indicates that the ring closure (O* — C?*) proceeds
at a rate faster than the time scale of the CV measurement. A further cathodic scan
gives the two reduction waves for the generated, closed dicationic species C**,
which are identical to those of the neutral closed isomer C. The ring closure of the
Cp’Fe(dppe) complex 4Fe’ should follow an analogous reaction sequence but the
different CV features could be ascribed to the different time scales for the CV mea-
surement and the chemical oxidation. The electron-donating dppe ligand should
stabilize the electron-deficient diradical species O** to elongate its lifetime. As a
result, the rate of the ring-closing process becomes slower than the CV time scale
but substantial with respect to the time scale of the preparative experiment. Further
introduction of the electron-donating Cp* ligand (4Fe*) finally makes the diradical
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Fig. 11.9 A DTE complex with the Ru(bpy), units 6

intermediate 4Fe*(Q* stable so as not to undergo the cyclization. Our studies have
been followed by a few related DTE—metal complexes with ring closure induced by
oxidation [51, 52].

Thus, it has been revealed that the 2™ generation DTE complexes exhibit not
only photochromism but also electrochromism, i.e., dual chromic behavior. Similar
electrochromism is also observed in organic DTE system [53-59], however, the
feature of the present “photochromic organometallics” is the involvement of isol-
able C*. The three colors (C, O, C**) can be expressed by a single molecule in
response to different stimuli (light and redox).

11.3.3 Computational Analysis on Photochromism
of Dithienylethenes with Metal Fragments

To gain further insight into the photochemical processes observed for the dinuclear
DTE system, time-dependent DFT (TDDFT) analysis [60-63] was performed for
singlet and triplet excited states of the CpM(CO)(PMe,) complexes 3#Fe and 3#Ru
(simplified PMe,-substituted analogues of 3Fe and 3Ru, respectively).

It has been established for organic DTE molecules that the ring closure occurs
via the lowest singlet excited state (corresponding to S, for 3#Fe in Fig. 11.10a) [64,
65]. By contrast, De Cola and her coworkers recently studied photophysical proper-
ties of a transition metal complex 6, where the photochemically active Ru(bpy),
fragments were attached to DTE (Fig. 11.9), and proposed that the ring closure of 6
proceeds not only via the ligand(DTE)-centered singlet state but also via the ligand-
centered triplet state resulting from energy transfer processes by way of the metal-
based excited states [66]. Taking into account for these two extreme cases, we have
carried out TDDFT analysis. To be explained is the following photocyclization ten-
dency observed for the central metal: Ru>Fe.

Energy levels for Franck—Condon states for the two complexes are summarized
in Fig. 11.10. Singlet and triplet states are denoted by bold lines and plain lines,
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Fig. 11.11 HOMO and the lowest metal-(S,) and ligand-based singlet excited states (S,) for 3#Ru

respectively, and labels for the excited states of higher energies are omitted for clar-
ity. The excited states can be divided into two categories, LMCT and IL (intra-
ligand). The excited states of the LMCT series are metal d-orbital-based, whereas
those of the IL series are DTE-based, as can be seen, for example, from the S1 and
S, states of the CpRu(CO)(PMe,) complex 3#Ru (Fig. 11.11). In addition, the
metal-based LMCT series orbitals contain antibonding combinations between the
metal d-orbital and the ligand orbitals (Cp, CO, and PR)). These features are com-
mon to these complexes discussed herein.

Let us consider the chemical processes of 3#Ru (Fig. 11.10b). Irradiation causes
excitation of a HOMO electron to singlet orbitals of higher energies. The S, state
resulting from LMCT transition lies substantially lower in energy than the S, state
resulting from IL transition, suggesting that the initial excitation may occur toward
the S, state preferentially. The oscillator strength shown in parentheses, which
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indicates relative transition probability, clearly demonstrates that the GS(S )—S,
transition (I) is the most probable and major initial photochemical event; the oscil-
lator strength for the GS— S, transition (0.069) is substantially larger than the neg-
ligible oscillator strength for other transitions (<0.018). The energy level of S, is in
the UV region in accordance with the lack of a visible band for 3Ru. Subsequent
energy transfer to a LMCT excited state (II) followed by intersystem crossing and
relaxation according to the Kasha’s rule (IIT) leads to the lowest LMCT triplet state
T,. Further back energy transfer toward the DTE part leads to the lowest excited
state T, with the significant DTE-based character (IV). Let us point out that the MO
features for the DTE moiety in T, (MO is the same as that for S, depicted in
Fig. 11.11), i.e., (a) antibonding combination of the p-orbitals of the C=C moiety in
the cyclopentene ring, (b) m-bonding interactions at the thiophene—cyclopentene
junctions, and (c) in-phase combination of the p-orbitals of the 2- and 2’-carbon
atoms in the thiophene rings to be connected in the closed isomer, are reminiscent
of the molecular orbital of a closed cyclohexadiene skeleton. These features tell us
that the final ring-closing process from T, (V) is a likely process.

Then we examined the effects of the metal centers. For the iron analogue 3#Fe,
an energy diagram similar to that for 3#Ru is obtained (Fig. 11.10a) but a significant
difference is noted for the relative energy gap between the excited states associated
with step IV. The DTE-based T, state lies significantly higher in energy than the
lowest metal-based triplet state T, so that the final endothermic process IV is not
viable and, as a result, the iron complex 3#Fe eventually deactivates to the ground
state without cyclization. The dependence of the efficiency of the photocyclization
on the central metal (Ru>Fe) has been successfully interpreted in terms of the
mechanism involving the crucial metal-to-DTE energy transfer step IV. The inert-
ness of 3#Fe reveals that the ring closure of the organometallic DTE compounds
may proceed via triplet excited states, because, otherwise, photocyclization should
occur directly via the initial singlet state (S,) in a manner similar to organic deriva-
tives. The inertness suggests that energy transfer from S, to LMCT triplet states is
much faster than direct ring closure from S,

More recently, our collaborators, the group of Dr. Nakamura, reported on expla-
nation for ancillary ligand effect on the photocyclization of 2Fe and 3#Fe [67].
However, the origin of the dependence on the metal fragment is still open to further
discussion and investigation.

11.3.4 Mononuclear Iron and Ruthenium Complexes
with Dithienylethene Ligand

A series of mononuclear DTE complexes, M-DTE (M =(n>~C,H,)Fe(CO), (7Fe),
(W’-C,H)Ru(CO), (7Ru), (n°-C,H,)Fe(CO)(PPh,) (8Fe), (n’~C,H,)Ru(CO)(PPh,)
(8Ru), and (n*~C,H,(Me))Fe(dppe) (9Fe)), was prepared in a manner similar to the
synthesis of dinuclear complexes.



11 Photochromic Organometallics: Redox-Active Iron and Ruthenium Complexes... 219

Table 11.2 Photochromic behavior of the mononuclear DTE complexes (7-9)

Fa Fa
C
F.C7 CF,
— uv
—_—
-
| N || s @
?M S S \\M
=] open isomer S
L L
Ring
M ((n-C,H)) Ring closure®  opening® A, /nmof C  Recycl.
Complex ML) o/C: (time/min) (time/min)  (color) (times)
7Fe CpFe(CO), - - - - Decomp.
7Ru CpRu(CO), 62/38 2.5 2 547 (reddish 70 % (2)
purple)
8Fe CpFe(CO) - - - - Decomp.
(PPh,)
S8Ru CpRu(CO) 58/42 3 3 570 (purple)  >90 % (7)
(PPh,)
9Fe CpFe(dppe) 100/0 - - - -

“Isomer ratios at the photostationary states in C.D, determined by 'H NMR

Photochromic behavior of M-DTE is summarized in Table 11.2. It is revealed
that the structure of the metal fragments dramatically affected the photochromic
properties as observed in dinuclear systems. In the photochromic performance, the
mononuclear complexes exhibited lower than the corresponding dinuclear com-
plexes did (Table 11.1).

The mononuclear DTE complexes are also redox-active. CV traces of 9Fe and
8Ru apparently contained single reversible redox waves at 450 and 335 mV, respec-
tively. These results suggested that the one-electron redox processes might induce
reversible color change of the mononuclear DTE complexes because transition
metal fragments can serve as chromophores originated in d—d, MLCT, and LMCT
transitions. In fact, radical species O* derived from le-oxidation of redox-active
metal fragments have a characteristic absorption band assigned to LMCT around
visible light region (9Fe: 676 nm, 8Ru: 500 nm). As mentioned above, 2e-oxidation
of the DTE derivatives with two redox-active organometallic fragments causes the
ring closure giving the dicationic closed isomer C?*. That 2e-redox process is not
reversible as shown in Figs. 11.7 and 11.8. It is notable, in the mononuclear sys-
tems, the color of the open isomer O can be changed into two directions in revers-
ible manners (dual chromism), i.e., photochemical ring closure/opening process of
DTE moiety between O and C and le-redox process of the organometallic fragment
between O and O* as shown in Fig. 11.12 [68].
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Fig. 11.12 Dual chromism of the mononuclear DTE complexes

These results suggest that combination of a redox-active metal fragment with a
DTE makes it dual chromic system (photo- and electrochromism), leading to plural
colors and states. Recently, Humphrey and coworkers showed the multi-stimuli—
responsive systems composed with DTE, redox-active metal fragments, and pH-
responsive C=C units [69]. They have six different states, which can be logically
switched by application of the three different stimuli (light, redox, and pH) and
detected by a single technique (NLO).

11.4 Conclusion

Photochromic organometallics with a M—C (M: redox-active metal fragments, C:
carbon atom in the photochromic unit=dithienylethene (DTE)) bond show intrigu-
ing stimuli-responsive functions as described above. The functions can lead to
molecular devices and sophisticated logic systems.

11.4.1 Molecular Devices

DTE is an excellent switch for n-conjugated systems. Organometallic molecular
wires are not also exceptions. Redox properties can be switched photochemically.
Switching factors and photochemical process are strongly affected by the structure
of metal fragments (Fe or Ru, auxiliary ligands). The basic information on molecu-
lar design of metal complexes with photochromic properties has been collected.

11.4.2 Multimodal Stimuli-Responsive Systems

Attachment of a redox-active metal fragment to a photochromic system can make it
dual chromic system (photo- and electrochromism). Organic photochromic ligand
and redox-active organometallic fragments can serve as photochrome and
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electrochrome, respectively. Molecular design is important to construct such
stimuli-responsive systems. In particular, the number of metal fragments changes
their chromic mechanism. Further combination with other chromic systems and metal
fragments should contribute to the development of sophisticated logic systems.

Photochromic organometallics are promising molecular systems for molecular
devices and logic systems, although a series of systematic studies is needed for
realization. Integration of these stimuli—responsive systems would lead to smart
chemical systems.
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Chapter 12

Ultrafast Dynamics and Mechanisms
of One-Photon and Multiphoton
Photochromic Reactions

Yukihide Ishibashi, Tetsuro Katayama, and Hiroshi Miyasaka

Abstract Dynamics and mechanisms of photochromic reactions of organic molec-
ular systems, such as diarylethene, fulgide, and hexaarylbiimidazole derivatives,
were investigated by time-resolved measurements in femtosecond to picosecond
regions. Ultrafast cyclization and cycloreversion reactions in diarylethene deriva-
tives were directly detected by femtosecond laser photolysis. By integrating the
temperature dependence of faction of conformers, reaction yields, and dynamic
behaviors, the mechanisms of these reactions in the excited states were discussed on
the basis of the adiabatic potential surfaces. For the photodissociation dynamics of
hexaarylbiimidazole derivatives, the role of the local excited state in the rapid reac-
tion on the dissociative potential surface was discussed by introducing the ultrafast
dynamics in these systems with different aromatic substituents. In addition to the
elucidation of dynamic behaviors of cyclization, cycloreversion, and photodissocia-
tion in these systems by one-photon excitation, nonlinear photochromic reactions
were also studied. Stepwise two-photon absorption leading to a specific higher
excited state, which was not accessible via one-photon absorption from the ground
state, induced drastic enhancement of the cycloreversion reaction (>2,500 times
compared to the one-photon process). In addition, one-color reversible control of
both directions of photochromic reactions was attained for a diarylethene derivative
through simultaneous three-photon cyclization and two-photon cycloreversion
using femtosecond near-IR laser pulse at 1.28 pm.
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12.1 Introduction

Various kinds of photochromic molecules have been developed so far, such as azo-
benzene, spiropyran, spirooxazine, hexaarylbiimidazole, fulgide, diarylethene, and
so forth [1-6]. Some of these systems are covered in other chapters in this book in
detail. The first four derivatives undergo the colorization reactions upon UV light
irradiation, while the decolorization reactions can occur without light irradiation in
these systems (T-type). On the other hand, fulgide and diarylethene derivatives have
large activation barrier between the colored and uncolored isomers in the ground
state, so that both colorization and decolorization reactions need the photoexcitation
at an appropriate wavelength (P-type).

Photochemical reactions take place in competition with various processes such
as radiative and nonradiative transitions in a finite lifetime of the excited state. In
addition, rapid reactions in unrelaxed excited states with excess vibrational energy
and in high electronically excited states sometimes contribute to the overall reaction
processes. Accordingly, direct detection of these processes with high temporal reso-
lution is quite important to acquire the information on the dynamics and mechanism
of the reaction profiles in the excited state and leads to the detailed elucidation of
photofunctional responses and the rational principles for the advanced molecular
systems [7]. Moreover, pulsed laser excitation can open a new response of the pho-
tochromic systems via nonlinear processes. In the present chapter, we discuss the
reaction dynamics and mechanisms of several organic photochromic molecules as
revealed by ultrafast laser spectroscopy. In addition, we introduce the photochromic
reactions induced by multiphoton processes under the pulsed laser excitation, such
as multiphoton-gated photochromic reactions and one-color reversible control of
both colorization and decolorization through higher-order simultaneous multipho-
ton absorption processes.

12.2 Photochromic Reaction Dynamics
of Diarylethene Derivatives

Diarylethene derivatives, which were originally invented by Irie et al. [3, 4], have
various excellent properties, such as thermal stability of both isomers and fatigue
resistance. In addition, some of the derivatives can undergo photochromic reactions
even in the crystalline phase. These properties have been attracting much attention
not only from the viewpoint of the application to various optical and photonic
devices and photo-actuators but also from the basic viewpoint of the elucidation of
photoinduced chemical reactions [3, 4, 8—11].

The photochromism of diarylethene derivatives is based on the photoinduced
cyclization (ring-closing) and cycloreversion (ring opening) reactions as shown in
Fig. 12.1a. The open-ring isomer (left-hand side) has in general absorption bands
only in UV region, while the closed-ring isomer has absorption bands also in visible
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Fig. 12.1 (a) Molecular structures and photochromic reactions of a diarylethene derivative. (b)
Transient absorption spectra of BT (o) in n-hexane solution, excited with a fs 320-nm laser pulse.
The spectrum in the top column is a steady-state absorption spectrum of BT(c). (¢) Conformers of
BT (o) in the ground state

region. Accordingly, the UV light irradiation can induce the colorization, while the
selective excitation in the visible light for the closed-ring isomer leads to the decol-
orization via the cycloreversion reaction.

12.2.1 Direct Detection of Cyclization Dynamics

Figure 12.1b exhibits time-resolved transient absorption spectra of the open-ring
isomer of BT, BT(0), in n-hexane solution, excited with a fs 320-nm laser pulse.
Broad absorption band around 500 nm appears immediately after the excitation,
followed by the gradual evolution into a new band at 520 nm in a few ps time range.
Spectral band shape and the absorption maximum are in agreement with those of the
closed-ring isomer, BT(c), as shown in the top column of Fig. 12.1b, indicating that
the cyclization takes place very rapidly. From the analysis of time profiles of the
transient absorbance, the time constant of the cyclization reaction was obtained to
be 450 fs. After this rapid cyclization reaction with the 450-fs time constant, one
can still find spectral evolution in a few tens of ps to a few ns time region. The time
constant for this slow evolution was 150 ps, of which value was in agreement with
the decay time constant of the fluorescence of BT(0) in n-hexane solution.
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For various diarylethene derivatives, it has been reported [3, 4, 8, 9] that at least
two conformers exist in the open-ring isomer in the ground state, as shown in
Fig. 12.1c. One of the two conformers has a molecular structure with C,,, symmetry
(antiparallel conformer, AP), while the other one is in the C; symmetry (parallel
conformer, P). These two conformers are generally distinguishable in the steady-
state NMR spectroscopy, indicating that the interconversion between the two con-
formers takes place in the time region longer than ms in the ground state. As shown
in Fig. 12.1c, cyclization reaction can occur in the AP conformer, while it seems
difficult for the P conformer to undergo the cyclization reaction accompanied with
the large geometrical rearrangement in the short lifetime of the excited state.

In order to elucidate the role of the 150-ps component in the cyclization reaction,
the solvent viscosity effect of the fluorescence lifetime and the cyclization reaction
yield was investigated [12]. Because the geometrical rearrangement of solute mol-
ecules is usually affected by the viscosity of the solvent, the lifetime and the reac-
tion yield may depend on the solvent viscosity in the case that the 150-ps component
participates in the cyclization reaction. The experimental result, however, did not
show any solvent viscosity effect for the lifetime or reaction yield. In addition, no
apparent rise of the closed-ring isomer was observed in the time evolution of the
transient absorption spectra. From these results, it was concluded that the 150-ps
component did not take a significant role in the cyclization reaction [12] and this
species was assigned to the excited singlet state of the P conformer of BT (o). After
the decay of the 150-ps component, the transient absorption spectra of Fig. 12.1b in
ns time region still show some broad absorption band in the wavelength region
>600 nm where BT(c) has no absorption. This broad absorption was attributed to
the triplet state (T,) of BT (o) in the P conformer, which is produced through the
decay of the excited singlet state of BT(0) with the 150-ps time constant. From the
laser spectroscopy covering s time region and the effect of the oxygen on the cycli-
zation yield, it was concluded that the T, state of the P conformer does not contrib-
ute to the cyclization reaction. That is, the cyclization reaction takes place only
through the rapid reaction channel with the 450-fs time constant for the present
derivative.

Rapid cyclization reactions within a few ps were confirmed also in other diaryle-
thene derivatives in solutions as well as in the crystalline phase [13-23]. From the
theoretical investigations on the potential energy surfaces of diarylethene deriva-
tives both in the ground and excited states [24-28], it was predicted for the AP
conformer of the open-ring isomer that the reaction path of the cyclization had no
activation barrier between the excited Franck—Condon (FC) state and the reaction
point. This theoretical prediction is in accordance with the rapid cyclization reaction
as observed in the experimental investigations.

Although most of the cyclization processes of diarylethene derivatives occur
within a few ps following the UV excitation, it was reported for some diarylethene
derivatives that slow cyclization processes with time constants of a few hundreds of
ps could be observed in addition to the rapid reaction channel within a few ps [17].
In this system, it was suggested that the excited Franck—Condon state of the AP
conformer undergoes the relaxation of the molecular geometry in competition with
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the rapid cyclization, leading to the structure with skewed thiophene rings owing to
the charge transfer in the excited state [12, 17]. The slow cyclization process, which
is strongly dependent on the solvent viscosity [17], was attributed to the reaction
from the excited state with the relaxed molecular geometry. It is also worth noting
that the triplet state of the diarylethene derivative undergoes the cyclization reaction
in some cases [29-31]. From recent experimental investigation [31], it was revealed
that the sensitization (T, to S energy transfer) yielding the T, state of the AP con-
former of BT (o) led to the cyclization but no cyclization occurred through the triplet
state of the P conformer of BT(0). Usual one-photon excitation prepares both P and
AP conformers in the excited singlet state but the excited singlet state of the AP
conformer undergoes the cyclization very rapidly. Hence, the T, state of the AP
conformer is not produced [12] in the normal excitation condition. The result on the
triplet sensitization confirms the experimental results on the usual excitation of the
S, state and adds new channel of the cyclization via the sensitization. At any rate,
the interconversion of the AP and P conformers is difficult to occur even in the trip-
let lifetime of a few tens of us. This slow interconversion is consistent with the
result of the NMR spectroscopy for the ground state. Cyclization in the triplet mani-
fold was reported also for the intramolecular dyad systems with a triplet sensitizer
and a diarylethene derivative [29, 30]. The formation of the triplet state of the AP
conformer seems an important factor for the triplet cyclization to occur also in these
dyad systems.

12.2.2 Direct Detection of Cycloreversion Dynamics

Cycloreversion processes of diarylethene derivatives have been also investigated by
ultrafast laser photolysis methods [26, 27, 32—42]. The excited state lifetimes of the
closed-ring isomer are in the range of a few ps to a few tens of ps, as shown in
Table 12.1. These lifetimes are two to three orders shorter than the fluorescent life-
times of typical organic dyes but clear correlation between the excited state lifetime
and the cycloreversion reaction yield was not obtained. This result suggests the
presence of several nonradiative decay channels competing with the cycloreversion
reaction. In general, it has been observed that the cycloreversion reaction yield of
the closed-ring isomer is temperature-dependent and it increases with an increase in
the temperature.

12.2.3 Experimental Studies on the Potential Energy Surfaces
of Cycloreversion and Cyclization Reactions

From a number of experimental results by steady-state and time-resolved measure-
ments on the cycloreversion reactions, it has been predicted that the activation bar-
rier exists in the adiabatic potential surface from the minimum position of the
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Table 12.1 Excited-state lifetime and cycloreversion reaction yield of several diarylethene
derivatives in the closed-ring isomer

Excited-state Cycloreversion
Molecule lifetime (ps) reaction yield Environment (solvent) References
1 0.7 10- n-Hexane [32]
2 2.1 0.001 1,2-Dichloroethane [33]
3 2.0 0.0013 Chloroform [34]
4 10 0.013 n-Hexane [35]
15 =0.01 PMMA [36]
25 0.017 Polycrystal [23, 37]
5 13 0.04 1,2-Dichloroethane [26]
6 1.3 0.077 n-Hexane [38]
7 8 0.077 n-Hexane [27]
8 25 0.35 n-Hexane [39, 40, 42]

excited state of the closed-ring isomer to the conical intersection (CI) where the fate
of the excited molecules is determined. In addition, it has been proposed from the
theoretical investigations [24-28] that the cyclization and cycloreversion in the
excited state occur in the adiabatic potential surface with the same CI. In order to
experimentally obtain the detailed information on the potential surfaces responsible
for the cyclization and cycloreversion reactions, temperature dependence of the
excited state dynamics and reaction yields of BT in Fig. 12.1 was investigated in
n-hexane solution [42].

For the cyclization reaction of BT (o), it was confirmed that the reaction yield
was independent of the temperature in the range of the investigation (253-343 K).
In addition, no temperature dependence of the fraction of the AP conformer in
BT(0), 0.65, was observed in this temperature range from the steady-state NMR
spectroscopy. These two results led to the conclusion that the cyclization reaction
is actually temperature-independent. It should be noted that the apparent reaction
yield of the cyclization is 0.3 and the fraction of the AP conformer is 0.65. Hence,
the cyclization reaction yield could be estimated to be 0.45 for the excited state of
the AP conformer provided that the extinction coefficients of both AP and P con-
formers are almost the same at the excitation wavelength. In addition, the time
constant of the cyclization reaction was quite short, 450 fs, as was introduced in
Fig. 12.1. From these results, it was concluded that the excited state of the AP
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Fig. 12.3 (a) Temperature dependence of cycloreversion reaction quantum yield of BT(c) in n-hex-
ane solution. (b) Temperature dependence of the excited state lifetime of BT(c) in n-hexane solution

conformer of BT(0) undergoes the rapid relaxation into the CI at which the branch-
ing of the reactions, such as the formation of the closed-ring isomer or the deactiva-
tion to the ground state of BT (o), is determined. In the present case, the fraction to
the closed-ring isomer is 0.45 and 0.55 is to the deactivation as summarized in
Fig. 12.2a.

On the other hand, the cycloreversion reaction yield and the excited state lifetime
of BT(c) are strongly dependent on the temperature. As shown in Fig. 12.3, the
cyclization reaction yield increases and the lifetime of the excited state becomes
short with an increase in the temperature. These temperature dependencies clearly
show that the very rapid nonradiative process and the cycloreversion reaction take
place and these two processes have activation energies different from each other. In
order to verify whether the adiabatic potential model could rationally explain the
experimental results, the cycloreversion process were analyzed on the basis of the
scheme shown in Fig. 12.2b where the same CI is involved both for the cyclorever-
sion and cyclization reactions. In this hypothesis, the branching ratio at the CI point
is temperature-independent because the cyclization reaction was temperature-
independent in the temperature region examined here. Hence, the short lifetime of
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Fig. 12.4 (a) Temperature dependence of k., and k, in the decay process of the excited state of
BT(c) in n-hexane solution. (b) Potential energy surfaces employed for the analysis of the tem-
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the excited state of the closed-ring isomer and the cycloreversion reaction yield
<0.55 are mainly due to the nonradiative decay to the ground state, k,, from the
excited state as shown in Fig. 12.2b.

Figure 12.4a shows the temperature dependencies of k, and k, which were
obtained by the analysis based on Fig. 12.2b, indicating that the activation energy of
k., is higher than that of k, and thus the contribution of k_, increases with increas-
ing temperature. Because the cycloreversion reaction yield increases in the present
temperature range but it keeps less than 0.55 as shown in Fig. 12.3a, the adiabatic
potential surface as shown in Fig. 12.4b could rationally explain the experimental
results. To obtain more rigorous conclusion on the reaction profiles, and potential
surfaces, however, more direct experimental results are needed. In anyhow, the pres-
ent experimental results indicate that the rapid nonradiative deactivation from the
excited state takes an important role in the temperature dependence of the cyclorev-
ersion reactions. Such rapid cyclization and cycloreversion reactions were observed
also for fulgide derivatives [43—50], which can be regarded as 6-1t electron systems
as diarylethene derivatives and similar factors may regulate photochromic reactions
also in fulgide derivatives.

12.3 Photodissociation Dynamics
of Hexaarylbiimidazole Derivatives

Hexaarylbiimidazoles (HABIs) are one of the photochromic molecules, of which
original derivative was developed by Hayashi and Maedain 1970 [5]. Photochemical
reaction of a typical HABI derivative (h1) is shown in Fig. 12.5a. The photochro-
mic behavior of HABISs is attributed to the homolytic cleavage of the C—N bond
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Fig. 12.5 (a) Photochromic reaction of a representative HABI derivative. (b)Transient absorption
spectra of hl on benzene solution, excited with a fs 400-nm laser pulse

between the imidazole rings, leading to the formation of a pair of triphenylimid-
azolyle radicals (TPIRs). TPIRs usually have absorption bands in the visible
region, while the parent HABI has no or little absorption bands in the visible
region. Two radicals thermally recombine to reform its parent dimer without any
other reactions in inert environments. This recombination occurs in bimolecular
manner in seconds to minutes time regions (dependent on the concentration of radi-
cals). This extremely slow recombination rate was attributed to the large activation
entropy for the C—N bond reconstruction. The high yield of radicals in solid matri-
ces and their low sensitivity to the presence of oxygen stimulated industrial interest
in the use of HABISs as a photoinitiator for a wide variety of materials. In addition,
new HABI materials where two imidazole groups are attached to one cyclophane
or naphthalene group were recently developed [51, 52]. In these compounds, the
independent translational diffusion of two radicals (radical dissociation) is prohib-
ited and, as a result, very rapid colorization and depolarization are attained, of
which property has been attracting much attention from the viewpoint of applica-
tion to the imaging materials.

Figure 12.5b shows time-resolved transient absorption spectra of the HABI
derivative, (h1), in benzene solution excited with a fs 400-nm laser pulse [53]. With
an increase in the delay time after the excitation, one can find a growth of the
absorption band at 530 nm due to the radical (h2). From the analysis of the time
evolution of the transient absorption spectra, the dissociation time constant of the
parent HABI, h1, was obtained to be 80 fs. This short time constant and the large
reaction yield (almost unity) strongly suggest that the radical is produced along with
the dissociative potential surface after the photoexcitation.

It is worth noting that the geminate recombination process in the nascent radical
pair after the bond fission has been observed in the homolytic photodissociation of
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Fig. 12.6 (a) Photochromic reaction of a HABI derivative (hpl). (b) Absorption spectra of hpl
(parent molecule, smooth line) and hp2 (produced radical, dotted line). (¢) Time profile of transient
absorbance of hpl in benzene solution, excited with a fs 400-nm laser pulse and monitored at
560 nm (the absorption maximum of hp2). (d) Time profile of fluorescence at 480 nm, observed
after the excitation of hp1 in benzene solution with a fs 400-nm laser pulse

tetraphenylhydrazine and diphenyl disulfide derivatives [54-59]. This geminate
recombination process in a few ps time region occurs in competition with the dis-
sociation of the radical pair to free radicals in solutions and reduces the yield of free
radicals [56-59]. On the other hand, such a rapid decay due to the geminate recom-
bination was not detected for the photodissociation of the HABI derivative, of which
result was attributed to the high geometrical restriction for the reconstruction of the
C-N chemical bond as mentioned in previous sections. In actual, the formation
yield of the radicals is almost unity for many HABI derivatives, which is consistent
with the absence of the rapid geminate recombination reducing the reaction yield.
Because the photodissociation yield of HABI derivatrives is usually high as
shown above, larger absorption coefficient in long wavelength region is an impor-
tant factor to increase the total sensitivity of the molecule. Introduction of larger
aromatic groups, instead of phenyl rings, is one of efficient methods to improve the
photochromic properties of HABI derivatives. However, the local attractive poten-
tial surface of the large aromatic moiety in lower energy area may affect the cross-
ing of the surface to the repulsive one, leading to the decrease of the reaction yield.
Hence, the detailed information on the dissociation involving surface hopping
between the two intersecting diabatic potential energy surfaces is indispensable for
the rational designing of the improved derivatives and the control of the reaction
speed. Figure 12.6a shows a HABI derivative, hpl, synthesized along with the
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above ideas. Introduction of two pyrenyl groups increases the extinction coefficient
of the parent molecule in the wavelength region >350 nm, together with an increase
in the absorption intensity of radicals in the visible region as shown in Fig. 12.6b.

Photodissociation dynamics of hpl in benzene solution is shown in Fig. 12.6c,
where the time profile of the transient absorbance at 550 nm, the absorption maxi-
mum of the radical, was plotted. As this figure shows, the photodissociation takes
place in the wide time region of <100 fs to several ns [60].

To elucidate the dynamic behaviors in detail, time profiles of fluorescence sig-
nals of hp1 were also studied. In hp1 system, weak fluorescence band with an maxi-
mum around 470 nm can be detected in the steady-state measurement. The band
shape and its maximum of the fluorescence spectrum in solutions are almost the
same with those observed in the crystalline phase where two pyrenyl groups have
face-to-face orientation [60]. In addition, these fluorescence band shapes and their
maximum are close to those of the excimer of pyrene and no emission was observed
for hl. From these results, the fluorescence of hpl was attributed to the pyrenyl
moieties with mutual interaction [60]. In Fig. 12.6d, the time profile of the fluores-
cence at 480 nm is exhibited. As observed in the rise profile of the radical, the decay
of the fluorescence shows complicated temporal profiles in sub-ps to ns time region,
for which at least triple-exponential function with time constants of 0.26 ps, 3.3 ps,
and 1.7 ns was necessary to analyze. In addition, the contribution from the two short
time constants of the fluorescence was pronounced in shorter wavelength region,
indicating that the fluorescence maximum redshifts with increasing time in the
region of initial ca. 10 ps after the excitation and the 1.7-ns decay of the fluores-
cence follows while keeping the fluorescence maximum around 470 nm. These time
dependencies of the fluorescence indicate that the some geometrical relaxation lead-
ing to the excimer of pyrenyl groups takes place in the initial 10-ps time region.

In order to more precisely elucidate these behaviors, time profiles of the transient
absorbance and the fluorescence were analyzed in the following manner. The fluo-
rescent intensity /.(7) at a delay time, 7, is proportional to the radiative rate constant,
k,, as represented by Eq. 12.1.

1.(t) =k [R(D)]. (12.1)

Here, [R(?)] is the concentration of the fluorescent state. On the other hand, the
formation of the radical is written as

d[P(1)]
dt

=2k, [R®)], (12.2)

where [P(#)] and k_ are, respectively, the concentration of the radical and the rate
constant (or the probability of the reaction in a unit time) of photodissociation.
Because the quantum yield of the photodissociation of hp1 is almost unity [60], k,
could be much larger than k.. On the basis of above equations and the experimental
results, the rate constant of photodissociation (the probability of the reaction in a
unit time), k. , could be estimated by Eq. 12.3.
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Here, AA_ (?) is the transient absorbance at 550 nm at time, 7. In the actual cal-
culation, the averaged value, (I, ()+, (t+A1))/2, was used. The time dependence of
k. thus obtained is shown in Fig. 12.7. In this figure, the value of k  in ns time
region was set 6.1 x 10® s7! (1.7 ns™") because the quantum yield of photodissociation
was almost unity and the averaged rate constant of the rise and the decay of the fluo-
rescence were ca. 1.7 ns (6.1x 108 s7") in the ns time region. Figure 12.7 clearly
shows that the reaction probability, k, , is strongly dependent on the delay time
after the excitation. In the time region of 0.1-100 ps after the excitation, it drasti-
cally decreases with an increase in the delay time.

The above result of the time dependence of the rate constant (reaction probability
in a unit time) implies following two possible mechanisms of the photodissociation.
The first mechanism is based on the coexistence of multistates where the conforma-
tion of hp1 just after the excitation has wide distribution and the reaction rate con-
stant is dependent on the conformation. That is, the molecule with the conformation
favorable for the reaction undergoes rapid photodissociation, while that with unfa-
vorable geometry may have small reaction rate constant. In other words, the inho-
mogeneity of the conformation leads to the dispersive kinetics. In this case, the
dynamic behaviors can be regarded as the integration of molecules with different
rate constants. The second mechanism is based on the dynamic relaxation model,
where some relaxation process of the excited hpl competes with the photodissocia-
tion reaction and the rate constant decreases with an increase in the time following
the excitation. That is, the apparent activation energy of the photodissociation
increases during this relaxation and the rate constant of the photodissociation is
intrinsically time-dependent.
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Fig. 12.8 Schematic representation of photodissociation dynamics of hpl and the role of the
pyrene excimer formation

In the beginning of the discussion on the two mechanisms, it is worth mention-
ing that the photodissociation rate constant in the early stage after the excitation in
Fig. 12.7 is rather small (<5 x 10" s7!) compared to the fluorescence decay. The rate
constant of the fluorescence decay at 480 nm immediately after the excitation was
ca. 4.5%10" 7! (220 fs ) and this value is almost ten times larger than the rate
constant of the photodissociation in the early stage after the excitation. This large
difference indicates that the main process of the fluorescence decay in the early
stage after the excitation is not the photodissociation. In addition, the internal con-
version to the ground state is not the main deactivation of the fluorescence decay
because the photodissociation yield was almost unity by the steady-state irradia-
tion. In addition, large Stokes-shift of the absorption and the fluorescence in the
steady-state spectra, ca. 3,000 cm™!, also supports the idea that some geometrical
relaxation process takes place in the excited state. Although the contribution from
the first mechanism of the coexistence of various conformations cannot be excluded
entirely, these results strongly suggest that the dynamic relaxation process takes an
essential role in the complex dynamic behaviors in the fluorescence decay and the
formation of hp2.

By summarizing above results and discussion, the schematic potential energy
curves could be represented as shown in Fig. 12.8 where the abscissa is given as
the distance between two pyrenyl moieties. After the photoexcitation, the energy
minimum of the locally excited state of pyrenyl moiety gradually lowers its
energy with increasing time after the excitation. During this relaxation process,
the minimum position of the locally excited state may shift toward left position
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(decrease in the distance between pyrenyl moieties) because of the increase in the
interaction of two pyrenyl moieties. The lowering of the energy of the locally
excited state as well as the slight shift of the potential curve toward the left-hand
side in the abscissa may increase the apparent activation energy of the photodis-
sociation to result in the decrease in the reaction probability with an increase in
the delay time. For 0-Cl-HABI with phenyl groups (h1 in Fig. 12.5), the energy
level of the locally excited state is higher than the potential curve of the dissocia-
tion. In addition, the interaction between phenyl groups is rather small, as the
equilibrium constant of intermolecular benzene excimer is less than unity. Owing
to these two effects, the photodissociation of h1 is rather simple, while that of hp1
shows the complex behaviors.

12.4 Multiphoton Photochromic Reactions

Although the application of ultrafast laser pulses is indispensable to the direct detec-
tion of the photochromic reaction processes as shown above, high peak power and
large number of photons in the ultrafast laser pulse easily induce nonlinear phenom-
ena such as multiphoton absorption processes. These nonlinear phenomena some-
times inhibit the precise measurements in the ultrafast time regions. The application
of these nonlinear phenomena, however, can open new responses of photochromic
molecules, which cannot be easily attained by the one-photon absorption process. In
this section, we introduce the multiphoton-gated cycloreversion reaction induced by
picosecond laser pulse and the one-color reversible control of photochromic reac-
tions using higher-order nonresonant multiphoton absorption process as examples
of nonlinear photochromic reactions.

12.4.1 Multiphoton-Gated Cycloreversion
Photochromic Reaction

Diarylethene and fulgide derivatives undergo the cycloreversion reaction upon irra-
diation of the visible light. The pulsed excitation using ps lasers, however, induces
the drastic enhancement of the apparent reaction yield in these systems. From the
detailed investigation on the excitation intensity dependence of the cycloreversion
reaction, it was revealed that this enhancement was due to the successive two-
photon absorption process [32, 34, 35, 38, 44, 45, 61, 62]. That is, the molecules
excited by the first photon absorption are pumped up into higher excited states by
the second photon absorption, as shown in Fig. 12.9a. Large cycloreversion reaction
yield in the higher excited state is a preferable condition for the enhancement of the
cycloreversion reaction. However, even in the case that the reaction yield is small in
the higher excited state, the S, — S _excitation and S — S, deactivation, in competi-
tion with the cycloreversion, can be repeated during the pulse duration of the laser,
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Fig. 12.9 (a) Schematic representation of stepwise two-photon gated cycloreversion reaction.
(b) Excitation intensity dependence of the amplification ratio of the cycloreversion reaction under
the picosecond 532-nm laser pulse with 15-ps laser pulse

because the lifetime of the higher excited state is usually very short (<1 ps). As a
result of these iterative processes, large amount of the molecules can be led to the
open-ring isomer.

Figure 12.9b shows the excitation intensity dependence of the number of the
molecules led to the open-isomer under the ps 532-nm laser pulse. The ordinate is
given as the amplification ratio defined by NRM/(¢COxNP). Here, N,,,» @, and N,
are respectively the number of the reacted molecules, one-photon cycloreversion
reaction yield, and the number of photons exposed into the system. In the case that
all the exposed photons are absorbed by one-photon absorption process and that the
cycloreversion reaction occurs with @, , the amplification ratio is unity. As shown
in Fig. 12.9b, this value increases with an increase in the excitation intensity with a
slope of ca. 2. This result indicates that the two-photon absorption process is respon-
sible for the enhancement of the cycloreversion reaction. After it reaches the maxi-
mum value, it decreases with further increase in the excitation intensity. This
decrease is due to the depletion of the closed-ring isomer. That is, almost all of the
closed-ring isomer in the exposed volume was converted into the open-ring isomer,
and hence, further increase in the intensity of the ps 532-nm laser pulse did not lead
to the increase of the open-isomer. As this figure shows, the amplification ratio more
than 2,500 could be attained for the diarylethene derivative with small @, [32], and
almost all of the molecules in the exposed volume could be converted into the open-
ring isomer by one laser pulse.

For the property of the higher excited state leading to the effective cyclorever-
sion reaction, it is worth noting that the UV one-photon absorption to the energy
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level similar to that attained by the visible two-photon absorption does not lead to
the effective cycloreversion [23, 32, 34-36, 44, 45, 61, 62] In general, the electronic
state attained by the two-photon absorption is different from that by allowed one-
photon transition. The difference in the reactivity depending on the mode of the
excitation indicates that the character of the excited state takes an important role and
that the internal conversion between the one-photon allowed excited state and that
allowed by the two-photon transition is not fast compared to the effective cyclorev-
ersion from the latter excited state.

Moreover, it is also worth adding here the reason why ps laser pulse is employed
for the multiphoton-gated cycloreversion reaction. In the successive two-photon
absorption process under the one-color laser excitation, the second photon absorp-
tion via the S, state occurs in competition with the first photon absorption of the S
state. Hence, the large number of photons in a laser pulse is necessary to prepare the
large number of S, molecules. (Otherwise, most of the incident photons are absorbed
by S, molecules.) In addition to the number of photons, the pulse duration of the
laser is an important factor to keep the large number of the S, state molecules.
Because the lifetime of the S, state of the closed-ring isomers is in the order of a few
to a few tens of ps as shown in Table 12.1, ns pulsed laser excitation usually cannot
prepare a number of S, state molecules to induce the successive two-photon
enhancement of the cycloreversion [62]. On the other hand, femtosecond pulsed
laser has a time duration short enough to prepare the large number of the S, state in
the laser pulse. However, extremely short laser pulse with a number of photons eas-
ily induces nonlinear processes other than the successive two-photon absorption. So
as to avoid these nonlinear phenomena, the intensity of the femtosecond laser has to
be kept small, and as a result, it is rather difficult to lead the effective enhancement
of the stepwise two-photon process. The above multiphoton-gated reaction could be
applied to the realization of the photoerasable optical memory system with nonde-
structive readout capability and the site-selective colorization/decolorization with
high spatial resolution.

12.4.2 One-Color Reversible Control of Photochromic
Reactions in a Diarylethene Derivative
Using Higher-Order Multiphoton Absorption

The above reaction switching is attained by the stepwise two-photon absorption
process via the actual intermediate state with a finite lifetime. Hence, it is necessary
to employ the laser pulse which is resonant to the absorption of the closed-ring iso-
mer for the reaction switching and the other laser light with different color is needed
to induce the colorization reaction. As stated in Sect. 12.2, the open-isomer of dia-
rylethene derivatives has absorption bands only in the UV region, while the closed-
ring isomer has absorption bands both in the visible and UV regions. Accordingly,
using a nonresonant laser pulse of which three-photon energy can excite the
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open-ring isomer and two-photon energy corresponds to the energy level of the
closed-ring isomer, we can expect one-color reversible control of the cyclization
and cycloreversion reactions. Although the number of the experimental results is
very small for the cross section of the simultaneous three-photon absorption, it was
reported that it is as small as 10~*? to 10~ of those for the two-photon absorption
process [63]. Hence, the fs laser system with high output energies was needed to
induce the simultaneous three-photon absorption process [64].

The focusing of the laser beam with an objective lens with high NA is an effective
method to increase the peak power of the light in a tiny spot. Such an objective
lens, however, leads to the broadening of the pulse duration of the fs laser owing to
the dispersion of the wide spectrum in the fs laser pulse, resulting in the decrease
in the peak power owing to the increase in the pulse duration. To overcome these
factors and to keep the short pulse duration to induce the higher-order simultane-
ous multiphoton absorption process, the laser microscope system with a cavity-
dumped Cr:forsterite laser [65, 66] was applied for the one-color control of the
photochromic reactions. Because the output of the Cr:forsterite laser locates at
1.28 wm, the short pulse duration of 35 fs is obtained under the objective with high
NA (0.95) owing to small dispersion of the lens materials in the near-infrared
region. As a result of the short pulse duration, we can attain the high peak power
that can easily induce three- and four-photon fluorescence emissions with the laser
energy of <1 nJ/pulse [65, 66].

Figure 12.10b shows the transmission images of an amorphous solid film of the
diarylethene derivative, whose molecular structure is shown in Fig. 12.10a, irradi-
ated with 1.28-um laser pulse under the microscope [67]. The open-ring isomer of
this diarylethene derivative has absorption bands in the wavelength region <450 nm,
while the closed-ring isomer has a visible band around 600 nm. This figure shows
the irradiation with the 1.28-um laser pulse for 50 ms (0.7 nJ/pulse and 100 kHz
repletion rate) induces the colorization due to the cyclization. From the excitation
intensity dependence, this colorization was found to be due to the simultaneous
three-photon absorption process. On the other hand, the irradiation of the same laser
pulse with a weak intensity(48 pJ/pulse)for 180 s diminishes the color via the simul-
taneous two-photon cycloreversion reaction. This colorization and decolorization
cycle could be repeated at least five to ten times. Figure 12.10c shows the transmis-
sion image after the irradiation of the 1.28-um laser pulse to the amorphous film of
the diarylethene derivative. In this case, the film was exposed to the steady-state UV
light before the laser excitation. The number of the closed-ring isomer, N, and that
of the open-ring isomer, N, is almost the same in this film. This figure shows that,
with an increase in the exposure time of the laser pulse at 1.28 um, decolorization
is induced in the peripheral region of the focusing spot of the laser but the center
area keeps the color due to the closed-ring isomer. This difference of the coloriza-
tion and decolorization depending on the position in the laser spot is attributable to
the difference of the light intensity in the beam profile of the laser. That is, the high
intensity of the 1.28-um laser pulse in the center area induces the colorization via
the three-photon cyclization, while the decolorization by the two-photon cyclorev-
ersion is dominant in the peripheral area with weak intensity of the light. This result
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Fig.12.10 (a) Molecular structure and reactions of a diarylethene derivative used. (b) Transmittance
images of the amorphous film of the compound above, excited with Cr:Forfsterite laser centered at
1.28 um. Irradiation of the NIR laser with the intensity of 0.7 nJ/pulse for 50 ms (100 kHz) induces
the colorization and the exposure with weaker intensity of 48 pJ/pulse (100 kHz) for 180 s leads to
decolorization (¢) Transmittance images of the amorphous film (at N /N, =ca. 1), irradiated by Cr:F
laser with the intensity of 66 pJ/pulse at 100 kHz. Exposure time is shown in the figure

demonstrates that the one-color control of the photochromic reactions can be poten-
tially applicable to the maskless patterning by optimizing various parameters such
as pulse duration, intensity, exposure time, and so on.

12.4.3 Cooperative Photochromic Reactions
in Molecular Assemblies

Pulsed laser excitation can induce the dense population of the excited state in the
molecular assembly such as solid systems, especially in the case that the allowed
one-photon absorption band is excited. Temporally and spatially simultaneous
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production of a number of the excited state can induce the photochromic reactions
even in the environmental condition that the weak excitation does not lead to the
isomerization reaction owing to the small free volume to change the molecular
geometry [68—71]. In these cases, the reaction in the molecular level is not related
to the multiphoton process but the response of the molecular assembly is nonlinear
with the light intensity. These responses can be utilized to realize the photoresponse
system with a threshold for the exposed light intensity.
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Chapter 13

Photochromism of Organic Compounds
Undergoing Isomerization Around

the C=C Double Bond and/or Intramolecular
Hydrogen Atom Transfer:

Small and Large Structural Change

Kayoko Kataoka, Takuya Kobayashi, and Tatsuo Arai

Abstract Photochromism by way of isomerization around the C=C double bond
and/or intramolecular hydrogen atom transfer is discussed from the viewpoint of
how large the structural change taking place is for the photochemical reaction pro-
cesses of organic compounds. The large structural change could be achieved by
introduction of highly rigid large substituent such as polyphenylene at the photore-
sponsive core or by introduction of hydrophilic substituent at the peripheries of
large dendritic molecules. The occurrence of large structural change can be moni-
tored by fluorescence spectroscopy as well as transient spectroscopy and GPC anal-
ysis. The intramolecular hydrogen bonding affects the electronic state to change the
color between the isomer having intramolecular hydrogen bonding and the isomer
not having intramolecular hydrogen bonding. These hydrogen-bonded compounds
underwent intramolecular hydrogen atom transfer, which is a small structural
change, to give the tautomer with different color from the normal form. The large
structural change of dendritic molecules and the color change of hydrogen-bonded
compounds are summarized in this chapter.

Keywords Charge transfer » Dendrimers ¢ Fluorescence ® Hydrogen atom transfer e
Isomerization * Structural change

13.1 Introduction

Photochromism is defined as reversible color change by photochemical processes.
There have been many examples of photochromic compounds [1-3]. In this chapter,
we would like to focus on the phenomena of structural change upon the
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photochemical processes of photochromic compounds and their related compounds,
especially how large of a structural change we can expect upon the photoreversible
photochromic processes. In this respect, the photoisomerization around the C=C
double bond and photoinduced hydrogen atom transfer processes of dendritic mol-
ecules as well as their parent molecules were studied. In addition, cooperative effect
of photoreactive C=C double bond and intramolecular hydrogen bonding on the
photochemistry of these compounds has been studied.

13.2 Dendritic Molecules

The approach to amplify structural changes of the chromophore with a small molec-
ular weight to a large structural change of the whole structure of large molecules is
discussed. In order to create such system and investigate their basic photochemical
properties, the use of dendritic molecules could be a suitable way for research.
Dendrimers are well-defined, highly branched molecules which have uniform
molecular weight and size dependent on the number of generations. There are three
sites for the functional groups to be placed in dendritic molecules, i.e., the core,
branching units, and surface groups of dendrimers [4]. We wish to introduce here
several types of dendrimers having photoresponsive core and their specific photo-
chemical properties, especially the photoisomerization around C=C double bond,
from the viewpoint of how large of a structural change one can expect on photoir-
radiation of the molecules.

13.2.1 Stilbene Dendrimers

We have chosen the stilbene structure for the study to induce large structural change
upon photoirradiation from several reasons. On direct irradiation, stilbene under-
goes mutual isomerization between the cis- and frans-isomers, deactivating from
the perpendicular conformation ('p*) of the excited singlet state (Fig. 13.1) [5]. The
trans-isomer ('t*) gives fluorescence emission, with a quantum yield of 0.04 and a
fluorescence lifetime (z,) of 70 ps. The cis-isomer ('c*) gives practically no fluores-
cence and its singlet excited state lifetime is less than 1 ps.

In order to construct the target dendrimer molecules one should modify the core
structure to 3,3°,5,5’-tetramethoxystilbene (TMST). Thus, the photochemical prop-
erties of TMST have also been studied [6]. While cis-TMST does not give fluores-
cence as is the case of cis-stilbene, trans-TMST gives fluorescence ca. 10 times
more efficiently than trans-stilbene. In addition, the excited singlet state of trans-
TMST has a charge-transfer (CT) character, and the fluorescence lifetime of trans-
TMST experienced a large solvent effect increasing from 2.3 ns in cyclohexane to
16.6 ns in acetonitrile [6b] (Fig. 13.2).
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On the basis of previous researches for stilbene and TMST, we have investigated
photochemical properties of several types of stilbene-cored dendrimers. In these
studies, the fluorescence and photoisomerization experiments could be a monitor of
the environmental and isomerization properties of the core stilbene or TMST.

13.2.1.1 Benzyl Ether-Type Stilbene Dendrimers (1)

The excited singlet lifetimes (ca. 10 ns) and fluorescence quantum yields (&,=0.4)
of the stilbene dendrimers (trans-1 G1~G4) (Fig. 13.3) in THF were almost the
same as those of trans-TMST in THF [7]. This result indicates that solvent THF
molecules can penetrate into the inner part of the dendrimers and can interact with
stilbene core regardless of the generation of dendrimers.
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trans-1 G4 cis-1 G4

Fig. 13.4 Photoisomerization of benzyl ether-type stilbene dendrimer 1(G4)

As to the photochemical properties, even the stilbene dendrimer (trans-1 G4)
with molecular weight over 6,500 underwent trans—cis isomerization in the excited
singlet state within the lifetime of 10 ns (Fig. 13.4). Since we could not observe the
effect of large dendron substituent on the photochemistry of stilbene core, one can
assume that the isomerization may proceed by a volume-conserving mechanism
such as the Hula-Twist mechanism rather than conventional 180° rotation around
the C=C double bond [8]. Otherwise, the flexibility of the surrounding benzyl ether
group may allow the isomerization of the core stilbene without the large structural
change of the surrounding dendron group.

13.2.1.2 Ester- or Carboxylate-Terminated Dendrimers

As we observed almost no effect of benzyl ether-type dendrons on the photochemi-
cal and photophysical properties of stilbene-cored dendrimers, we have changed the
dendron group by introducing electron-accepting substituents and water-soluble
carboxylate anions at the peripheries of the benzyl ether-type dendrons to study the
effect of substitution at the peripheries.

Ester-Terminated Dendrimers

Stilbene dendrimers with ester-terminated dendron groups as electron-accepting
group exhibited quenching of excited singlet state of stilbene core which is caused
by charge-transfer interactions with peripheral ester groups (Fig. 13.5) [9, 10]. This
is supported by the decrease of the excited singlet lifetime with increasing number
of peripheral ester functional groups (Table 13.1). If the quenching of the S, state of
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Fig. 13.5 Intramolecular charge-transfer interaction between the excited state core and the periph-
eral electron-accepting group of ester-terminated dendrimers

I’I‘?b!e 13.1 dExcited singlet trans-TMST trans-1 Gl trans-2 Gl trans-3 Gl
ifetimes and trans-to-cis

photoisomerization quantum 7 (ns) 100 9.7 4.6 2.6

yields of TMST and D . 0.38 0.32 0.27 0.30
ester-terminated stilbene

dendrimers

the core stilbene leads to no isomerization, the quantum yield of isomerization @ ___
should be assumed to be 0.15 and 0.086 for trans-2 G1 and trans-3 G1, respectively.
However, this is not the case. The experimental values are far more efficient: 0.27
and 0.30 for trans-2 G1 and trans-3 G1, respectively. These considerations indicate
that the quenching by electron-accepting substituent at the remote peripheral posi-
tion affects the electronic state of the core stilbene to quench and accelerate the
intersystem crossing of the core to increase the isomerization efficiency by forming
exciplex or serving as an electron-accepting spherical environment [10].

Water-Soluble (Carboxylate-Terminated) Dendrimers (4)

Unlike hydrophobic stilbene dendrimers, the environment around the stilbene core
is different among the generations of 4 (WG1~WG?3) (Fig. 13.6). With increasing
the generation of the dendrimers, Stokes shifts tended to become smaller
(Table 13.2). The Stokes shift of 4WG3 was almost the same as that of hydrophobic
dendrimer 2G3 in THF [11]. In case of 4WG1, solvent water should exist around the
stilbene core and stabilize the excited state of stilbene, and the fluorescence spectrum
of 4WGH appeared at the longest wavelength region among the compounds. With
increasing the generation of dendrimer, the interaction between the stilbene core
and water decreased due to the bulky hydrophobic dendron group and the increase
of the number of hydrophilic carboxylate anions at the peripheries. The similarity of
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Fig. 13.6 Water-soluble (carboxylate-terminated) dendrimer 4 (WG1-WG3)

Table 13.2 Stokes shifts and trans to cis ratio at the photostationary state of water-soluble
dendrimers

WGl (trans-4 G1)  WG2 (trans-4 G2)  WG3 (trans-4 G3)  G3 (trans-2 G3)

Av_(cm) 9,100 7,600 5,900 5,100
([M[cDpps ~ 6:94 1:99 0:100 8:92

the values of Stokes shift between 4WG3 and 2G3 indicates that the stilbene core of
4WG3 was almost completely isolated from the outside water.

Interestingly, 4WG3 showed one-way trans-to-cis photoisomerization [11]. The
dendron groups having carboxylate anions at the periphery with counter cations at
the surface may induce an electric field. Thus, one can think of the possibility that
the effect of change in the electric field may result in change of the electronic state
of stilbene core and lead to one-way photochemical isomerization of the stilbene
core. Otherwise, the surrounding dendron groups may have a more congested envi-
ronment for the cis-isomer than the trans-isomer due to the structural change of
hydrophobic inner part and hydrophilic periphery. The cis-isomer seems to be
unable to isomerize to the trans-isomer because of the higher congestion of the
dendron groups inhibiting the structural change of the stilbene core within the
excited lifetime.

Furthermore, by time-resolved transient grating method, fast and slow molecular
structural changes were observed in 4WG3 (Fig. 13.7). Thus, after the fast process of
isomerization around the C=C double bond of stilbene within a lifetime of ca. 10 ns,
the energy relaxation as well as the conformational change (~1 ms) occurred [12].
This combined system of fast isomerization of the core with a small molecular weight
and slow conformational change of whole molecule is similar to the photochemical
behavior of Rhodopsin. In Rhodopsin, the isomerization around the double bond
takes place as a fast process of less than a picosecond, and the conformational change
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Fig. 13.7 Photoisomerization of water-soluble (carboxylate-terminated) dendrimer 4WG3

toward the most stable structure of the surrounding opsin goes through several meta-
stable conformations related to the changes in intramolecular hydrogen bonding. One
may construct these kinds of molecules by introducing potential hydrogen bond
forming dendron groups at the peripheries of the dendrimer molecules.

13.2.1.3 Photosensitizer-Terminated Dendrimers

Stilbene dendrimers 5 having benzophenone as a triplet sensitizer at the terminal of
the dendron part were prepared. Both singlet and triplet energy transfers between
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Fig. 13.8 Intramolecular energy transfer and photoisomerization of trans-5

stilbene core and benzophenone part took place quite efficiently as intramolecular
processes (Fig. 13.8). On excitation (290 nm) of stilbene group of trans-5, intramo-
lecular singlet energy transfer from the excited stilbene core to the benzophenone
part took place with considerably high efficiency (99.7 %) [13]. This was confirmed
by quenching of fluorescence from the core stilbene. Then, the intramolecular trip-
let energy transfer from excited benzophenone to stilbene core (97 %) occurred
followed by trans—cis photoisomerization of the core stilbene occurring from the
excited triplet state. Quantum yields for photoisomerization were still high
(®_.=0.41) and even higher than the value of a similar compound without benzo-
phenone group trans-1G1 (@ _ =0.32) despite the involvement of two energy trans-
fer steps.

A naphthalene-terminated stilbene dendrimer trans-6 (Fig. 13.9) underwent
trans—cis photoisomerization via highly efficient dendron-to-core energy trans-
fer [14]. Because the energy transfer should take place as Forster-type energy
transfer process, the spectral overlap between fluorescence spectra of the donor
and absorption spectra of the acceptor plays an important role. In this compound
the spectral overlap is actually far more efficient for frans-isomer than cis-iso-
mer resulting in the more efficient energy transfer from naphthalene to the core
trans-stilbene compared to that of cis-stilbene. This difference in energy transfer
efficiency caused the change in cis—trans-isomer composition at the photosta-
tionary state to be cis-rich on naphthalene part excitation. Therefore, the direc-
tion and efficiency of large structural change could be changed by using the
difference in energy transfer efficiencies from the peripheral naphthalene to the
core stilbene.

13.2.1.4 Aggregation of Dendrimers
A cone-shaped amphiphilic stilbene dendrimer with hydrophilic triethylene glycol

group can be dissolved to form aggregates in pure water even at very low concentra-
tion (10-° M). Formation of aggregates induces intermolecular interactions between
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trans-6

Fig. 13.9 Intermolecular energy transfer of naphthalene-terminated stilbene dendrimer 6

stilbene core parts (Fig. 13.10). In fact, excimer fluorescence and [2+2] photocy-
cloaddition reaction of frans-stilbene were observed. Generally, intermolecular
photochemical reaction of stilbene derivatives occurs only at solid state or relatively
high concentration (>10- M) [15]. Observation of intermolecular photochemical
reaction of stilbene in the lowest concentration to date was achieved by using den-
dritic structure. Furthermore, because of a property of terminated triethylene glycol,
the aggregation size and photochemical properties of aggregates highly depended
on temperature. Thus, one can make varying size of aggregates and may induce dif-
ferent structural change of aggregates by changing the dendrimer size and
temperature.

Formation of hydrogen bonding at the dendron group may also induce the forma-
tion of aggregates. Actually, the compounds 8 exhibited CD spectra in benzene
solution indicating the presence of chiral aggregates probably due to the formation
of intermolecular hydrogen boding among the glutamate groups [16]. If one can
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Fig. 13.10 Aggregation formation of amphiphilic stilbene dendrimer 7 and poly(glutaminate)
dendrimer 8

change the interaction of the dendrimer molecules by light irradiation, one can tune
the structure of the aggregates by inducing the structural change.

13.2.1.5 Polyphenylene Dendrimers

The polyphenylene dendron groups are rather rigid compared to the benzyl ether-
type dendron. The fluorescence quantum yield (@) of trans-9 (Fig. 13.11) was
greater than 0.6, which is more than 15 times as large as that of parent trans-stilbene
(0.04) [17]. Despite the rigid structure of the dendrimer, both trans-to-cis and cis-
to-trans photoisomerization reactions occurred. When cis-stilbene is used as the
core of a polyphenylene dendrimer (11), the fluorescence quantum yield increases
up to 20 % at room temperature, which is 2000-fold more efficient than that of the
parent cis-stilbene (Fig. 13.12) [18].
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Fig. 13.12 Efficient room temperature fluorescence of cis-stilbene dendrimers with polyphenyl-
ene dendrons (cis-11, GO-G2)

The increase of fluorescence lifetime with increasing generation can be explained
as follows. With increasing the generation of polyphenylene dendrimers, activation
barrier for isomerization from the excited cis-isomer may increase, which may con-
tribute to the longer excited singlet lifetime and efficient fluorescence of cis-isomer.
Thus, the increase of singlet lifetime and fluorescence quantum yield should be
caused by the increase of the barrier for cis—trans isomerization from cis ('c*) to
twisted state ('p*), which was brought about by the introduction of rigid polyphenyl-
ene group. Moreover, considerably large structural change should take place in these
polyphenylene dendron-substituted dendrimers due to the rigidity of the dendron.
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Fig. 13.13 Photoisomerization of water-soluble diphenylbutadiene dendrimer 12

13.2.2 Other Photoresponsive Dendrimers

13.2.2.1 Diphenylbutadiene Dendrimers (12)

Water-soluble diphenylbutadiene-cored dendrimer 12 exhibited a remarkably high
quantum yield for trans-to-cis photoisomerization in aqueous solution (Fig. 13.13).
The first-generation water-soluble dendrimer with a diphenylbutadiene core isom-
erized from trans-to-cis with a high quantum yield (&, =0.64), which is compa-
rable to that of the value of retinal in bacteriorhodopsin [19]. Furthermore, the
second-generation dendrimer 12 showed even greater quantum yield of @, =0.86,
which is the highest value known for trans-to-cis isomerization [20]. From these
experiments, it was revealed that water-soluble dendrimers having one carboxylate
anion at each one of the benzene ring at the periphery may result in highly efficient
trans—cis isomerization giving large structural change of the dendrimer molecules.

13.2.2.2 Enediyne Dendrimers (13)

Enediyne dendrimers give efficient fluorescence emission from both the cis- and
trans-isomers and undergo cis—trans photoisomerization (Fig. 13.14). The isomeri-
zation is expected to produce larger conformational change than that of stilbenes
due to the rigid structure of the core enediyne parts having phenyl rings at both
ends. By GPC analysis, it was observed that the molecular size of dendrimer
decreased upon isomerization from trans-isomer to cis-isomer [21]. Therefore, the
enediyne dendrimer is a potential candidate for future optical molecules.
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Fig. 13.14 Large conformational change of enediyne dendrimer 13
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Fig. 13.15 Lipophilic and hydrophilic dendrimers

13.2.3 Summary

In order to achieve large structural change upon photochromic processes, molecular
design and synthesis of appropriate compounds is necessary. In this respect, some
approaches have been performed including the introduction of hydrophilic substitu-
ent at the peripheries of hydrophobic interior having photochromic core. These
compounds are soluble in water like a unimolecular micelle, where water may inter-
act with —CO," at the peripheries by hydrogen bonding (Fig. 13.15). The surround-
ing water molecules (or water clusters) may move with the photochemical change
of the core part, accomplishing large structural change of the dendrimer molecules
associated with water (Fig. 13.16).

Another possibility of observing large structural change is to use dendrimers
having photochromic core surrounded by highly rigid dendrons such as polyphen-
ylene (Fig. 13.17). In this type of compounds, the suppression of the isomerization
rate constant from the cis-isomer to the perpendicular conformation in the excited
singlet state was observed, which indicates the increase of barrier of cis—trans
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Fig. 13.17 Large structural change of rigid dendrimers

isomerization in the excited state. This increase of barrier of rotation in the excited
state should be the consequence of increase of the molecular size related to the
increase of the size change and/or conformation by isomerization.

13.3 Hydrogen-Bonded Compounds

As mentioned in Sect. 13.2, dendritic molecules have a virtue of undergoing
dynamic change in molecular structure with photoirradiation. However, the shifts in
absorption spectra accompanied with photoisomerization around the C=C double
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bond are within only a few nanometers, which is rather small for their dynamic
structural change. This indicates that the dynamic structural change does not always
mean the dynamic change of colors.

On the other hand, many hydrogen-bonded compounds, such as 2-(2'-hydroxy-
phenyl)benzoxazole (HBO) and salicylideneaniline (SA), undergo transient photo-
chromism to give the tautomer (Figs. 13.18 and 13.19) [22, 23].

While the fluorescence quantum yield of SA and 14 is usually very low at room
temperature, 15 exhibits largely Stokes-shifted fluorescence, indicating the occur-
rence of hydrogen atom transfer in the excited state. In addition, a dendritic molecule
(16) with 2-(2'-hydroxyphenyl)benzoxazole as a core [24] undergoes intramolecu-
lar hydrogen atom transfer exhibiting the tautomer fluorescence. The fluorescence
quantum yield increased with increasing generation.

Although the reaction of the above-mentioned compounds is interpreted as a tran-
sient phenomenon within subpicoseconds for forward reaction, the tautomer species
responsible for photochromism would be too unstable to isolate. One can easily
prepare and separate each geometrical isomer in the trans—cis photoisomerization
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Fig. 13.20 Potential energy surface of 2’-hydroxychalcone

around C=C double bond and related photochromism. Our main purpose to study
the compounds having C=C double bond and intramolecular hydrogen bond is to
create new types of photochromic compounds due to the isomer specific formation
of intramolecular hydrogen bonding and photoinduced hydrogen atom transfer.
These two photoresponsive parts may result in both stable color change due to the
presence or absence of intramolecular hydrogen bonding depending on the confor-
mation around C=C double bond, cis- or trans-isomer, and transient photochromism
by way of intramolecular hydrogen atom transfer in the excited singlet state which
will result in observation of fluorescence emission and transient absorption of the
tautomer. We have studied three types of photochromic compounds having both
C=C double bond and intramolecular hydrogen bonding: [1] 2’-hydroxychalcone
type, [2] pyrrolylethene type, and [3] hemiindigo type. Herein, we wish to introduce
these photochromic compounds in terms of their photochemical behavior.

13.3.1 Photochromism of 2'-Hydroxychalcone-Type Compounds

2’-Hydroxychalcone (2'-HC) and its derivatives form strong intramolecular hydro-
gen bonding between —OH and —C=0 and undergo hydrogen atom transfer in the
excited state. 2’-Hydroxychalcone underwent one-way cis-to-trans photoisomer-
ization induced by intramolecular hydrogen atom transfer in the excited state
(Fig. 13.20) [25]. Actually, T-T absorption spectrum of 2’-hydroxychalcone in its
tautomer form with a lifetime of 1 ps was observed. Since the tautomer has a
polyene-like electronic configuration where the adiabatic cis-to-trans isomerization
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Fig. 13.21 Chemical structure of 17

in the triplet state takes place, the potential energy surface of the excited state tau-
tomer of 2’-hydroxychalcone may be similar to that of one-way cis-to-trans photoi-
somerization; in the excited triplet state, the perpendicular excited state is located
not at the energy minimum but at the energy barrier [25, 26]. Although the observa-
tion of any fluorescence evidence of the occurrence of adiabatic intramolecular
hydrogen atom transfer is difficult.

One can observe fluorescence from 2'-HC derivatives as described later.

13.3.1.1 1-(1'-Hydroxy-2-Naphtyl)-3-(1-Naphthyl)-2-Propen-1-One (17)

In contrast to 2’-HC, 1-(1’-hydroxy-2-naphtyl)-3-(1-naphthyl)2-propen-1-one (17)
gave Stokes-shifted fluorescence emission peaking at 620 nm from the tautomer
produced through hydrogen atom transfer (Fig. 13.21). Furthermore, the transient
absorption of the tautomer was observed at 450 nm [27]. In this case, the absorption
spectrum of the normal form appeared at 400 nm and that of the tautomer appeared
at 450 nm. Although the color change is a transient phenomenon, we may propose
this reaction as a transient photochromism. In addition, we have studied the coop-
erative effect of photoinduced intramolecular hydrogen atom transfer and the cis—
trans isomerization around the C=C double bond on the photochromic properties.

13.3.1.2 The Dendritic Molecule with 2’-Hydroxychalcone Core (18)

By introducing the dendritic structure, tautomer fluorescence in the longer wave-
length region at 600 nm produced by intramolecular hydrogen atom transfer was
observed in 18, and fluorescence quantum yield increased slightly with increasing
generation (Fig. 13.22) [28].

13.3.2 Photochromism of Pyrrolylethene-Type Compounds

The absorption spectra of cis-isomer of pyrrolylethenes examined shifted to the
longer wavelengths region compared to those of trans-isomers in 20-50 nm,
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Fig. 13.22 Chemical structure of 18

probably due to the extended conjugation through intramolecular hydrogen bonding
[29-31].

As shown in Fig. 13.23, 2-[2-(2-pyrrolyl)ethenyl]pyridine (19) underwent
one-way trans-to-cis isomerization not only in aprotic but also in protic solvent.
Since T-T absorption spectrum was not observed on excitation of 19, the one-
way trans-to-cis isomerization should occur in the excited singlet state. Moreover,
cis-isomers emitted a tautomer fluorescence produced by an adiabatic intramo-
lecular hydrogen atom transfer in the excited singlet state. Thus, 19 exhibited
two kinds of photochromism on direct irradiation: thermally stable one-way pho-
toisomerization and transient process due to hydrogen atom transfer to give the
tautomer.

One of the problems in photochemical behavior of 19 is that this compound
undergoes one-way frans-to-cis isomerization. To solve this problem and find a
similar molecular system undergoing mutual isomerization, which is essential for
photochromism, we have synthesized a series of pyrrolylethenes having a variety of
nitrogen-containing heteroaromatic rings and studied their photochemical behavior.
When we replace a pyrrole ring with an indole ring in 19, 2-[2-(2-pyridyl)ethenyl]
indole (20), we observed change of absorption spectra between cis- and trans-
isomers similar to that of 19 (Fig. 13.24) [29, 30]. However, this compound under-
went one-way trans-to-cis photoisomerization and is not a photoreversible
compound. In addition, cis-isomer did not show transient photochromism because
we could not observe any fluorescence spectra from neither cis-isomer nor its tauto-
mer. When we replace a pyridine ring with a quinoline ring, we have succeeded in
observing stable photochromism and transient photochromism as described in the
next section.
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13.3.2.1 2-[2-(2-Pyrrolyl)Ethenyl]Quinoline (21)

Though 19 underwent one-way trans-to-cis isomerization, 2-[2-(2-pyrrolyl)ethe-
nyl]quinoline (21) underwent mutual trans—cis isomerization to afford a photosta-
tionary mixture of cis- and trans-isomers in a ratio of 93.4:6.6 in benzene under N,
(Fig. 13.25) [31]. Moreover, cis-isomer exhibited fluorescence with a very large
Stokes shift, indicating that a remarkable change of electronic configuration took
place to produce a cis-tautomer by way of intramolecular hydrogen atom transfer.

13.3.3 Photochromism of Hemiindigo-Type Compounds

Indigo is one of the useful dyes in chemical industry, exhibiting deep blue color and
high stability due to the intramolecular hydrogen bonding. Considering the chemi-
cal structure of indigo consisting of two indolinone rings having both C=C double
bond and intramolecular hydrogen bonding between NH and C=0, we have devel-
oped two hemiindigo-type compounds as promising candidates for a new photo-
chromic system. Herein, we wish to introduce their photochemical behavior
(Fig. 13.26).

13.3.3.1 2-(2-Pyrrolylidene)Indolin-3-One (22)

As shown in Fig. 13.27, 2-(2-pyrrolylidene)indolin-3-one (22) underwent photoi-
somerization mutually between the Z- and E-isomers and exhibited dynamic color
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Fig. 13.28 Chemical fo)
structure of 23

Z-23
kabs(Benzene) =477 nm

change between greenish yellow and reddish orange in benzene due to the intramo-
lecular hydrogen bonding in E-isomers [32, 33]. The quantum yield of E—Z isom-
erization in benzene was lower than 0.01, while that of Z— E isomerization was 0.3
because the intramolecular hydrogen bonding suppressed the E—Z isomerization in
benzene.

13.3.3.2 2-(2-Pyridylmethylidene)Indoline-3-One (23)

The absorption maximum of Z-23 appeared at 477 and 482 nm in benzene and
methanol, respectively. (Z)-2-(2-Pyridylmethylidene)indoline-3-one (23) did not
undergo isomerization to E-isomer in neither methanol nor benzene (Fig. 13.28)
[33]. Moreover, Z-23 did not emit fluorescence at room temperature. Therefore,
Z-23 is highly photostable.

13.3.4 Summary

Many photochromic compounds have been investigated because of their application
in chemical industry. We have also studied and developed new photochromic sys-
tems on the basis of dynamic color change induced by small structural change of
olefinic C=C double bond and intramolecular hydrogen bonding. In these photo-
chromic compounds, both stable and transient photochromisms are expected and



13 Photochromism of Organic Compounds Undergoing Isomerization Around the C=C... 269

Fig. 13.29 Comparison of

absorption spectra in Without intramolecular

photochromic compounds rs hydrogen-bonded compounds
with/without intramolecular i
hydrogen bonding i -
2 With intramolecular
% hydrogen-bonded compounds
2
=
-
Wavelength f
Fig. 13.30 Comparison of
absorption and fluorescence Absorption .
spectra of normal and 4 (Normal form) Absorption 4
tautomer form (Tautomer form)
4
g =
E g
£ - FI 3
H Transient uorescence a
2 phgtachromism (Tautomer form) |2
[<}
1 L]

Wavelength

observed. Stable photochromism corresponds to the shift in absorption spectra
accompanied by photoisomerization around C=C double bond to produce thermally
stable geometrical isomer. The color change by photoisomerization and its effi-
ciency are greatly affected by the presence of intramolecular hydrogen bonding
capable of expanding the electronic conjugation, as shown in Fig. 13.29. On the
other hand, transient photochromism is the consequence of the occurrence of intra-
molecular hydrogen atom transfer to give a tautomer in the excited state with very
short lifetime. The tautomer may not be isolated, but its properties could be esti-
mated from its spectroscopic observation such as fluorescence measurement and
other time-resolved spectroscopy, as shown in Fig. 13.30.

13.4 Summary

If one uses the dendritic structure, large structural change can be expected by appro-
priately choosing dendrimers having stilbene-type photochromic core and relatively
flexible benzyl ether dendrons terminated with hydrophilic substituent at the
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peripheries. In addition, the introduction of rigid dendrons at the peripheries of stil-
bene should cause large structural change as well. Although some spectral change
in absorption is usually observed for simple olefinic compounds, it is not possible to
attain color change by isomerization upon photoirradiation. One of the approaches
to induce color change of the core part is to introduce another factor such as intra-
molecular hydrogen bonding at the core and/or at the peripheries. In this case, color
change upon photoirradiation requires considerable change of electronic structure
by the effect of intramolecular hydrogen bonding, and both thermally stable photo-
chemical cis—trans isomerization around the C=C double bond and thermally tran-
sient structural change upon photoinduced hydrogen atom transfer processes may
take place. The cooperative effect of isomerization around the C=C double bond
and photoinduced hydrogen atom transfer may construct a molecular photochromic
system having large structural change accompanied by color change.
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Chapter 14
Photocontrol of New Molecular Functions
by the Isomerization of Azobenzene

Nobuyuki Tamaoki

Abstract Azobenzene shows the reversible E~Z photoisomerization upon near
ultraviolet (UV) and blue light irradiations. By utilizing changes in the molecular
length and polarity of azobenzene in this isomerization, azobenzene has been
applied as the molecular switching unit of various molecular functional materials.
In this chapter some recent challenges on the photoswitching of new molecular
functions using azobenzene derivatives were described. They include the molecular
chirality and molecular machines. The feature of these molecular functions is that
the control is not accomplished until fine tuning of inter- or intramolecular motions.
The racemization of the planar chiral macrocycles 2 and S is photochemically and
dynamically controlled for the first time by controlling intramolecular free rotation
of an asymmetric rotor unit by photoisomerization of an azobenzene moiety in mac-
rocycles. Under circular polarized lights it was possible to enrich one of the enan-
tiomers of 5 as the results of different efficiency of the photoisomerization between
racemizing Z isomer and the nonracemizing E enantiomers. It was also demon-
strated that point chirality was dynamically introduced by the E-Z photoisomeriza-
tion of one of the azobenzenes in the methane derivatives substituted with two
identical azobenzenes. In the study of molecular machine the sliding motion of a
motor protein, kinesin-microtubule, can be controlled by the photoisomerization of
azobenzene unit introduced to a monomolecular layer underneath the kinesin or in
the adenosine triphosphate (ATP) served as an energy source.
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14.1 Introduction

Azobenzene is a typical photochromic compound that shows trans—cis or E-Z pho-
toisomerization under UV and visible lights. Due to its distinguished features as a
photochromic compound such as easiness of synthesis, possibility of functionaliza-
tion or structural modification, relatively high quantum yield and high photochemi-
cal conversions between photostationary states in both of the photoisomerization
routes, relatively high extinction coefficient of both of the isomers, and large change
in the molecular shape upon isomerization, it has been used as a photoswitching
unit for various molecular functions or properties including ion-binding [1], recog-
nition of small organic molecules [2], phase transition temperature [3] or molecular
alignment [4, 5] of liquid crystals, sol-gel transition temperature [6], conformation
of synthetic polymers [7] and proteins [8], hybridization of DNA [9], and so on.

In this chapter some recent challenges on the photoswitching of new molecular
functions using azobenzene derivatives were described. They include molecular
chirality and molecular machines. The feature of these molecular functions is that
the control is not accomplished until fine tuning of inter- or intramolecular motions.
The racemization of the planar chiral molecules are first photochemically and
dynamically controlled by controlling intramolecular free rotation of an asymmetric
rotor unit by an azobenzene moiety in macrocycles. The sliding motion of a motor
protein, kinesin-microtubule, can be controlled by the photoisomerization of azo-
benzene unit introduced to a monomolecular layer underneath the kinesin or in the
adenosine triphosphate (ATP) served as an energy source.

14.2 Photoswitching of Molecular Chirality

Reversible enantio-differentiating photoisomerization is known for some com-
pounds, where photoresolution and photoracemization occur with circular polarized
and normal light, respectively [10—14]. This process has attracted much attention
because the application of such compounds to rewritable optical recording media
makes it possible to read out memories—without their destruction—by monitoring
the difference in the optical rotation of the two states at a wavelength at which the
absorbance is weak. Another important reason for studying such photoreactions is
that they provide one possible mechanism for the origin of homochirality in bioor-
ganic compounds; this theory proposes that a state displaying a partial enantiomeric
excess can be obtained under the influence of circular polarized electromagnetic
radiation, and then it can undergo a chiral amplification reaction [15-19]. A very
few compounds known to display reversible enantio-differentiating photoisomer-
ization directly between two enantiomers are some chromium complexes and ethyl-
ene derivatives. An important point is that circular polarized light (CPL) is used to
excite one of the enantiomers more efficiently due to its higher extinction coeffi-
cient to the common excited state for both the enantiomers where the racemization
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Fig. 14.1 The concept of switching of planar chirality by E-Z photo isomerization of
azobenzene

is possible. Since the deactivation occurs randomly to either enantiomer, the imbal-
ance in the efficiency of the excitation induces the enrichment of the enantiomer
having a lower extinction coefficient under the irradiated CPL. In the ever known
molecules that showed the reversible enrichment of one of the enantiomers by CPL
irradiation, the excited state was used for racemization.

Recently it was tried to partially enrich one of the enantiomers by CPL irradia-
tion of azobenzene derivatives showing the racemization in one of the ground state
of the geometrical isomers. In one trial the intramolecular rotational motion of one
asymmetric part of the macrocyclic molecule, which induces a racemization within
planar chiral cyclic compounds, was reversibly controlled by E-Z photoisomeriza-
tion of the azobenzene units in the main frame of the macrocycles. In the other trial
racemization was attained by the direct symmetrization of the azobenzene dimer
containing two identical azobenzene substituents from E,Z (one of the azobenzene
substituents is in frans and the other is in cis) to E,E (both of the azobenzene sub-
stituents are in trans) or Z,Z (both of the azobenzene substituents are in cis). The
detail on this molecule will be explained later.

Figure 14.1 shows the concept of chirality switching by E—Z photoisomerization
of cyclic azobenzene. It is well known that planar chirality innates for ansa com-
pounds having an aromatic ring cyclically substituted with a short enough alkyl
chain in the manner where neither symmetric plane perpendicular to the aromatic
plane nor free rotation of the aromatic ring against the alkyl chain is allowed to exist
(like the compound shown in Fig. 14.1, left). If a part of the alkyl chain is substi-
tuted with an azobenzene in the ansa compound, the space for free rotation of the
aromatic ring is changed depending on the isomer state of the azobenzene unit. It is
expected that a larger space between azobenzene and the aromatic ring is formed in
the cis state containing a bent azobenzene unit than in the trans state containing a
rigid straight one. After tuning the length of the rest part of the alkyl chain it may be
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Fig. 14.2 Chemical structure of monocyclic azobenzenes 1-6

possible to attain the complete on/off switching of the free rotation, namely, racemi-
zation, by E—Z isomerization of the azobenzene unit (Fig. 14.1, right).

Figure 14.2 shows the molecular structures of monocyclic azobenzenes synthe-
sized based on the concept above [20-22]. Two types of the compounds are synthe-
sized. In the type 1 the aromatic ring to rotate is naphthalene and the alkyl chain
length was changed. In the type 2 the size of the rotating aromatic ring was changed
by controlling the size of the substituents on it while the alkyl chain length was
maintained.

Depending upon the length of the alkyl spacer in type 1 or the substituents on the
benzene moiety in type 2 and E or Z conformation of the azobenzene unit, these
molecules exhibit various extent of restriction on free rotation of the benzene rotor.
In the cyclic azobenzene 1 with a naphthalene rotor and longest spacers of —O—
CH,-CH,—CH,-O- or 3 with fluorine substitution on benzene rotor, the rotation of
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the rotor was allowed regardless of E—Z photoisomerization of azobenzene moiety.
The rotation speed in 1 can be controlled by photoinduced reversible E-Z isomeri-
zation of their azobenzene at low temperature as evident from the NMR spectra.

The rendered rotation of naphthalene or the substituted benzene rotor in cyclic
azobenzene cavity imparts planar chirality to the molecules. Cyclic azobenzene 3
with the shortest spacers of -CH,—CH,-O-in type 1 or 6 with methoxy group on 2,5
positions of benzene rotor in type 2 showed enough conformational restriction
against free rotation of the rotor in both E and Z isomers, and the respective planar
chiral enantiomers were resolved.

A light-controlled molecular brake was demonstrated for the first time with com-
pounds 2 and 5. The rotation of naphthalene or dimethylbenzene, respectively,
through cyclophane is completely OFF in the trans isomer due to smaller cavity
size. Such restricted rotation imposes planar chirality to the molecule, and the cor-
responding enantiomers were resolved on chiral HPLC. The rotation of naphthalene
or dimethylbenzene in 2 or 5, respectively, renders ON in the cis isomer due to
increased cavity size, and it is experimentally observed by the racemization of sepa-
rated enantiomers by photoinduced E-Z isomerization, which was confirmed by
HPLC using a chiral column.

More interestingly, for the first time, the induction of molecular chirality was
demonstrated in the simple monocyclic azobenzene by CPL [22]. The photoreac-
tions among the geometrical and stereoisomers, R—E, S—E, R—Z, and S-Z, are
expressed schematically as in Fig. 14.3. Under CPL the efficiency of the photoreac-
tion of E —Z or Z—E is different between the stereoisomers S and R. This difference
in the efficiency of photoreaction would explain the observed induction of the
molecular chirality by CPL. The key characteristics of cyclic azobenzene 5 for the
successful enantio-differentiating photoisomerization directly between E enantio-
mers must be the stability of the chiral structure in E isomer, fast racemization in Z
isomer, and the circular dichroism in enantiomers of E and Z isomers. The maxi-
mum enantiomeric excess (ee) under CPL assuming the reaction scheme shown in
Fig. 14.3 is calculated based on the difference in the molar extinction coefficient
between S and R stereoisomers. The calculated value for § was 0.34 % with the CPL
irradiation at 488 nm. The measured value 0.30 % was in reasonably good agree-
ment with the theoretically estimated enantiomeric excess. In conclusion CPL-
induced enrichment of one of the enantiomers was demonstrated for 5§ showing the
fast racemization in Z state (Fig. 14.4).

In order to obtain a larger enantiomeric excess a bicyclic azobenzene dimer hav-
ing relatively large difference in molar extinction coefficient between enantiomers
was synthesized (Fig. 14.5) [23]. This bicyclic system with two photoresponsive

Fig. 14.3 Schematic drawing
of the reaction of molecules
that show racemization in the
cis state

]hl:l
* &
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Fig. 14.5 The concept of chiral bicyclic azobenzene and its photoisomerization between E,E and
Z,Z-isemers (fop). The schematic drawings of stereoisomers for E,E (left) and Z,Z (right) and pos-
sible difference in the racemization property of them (down)

component exhibits three geometrical isomers, E-E, E-Z, and Z-Z (Fig. 14.6). The
bicyclic compound 7 with shorter spacers gave stable enantiomers for all of the geo-
metrical isomers. Contrary to that, the Z-Z isomer of compound 8 shows the race-
mization, which was confirmed by HPLC experiments with a chiral column for a
separated pure enantiomer of E—E-8 before and after irradiation. It was confirmed
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Fig. 14.6 Chemical structure of synthesized bicyclic azobenzenes 7 and 8 (left) and their crystal
structures in E,E (center) and Z,Z (right) states

that the separated pure enantiomer of E—E-8 racemized to the mixture of R— and
S—E—E-8 via a photogenerated Z-Z isomer.

8 was examined for the possibility of enrichment of one of the enantiomers
through the photoisomerization of racemic 8 under the influence of /- or -CPL,
using CD spectroscopy as the detection technique. Irradiation of racemic E,E-8
with - or [-CPL at 436 nm resulted in an active CD spectrum. Because the peak
position and the sign of the CD spectrum for the solution irradiated with CPL
matched to that of one of the pure enantiomers of E,E-8, it is reasonably concluded
that one of the enantiomers was partially enriched upon photoirradiation with CPL.
Alternating irradiation using - and /-CPLs induced an alternation in the sign of the
peaks in the CD spectra. Further irradiation with nonpolarized light returned the
solution to the inactive CD state, i.e., the compound returned to a racemic state.
From the value of Ae,,, and the induced CD value of 0.3 mdeg at 361 nm for the
6.3% 107 M solution of 8 in its PSS at 436 nm, which contained the E,E isomer as
26 % of the total isomers, we calculated the photoinduced ee of the E,E isomer to
be 1.1 %.

In the paragraphs above molecules showing photoswitchable racemization were
introduced, where interconversion between chiral stable stereoisomers’ state (E or
E,E) and the common achiral or racemizing state (Z or Z,Z) was performed by
photoirradiation.
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Fig. 14.7 Schematical drawing of a molecular structure and the reaction with which a new photo-
switching of chirality can be demonstrated
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Fig. 14.8 Synthesized azobenzene dimer based on the new concept and its E-Z isomerization of
one of the azobenzene units inducing reversible molecular chirality

A new idea to establish photoswitchable racemization was demonstrated recently
with a compound schematically shown in Fig. 14.7. Newly designed was a molecule
consisting of a carbon atom having two photoisomerizable azobenzene moieties and a
methyl and a phenyl groups (Fig. 14.8) [24]. The conformational difference caused by
the E—Z photoisomerization of one of the azobenzene moieties was successfully uti-
lized for the generation of point chirality in the molecule. To the best of our knowledge
this is the first example of the induction of point chirality in which two of the substitu-
ents around an sp® carbon atom are geometric isomers. The generation of chirality by
the isomerization of one of the azobenzene units was confirmed by the separable peaks
for the E,Z isomer assignable to the S and R enantiomers in the HPLC using a chiral
column and the CD spectra with mirror images each other of the separated peaks. By
thermal back reaction chiral E,Z isomers returned back to nonchiral E, E isomer.

It is theoretically possible to enrich one of the enantiomers of E,Z geometrical
isomer of 9 by utilizing partially selective photoisomerization by CPL from racemic
mixture of chiral E,Z isomer to nonchiral E,E or Z,Z isomers assuming the reaction
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Fig. 14.9 Schematic drawing
of the reaction of molecules
that show racemization via
achiral Z,Z or E,E isomer
states

EE EZy EZy

Fig. 14.10 Chemical structure of prochiral compound 10. In the E,Z state stereoisomers exist

paths shown in Fig. 14.9. Until now such enrichment was not experimentally dem-
onstrated most probably due to the too small difference in the extinction coefficient
between the enantiomers of E,Z-9.

A similar photoswitchable chirality was also demonstrated with potentially pla-
nar chiral molecule 10 showing much larger difference in the extinction coefficient
between the enantiomers of E,Z (Fig. 14.10) [25].

14.3 Driving and Controlling Molecular Machines

14.3.1 Photoswitching the Motility of a Motor Protein,
Kinesin-Microtubule

As a next challenge to regulate the molecular motion by E~Z photoisomerization of
azobenzene, the target was set to molecular machines. The molecular machine is
defined as molecules or molecular systems that convert some energy to work via a
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mechanism of the molecular level. It can be categorized into two, namely, natural
and artificial. In nature several motor proteins are working. The motor proteins in
our bodies perform several mechanical functions initiated by chemical reactions;
for example, the transformation of chemical energy to mechanical energy as seen
in muscle tissue, the transportation of vesicles or organelles in cells, and the syn-
thesis of energy molecules [e.g., adenosine triphosphate (ATP)]. Kinesin is one of
the most important linear motor proteins; it transports nanoscale objects along
microtubules, rails constructed of tubulins, within cells [26, 27]. If we could apply
a function to an artificial molecular system, it might be possible to use it to trans-
port nanoscale objects precisely between desired positions. The realization of
such artificial regulation of a motor protein might open up a new field in nanotech-
nology [28-31].

Several earlier studies have examined the artificial control of kinesin [32, 33].
The ideal control would be one that provides ON/OFF switching of the motility
function of kinesin at any desired time and any desired position in space. Light is
one of the most appropriate signals for switching because it allows regulation with
sufficiently high temporal and spatial resolution. The switching of kinesin’s func-
tion from the OFF state to the ON state through the action of light was demonstrated
quite a while ago using a caged ATP [34, 35]. In contrast, the reverse switching from
the ON state to the OFF state was only recently demonstrated using a caged peptide
having the same structure as kinesin’s tail, which is known to inhibit the motility of
kinesin if it does not bear a cargo [36]. In that study, the authors demonstrated an
80 % reduction of the initial gliding velocity of microtubules on the kinesin surface
after the photochemical deprotection of the o-nitrobenzyl protecting group on the
caged peptide. Nevertheless, using light to reversibly control the motility of kine-
sin—as desired for the complete regulation of the linear motor protein both tempo-
rally and spatially—has never previously been demonstrated until quite recently.

The reversible control of motile property of kinesin by light was quite recently
demonstrated by two methods using azobenzene derivatives. In the first method the
azobenzene derivative was introduced in the monomolecular layer under kinesin in
the in vitro motility assay where the positional change of fluorescently labeled
microtubules driven by the fixed kinesin on the substrate upon the hydrolysis of
ATP is investigated on a fluorescent optical microscope [37, 38]. Various azoben-
zene monolayers are tested, and some containing amino acid residue with free
amino groups at the terminal as shown in Fig. 14.11 showed the higher motility
velocity of the microtubule in the Z state of the azobenzene monolayer than in the £
state, making it possible to control the velocity repeatedly. The controllable change
in the velocity was 13-15 % of the initial velocity in the E state (Figs. 14.12 and
14.13). It was further confirmed that the changed motility is originated from the dif-
ference in the hydrolysis rate of ATP depending on the isomer state of the azoben-
zene derivatives in the monolayer under kinesin [38].

The other method for the reversible control of the motility of kinesin was the
introduction of azobenzene into ATP [39]. The chemical structures of the synthe-
sized compounds are shown in Fig. 14.14. Unsubstituted or 4-tert-butyl-substituted
azobenzene was introduced at the 2’-position of the ribose ring of ATP.
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Fig. 14.11 Chemical structure of the compounds used for the monolayer formation. The com-
pounds are applied with the protecting groups on the amino groups and then deprotected on the
glass substrate by using trifluoroacetic acid

Fig. 14.12 Photographs of rhodamine-labeled microtubules driven by the kinesin-mediated ATP
hydrolysis on the deprotected lysine-azobenzene monolayer. Top: in the trans state, at O s (left) and
10 s (right) in the motility experiment. Bottom: at the cis rich state after 366 nm irradiation, at 0 s
(left) and 10 s (right) in the motility experiment. Red arrows point the front position of a microtu-
bule at the time. The dotted arrow on the right photographs points the front position of the same
microtubule at 0 s. Field of view: 82 pmx 82 pm
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Fig. 14.14 Chemical structure of azobenzene-introduced ATP analogues and their photoisomer-
ization between trans and cis isomers

Both of the compounds 13 and 14 showed the activity as the energy source for
the motility of kinesin. The sliding motion of microtubules was observed on the
kinesin in the in vitro motility assay mentioned above using 13 or 14 instead of ATP.
When 14 was used as the energy source, the reversible changes of the motility
velocity was observed by UV and blue light irradiations which induce trans—cis
and cis—trans photoisomerization of azobenzene, respectively. The motility of
microtubules was faster with the state of cis of 14, and the controllable change in the
velocity was about 30 % of the initial velocity in the E state (Figs. 14.15 and 14.16).

14.3.2 Trial of the Synthesis of Azobenzene Molecular Machines
Continuously Converting Light Energy to Work

The design and construction of motors of ever smaller sizes has fascinated the sci-
entists of worldwide owing to the growing interest in miniaturization of components
for the construction of useful devices, which is an essential feature of modern
technology [40—42]. In this perspective, there are several attempts towards the
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Fig. 14.16 Schematic drawing showing the photocontrolled gliding velocity of microtubules
using the photoisomerizable ATP analogue

development of synthetic molecular systems that function as shuttles [43, 44], rotors
[45—47], muscles [48-50], elevators [51], and motors [52-57], where these systems
have given a new outlook to the field of synthetic molecular-level machines. Among
various reports on molecular machine constructs, those generating the linear and
rotary motion of the micro/nano objects received greater attention attributed to the
expected applications as delivery systems [35, 58, 59].

Ichimura et al. [60] reported one of the first examples of the translational motion
of objects on surfaces, where the surface energy gradient formed by photoisomer-
ization of azobenzene units resulted in the movement of droplets on azobenzene
modified surfaces. Recently, the photochromic liquid crystalline polymers [61-65]
or crystals [66, 67] found applications as artificial muscles and actuators exploiting
the structural changes induced upon photoisomerizations.

Feringa et al. [68—70] reported the rotational motion of the micro glass rods on a
switchable chiral nematic liquid crystalline film, induced by the isomerization of
the molecular motors in the nematic liquid crystalline host. In this system, the for-
ward rotation was induced by the photoisomerization of the sterically overcrowded
ethylene motor molecule, while the reverse rotation was achieved by its thermally
induced reverse isomerization. This study demonstrated how the collective action
of molecular scale motors embedded in a liquid crystalline host is translated as the
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rotational motion of the macroscale object. In a similar study, Kurihara et al. [71]
reported a fully photocontrolled rotary motion of the micro glass rods which is
induced by the photoisomerization of the central chiral azobenzene molecule. In
both these systems, the rotational motion of the micro objects is achieved by the
rotational reorganization of the cholesteric helix, which is reversibly switched by
isomerization of the chiral dopants.

It is important to know the relationship between the molecular scale events such
as isomerization of the chiral dopant and the macroscopic event of glass rod rota-
tion. The literature of the last decade contains several studies dedicated to the design
and synthesis of phototunable chiral dopants functionalized with various photo-
chromic units for the purpose of reversible switching of cholesteric pitch and
thereby the color reflections [20, 72—86]. When a chiral solute is dissolved in nem-
atic liquid crystal at the limit of low concentration, the induced helical pitch P is
correlated with the weight concentration Cw of the dopant (weight of dopant/weight
of solution) and its enantiomeric purity r according to the equation

P'=BC, r (14.1)

The proportionality constant j is referred to the helical twisting power (HTP) of
the chiral dopant. From the accumulated experimental [87-97] and theoretical stud-
ies [98-100] towards the photocontrolled reversible tuning of the cholesteric pitch,
it is clear that the initial HTP and its difference between the bistable states are the
two important parameters which decide the reversible control of the reflection col-
ors in a wide spectral region. The change in reflection wavelength band (AA) is
related to the change in helical twisting by the following equation:

Moen|—t 1 (14.2)
Cw .r.ﬁﬁn Cw .r.ﬂini

’

where “n” is the refractive index of the doped liquid crystal mixture and the “f, .
and “B. 7 are defined as the observed HTP of the chiral dopant before and after
photoirradiation, respectively. Although there are few reports on the molecular
motor application of the reversibly switchable doped chiral nematic liquid crystal-
line phases [68—71], there are no studies which directly link the nature of the chiral
dopant to rotation degree of the micro objects. The experimental and theoretical
studies by Feringa et al. examined the mechanism of the rotational reorganization of
the cholesteric helix based on the nature of the liquid crystal host and the photoi-
somerization of the chiral dopant [69, 70]. Although it is apparent that the change in
HTP must be the reason for the rotation of the glass rods, there are no detailed stud-
ies in literature which probe the exact parameter of the chiral dopant determining
the degree of rotation of the micro objects on these films.

In order to study the role of chiral dopants in fully photocontrolled rotational
reorganization of cholesteric texture, five new planar chiral azobenzenes were syn-
thesized (Fig. 14.17) [101]. In this study, the modified designs of planar chiral cyclic



14 Photocontrol of New Molecular Functions by the Isomerization of Azobenzene 287

CO,Et CO,Et

EtOZC EtOzC

17 18 19

Fig. 14.17 Chemical structures of planar chiral azobenzene derivatives for the engines of the
LC-based molecular machine

azobenzenes were used to understand the effect of molecular geometry and meso-
genic properties on HTP of the molecules and to explore their application as chirop-
tical switches in four structurally different nematic liquid crystalline phases.

The initial value of HTP, the change in the HTP upon photoisomerization, and
also the photoisomerization rate were changed depending on the chemical structure.
The compound 15 showed the largest HTP in its E state while 16 showed the largest
change in HTP upon photoisomerization which was faster than other derivatives.
All of the chiral azobenzene derivatives induced upon photoisomerization of the
rotation of glass rods on the LC surface doped with them (Fig. 14.18). Most impor-
tantly, detailed experimental results clearly bring out the linear dependence of the
degree of rotation of the micro glass rod to the ratio of HTP of the chiral dopant
before and after irradiation, not just the absolute value of change in HTP between
the initial and final states of the chiral dopant against its initial HTP.

Another interesting phenomenon was the non-corresponding texture change
upon photoisomerization of the dopant between forward (from trans to cis) and
backward (from cis to trans) reactions if the LC was doped with 16 when high
intensity of light and a thicker sample were used [102]. In the forward photoreaction
the texture with the line shape was maintained with the broadening and showed the
rotation of it. In the backward reaction, however, the line texture suddenly disap-
peared and a new round one was formed. This phenomenon resulted in
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Fig. 14.18 Optical micrographs showing the rotation of a glass rod on the surface of chiral nem-
atic liquid crystalline film formed by doping with E-16, (“A” means the first eluted enantiomer)

(1 wt.%) in 5CB. Rotation of glass rod on 366 nm (a—d) and 436 nm (e-h) irradiations recorded at
an interval of 15 s

non-corresponding motion of a small glass object when it was put on the surface of
the LC film. In the forward photoisomerization under UV the small glass object
rotated while the object stayed without rotation during blue light irradiation. By
repeating alternated irradiation with UV and blue lights, the glass object continu-
ously rotated unidirectionally. This is the real demonstration of the conversion of
the light energy to work.

14.4 Conclusion

It was demonstrated that motion of molecules could be controlled dynamically by
the E~Z photoisomerization of azobenzenes. In the case of the intramolecularly
rotating motion of a rotor, the fine tuning of the bulkiness of the rotor or the macro-
cyclic ring size was the key to the success for the complete ON-OFF photoswitch-
ing of the rotational motion. It was possible to utilize this photoswichable motion
for chirality control of planar chiral molecules at the stopped rotation state. The E-Z
photoisomerization could be applied to control the motion of molecular machines.
It was successfully demonstrated that the velocity of the motility of a motor protein,
kinesin-microtubule, was reversibly photocontrolled by the isomerization of azo-
benzene embedded into ATP or the mono-molecular layer contacting with kinesin.
Azobenzene derivatives were also used for controlling or driving the artificial
molecular machines. Chiral azobenzene derivatives could be applied to the Feringa’s
molecular machine composed of a liquid crystal and a photoresponsive chiral dop-
ant. Interesting relationship between HTP and the rotation angle of the glass rod
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upon the photoisomerizations between photo stationary states was obtained. It was
also possible to drive the machine continuously in the unidirectional manner, con-
verting light energy to the mechanical work as the real molecular machine not just
the mechanical switch.
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