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Diarylethenes undergo thermally irreversible and fatigue-resistant photochromic reactions not
only in solution but also in the single-crystalline phase. This article describes recent development
of the single-crystalline photochromism of diarylethene derivatives. We focused on the
relationship between their crystal structures and the photochromic performance.
Photocyclization/cycloreversion quantum yields, absorption spectra, the absorption anisotropies,
and surface morphology changes are strongly dependent on the conformations and packing

structures of the molecules in the crystals.

Introduction

Photochromism is defined as a reversible transformation
between two isomers with different absorption spectra upon
irradiation with light of appropriate wavelengths.! Most
photochromic compounds undergo thermally reversible photo-
chromic reactions. The photogenerated coloured isomers are
thermally unstable and return to the initial colourless forms
even in the dark. In addition, the compounds significantly
change their geometrical structures during the photochromic
reactions. The molecular shape and size are different between
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the two isomers. Therefore, compounds that exhibit photo-
chromic reactions in the crystalline phase are very rare. In
general, microcrystalline powders of photochromic com-
pounds don’t show any colour change upon photoirradiation.
To date, several photochromic compounds, such as
paracyclophanes,” N-salicylideneanilines,® aziridines,* triaryl-
imidazole dimers,’ diphenylmaleonitrile,® 2-(2,4-dinitroben-
zyl)pyridines,’ triazines,® and others’ have been reported to
undergo photochromism in the crystalline phase. Most of the
photogenerated coloured states are also thermally unstable at
room temperature. These thermally unstable photochromic
systems are not suitable for the detailed study of the reaction
mechanism in crystals. It is indispensable to develop photo-
chromic compounds which undergo thermally irreversible
photochromic reactions to reveal the mechanism in crystals
and also for the application to optoelectronic devices. In this
article, we describe the photochromism of thermally irrever-
sible diarylethene derivatives in the single-crystalline phase.

General features of photochromism of diarylethene
single crystals

Diarylethenes with heterocyclic aryl groups are the most
promising photochromic compounds for the application to
optoelectronic devices because of their outstanding perfor-
mance (Scheme 1).!° Diarylethene derivatives in solution
undergo thermally irreversible and fatigue resistant photo-
chromic reactions. Both the photogenerated coloured isomers
and the initial colourless isomers are stable for more than
1 000 years at room temperature,'' and the colouration/
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Scheme 1 Photochromism of diarylethene.
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decolouration cycles can be repeated more than 10 000 times.'?
The response times of colouration/decolouration are less than
10 ps.'”® The cyclization quantum yields in solution are
moderate (& = 0.1 ~0.5)."* The cycloreversion quantum yield
is strongly dependent on the substituents. When methoxy
groups are introduced at the central reactive carbons, the
cycloreversion quantum yield is strongly suppressed to less
than 10™*, while it increases to 0.41 when the substituents are
cyano groups.'’

Diarylethene derivatives undergo thermally stable and
fatigue resistant photochromic reactions not only in solution
but also in the single-crystalline phase (see ESIT).'® Upon
irradiation with ultraviolet (UV) light, the colourless single
crystals turn yellow, red, blue, or green depending on their
molecular structure, and the colours remain stable in the dark.
The coloured crystals return to the initial colourless ones upon
irradiation with visible light. In crystals, diarylethene mole-
cules show a very high cyclization quantum yield. When the
molecules are packed in antiparallel conformation'” and the
distance between the reactive carbons is less than 0.40 nm,
the cyclization quantum yield becomes close to 1 (100%).'® The
large cyclization quantum yield in the crystalline phase is
ascribed to three factors. One is the high population of the
photoreactive antiparallel conformation in crystals. Other
factors are the very low activation energy, almost zero, of
the cyclization reaction''® and the rapid cyclization rate, less
than 10 ps.”

X-ray crystallographic analysis was carried out to reveal the
reason why the crystalline photochromism can take place in
diarylethene single crystals.”® Fig. 1 shows the structures of
diarylethene 1 (Chart 1) before and after the photocyclization
reaction. As can be seen, almost all atoms remain in the same
positions even after the reaction except the sulfur and the
reactive carbon atoms. This small structural change allows the
molecule to undergo the photochromic reaction in the crystal.

Top view

Fig. 1 ORTEP drawings of photoirradiated crystal 1. Black and red
molecules indicates open-ring and photogenerated closed-ring isomers
in the crystal, respectively. Hydrogen atoms are omitted for clarity.

Chart 1 Diarylethene 1.

The molecular structure of the photogenerated closed-ring
isomer was found not to be the same as the structure of the
most stable closed-ring isomer.?' Fig. 2 shows the structural
differences observed in crystal 1 between the photogenerated
closed-ring isomer in the crystal of the open-ring isomers and
the closed-ring isomer in the crystal of the isolated closed-ring
isomers. Although the C1-C10 bond lengths are the same as
each other, the distance between S1 and S2 of the photo-
generated isomer is larger than this distance in the most stable
closed-ring isomer. This means that the structure of the
photogenerated isomer is distorted. The distorted structure
shifted the absorption spectrum of the closed-ring isomer to
longer wavelengths than the spectrum of the most stable
closed-ring isomer. The red shift was also confirmed by
theoretical calculations.

Multi-colour photochromism of two- and three-
component crystals

In usual one-component photochromic systems, they inter-
convert between only two states, “colourless’ and “coloured”.
On the other hand, in multi-component systems composed of
different kinds of photochromic compounds, reversible multi-
state switching between more than two states can be realized
by the combination of two states of each component. In a two-
component system, for example, four states (2> = 4) could be
produced, and eight states (2° = 8) in a three-component
system. Multi-component or multi-coloured systems of diary-
lethenes were reported for the first time by Lehn ef al.?? They
demonstrated that the absorption properties of the multi-
component diarylethene mixture in solution as well as on
silica-gel plates can be modulated by controlling the wave-
lengths, duration, and slit-width of the irradiation applied. A
fused diarylethene dimer which consists of two different
photochromic units has also been demonstrated.”* Although

S1

$1-52 = 0.370(3) nm
C1-C10 = 0.153(1) nm

$1-82 = 0.356(1) nm
C1-C10 = 0.153(1) nm

Fig. 2 Molecular structures of closed-ring isomer of 1: (a) in UV-
irradiated single crystal of the open-ring isomers, (b) in the crystal of
the isolated closed-ring isomers (Ref. 21).
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these systems exhibit multiple colours upon photoirradiation,
colouration/decolouration cycles, photocolouration efficiency,
resolution of the coloured images, and stability of the coloured
state are limited. An ideal system is a multi-component single
crystal because of its high durability, high efficiency of
photocolouration as described before, and molecular-scale
high resolution. If a multi-component photochromic crystal
that contains three kinds of compounds which exhibit yellow,
red, and blue colours can be prepared, the crystal is expected
to show a full range of colours upon photoirradiation. As a
result of examining a great variety of combination of
photochromic diarylethenes, we found that diarylethenes 1,
2, and 3 (Chart 2) formed two- and three-component single
crystals.?* Two-component crystal 1-3 and three-component
crystal 1-:2-3 were prepared and their photochromic perfor-
mance was examined.

By recrystallization of a mixture of 1 and 3 (molar ratio
1:3 = 95:5) from ethanol, a colourless single crystal that
contains both 1 and 3 in the molar ratio of 99.6 : 0.4 was
obtained.?** The shape and crystallographic parameters of the
crystal were the same as those of the one-component single
crystal of 1. It is suggested that 3 is substitutionally
incorporated into the crystal lattice of 1. Fig. 3a shows a
photograph of partially coloured crystal 1-3 by irradiation
with light of different wavelengths. The colourless crystal
turned red upon irradiation with 370 nm light (left spot in
Fig. 3a), and turned blue with 405 nm light (central spot in
Fig. 3a). These red and blue colours are due to photogenerated
closed-ring isomers of 1 and 3, respectively. Upon irradiation
with both 370 and 405 nm light, the crystal turned purple
(right spot in Fig. 3a). These photogenerated colours in the
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Chart 2 Diarylethenes 2 and 3.
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Fig. 3 Photographs of partially coloured crystals 1-3 (a) and 1-2-3
(b); (a) is reproduced by permission of Wiley-VCH (Ref. 24a); (b) is
reprinted with permission from Ref. 24h. Copyright 2000 American
Chemical Society.

crystal are thermally stable, and completely bleached by
irradiation with visible light (1 > 480 nm). Both 1 and 3
undergo photochromic reactions in the two-component
crystal.

A full-colour photochromic crystal that contains three kinds
of diarylethenes exhibiting three primary colours, such as
yellow, red, and blue, was also prepared.?*” Recrystallization
of a mixture of 1, 2, and 3 (molarratio1:2:3=1:04:0.5)
from acetonitrile afforded a single crystal composed of 1, 2,
and 3 in the molar ratio of 97.4 : 2.4 : 0.2. The crystal lattice of
1 provided the sites where 2 and 3 can sit. Fig. 3b shows a
photograph of the three-component crystal. Upon irradiation
with light of appropriately selected wavelengths, the colourless
crystal turned yellow, red, and blue. These colours are due to
closed-ring isomers of 1 (red), 2 (yellow), and 3 (blue)
generated in the photoirradiated crystal. Although the
molecular structures of 2 and 3 were not discerned by X-ray
crystallographic analysis because they are only present in small
amounts in the crystal, polarized absorption anisotropies of
the three colours showed that the three components are packed
in a similar manner and undergo photochromic reactions in
the single-crystalline phase. In addition, the combination of
“ON” and “OFF” states of each primary colour gave eight
colours (23 = 8), such as colourless, yellow, red, blue, orange,
purple, green, and black. All the colours are thermally stable
and do not fade in the dark. They are completely bleached by
irradiation with visible light (4 > 450 nm). Such multi-
coloured photochromic crystals have the potential for applica-
tion to multi-frequency three-dimensional optical memory
media and photo-switchable full-colour displays.

Selective photoreactions with polarized light

Multi-state recoding can also be achieved by using linearly
polarized light. When diarylethene molecules are packed into a
herringbone-type crystal structure, in which long axes of the
molecules are oriented perpendicular to each other, irradiation
with linearly polarized light can induce selective photoreac-
tions of the molecules aligned in one direction, because the
closed-ring isomer has an electronic transition moment in the
direction of the long axis of the molecule.”® The combination
of “colourless’ and “coloured” states of the molecules oriented
to the different directions can give four states (2> = 4),
although the crystal is composed of only one photochromic
molecule. Diarylethene 3°°“ and diarylethene dimer 47
(Chart 3) formed herringbone-type crystal structures suitable
for selective photoreactions with linearly polarized light.

Chart 3 Diarylethene dimer 4 linked via a fluorene spacer.

This journal is © The Royal Society of Chemistry 2005

Chem. Commun., 2005, 3895-3905 | 3897



When 3 was recrystallized from hexane, four kinds of
crystals with different shapes were obtained.?* X-ray crystal-
lographic analysis of the crystals revealed that they are
polymorphic forms. Three of them had plate-like shapes,
while one was a needle. Fig. 4a shows a molecular packing
diagram in the needle crystal viewed from the (100) face. In the
crystal, the long axes of the diarylethene molecules are oriented
into two directions A and B that are perpendicular to each
other. The crystal of 3 turned blue upon irradiation with
370 nm light. The photogenerated blue colour is due to the
formation of the closed-ring isomers. The blue colour of the
crystal disappeared upon irradiation with visible light (1 >
500 nm). Although in general diarylethene crystals show a
clear polarized absorption anisotropy in the coloured
states,”>* ¢ crystal 3 did not show any well-defined anisotropy
of the blue colour, as shown in Fig. 4b. The shape of the polar
plot is ascribed to the herringbone structure. The superposition
of the electronic transition moments oriented perpendicularly
into two directions gave an almost isotropic polar plot
(Fig. 4b, c). This result suggests that linearly polarized light
can selectively bleach molecules aligned in one direction. Fig. 5
shows photographs of crystal 3 observed under a polarized
microscope with a parallel nicol. The colourless crystal
(Fig. 5a) was irradiated with non-polarized 370 nm light to
give the blue-coloured crystal (Fig. 5b). When the coloured
crystal was irradiated with linearly polarized light (A > 570 nm)
parallel to the direction A, the coloured closed-ring isomers
along the polarized light were preferentially bleached, as
shown in Fig. 5c. On the other hand, when the coloured crystal
in Fig. Sb was irradiated with linearly polarized light parallel
to the direction B, the molecules oriented to the direction B
were selectively bleached, as shown in Fig. 5d. The four states
of the crystal shown in Fig. 5 can be expressed as follows:
directions A/B = 0/0 (Fig. 5a), 1/1 (b), 0/1 (c), and 1/0 (d).

A similar selective photoisomerizaition induced with linearly
polarized light was observed in a single crystal of diarylethene
dimer 4 in which two diarylethene chromophores are
covalently linked via a fluorene spacer.”®® Because of the
well-defined bond angle at the fluorene moiety, the long axes
of the two diarylethene units in the dimer structure are
oriented almost perpendicularly and a herringbone-type
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Fig. 4 Molecular packing diagram of crystal 3 (a), polar plots of
polarized absorbance of coloured crystal (b), and direction of
electronic transition moments of photogenerated closed-ring isomers
(c). Reproduced by permission of Wiley-VCH (Ref. 26a).
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Fig. 5 Photographs of crystal 3 observed under a polarized micro-
scope with parallel nicol: (a) before photoirradiation, (b) after
irradiation with non-polarized 370 nm light, (¢ and d) after partial
breaching by linearly polarized visible (4 > 570 nm) light parallel to
direction A (45°) and direction B (—45°). Reproduced by permission of
Wiley-VCH (Ref. 26a).
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molecular-packing structure is constructed in the crystal. The
crystal underwent photochromism and turned blue by irradia-
tion with non-polarized UV light. Polarized absorption spectra
of the blue colour measured on the (—1 1 0) face of the crystal
did not show any specific anisotropy. Upon irradiation with
polarized visible (4 > 570 nm) light parallel to one of the
transition moments, the closed-ring isomers along the polar-
ized light were selectively bleached.

Supramolecular architectures formed via hydrogen-
bonding, metal-coordinating, and aryl-perfluoroaryl
interactions

In the field of crystal engineering, non-covalent bonds, such as
hydrogen-bonding,>” metal-coordinating,® and m-n interac-
tions,”” have been widely used for the construction of various
types of supramolecular structures of organic or organo-
metallic compounds. In this section, several examples of
crystal engineering of photochromic diarylethenes by utilizing
these interactions are described.

Hydrogen bonds are the most widely used for the construc-
tion of various types of supramolecular architectures of
organic compounds because of their robustness, directional-
specific character, and diversity.?” Crystal structures and
photochromic performance of single crystals of diarylethenes
5-7 having two carboxylic acid groups at para-, meta-, and
ortho-positions of the phenyl rings (Chart 4) were studied.*
Fig. 6 shows the supramolecular architectures observed in
crystals para-5, meta-6, and ortho-7. The diarylethenes are
linked via intermolecular hydrogen-bonding interactions
between the carboxylic acid groups to form linear-chain
structures in the crystals. The chains have a two-fold helical
symmetry and the position of the substitution changed the
helical pitch. The zigzag chain of ortho-7 has the shortest pitch.
All the crystals underwent photochromic reactions. The

3898 | Chem. Commun., 2005, 3895-3905
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Chart 4 Diarylethenes 5-7 having carboxylic acid groups.
(a) ﬁ .
(b) g g

# %ﬁ’m
Fig. 6 X-ray structures of one-dimensional linear chains in crystals

para-5 (a), meta-6 (b), and ortho-7 (c). Reproduced by permission of
Wiley-VCH (Ref. 30).

absorption maxima of the UV-irradiated coloured crystals
were 640 nm, 600 nm, and 560 nm for para-5, meta-6, and
ortho-7, respectively, as shown in Fig. 7a. Absorption spectra
of the coloured crystals showed a significant spectral shift (by
as much as 80 nm) depending on the substituted position,
although the absorption spectra of the corresponding closed-
ring isomers in solution are similar to each other (567 nm~
598 nm).

This spectral shift observed in the crystalline state is ascribed
to the difference in the molecular conformation, especially the
torsion angles between the thienyl and phenyl rings, induced
by the intermolecular hydrogen bonds in the crystals. Fig. 7b
shows the molecular structures of the diarylethenes in the
crystals. The absorption spectra reflect the m-conjugation
length of the photogenerated closed-ring isomers in the
crystals. As can be seen from Fig. 7b, phenyl rings in the
crystal of para-5 are almost parallel to the molecular plane.
This means that in the photogenerated closed-ring isomer
n-conjugation extends over the entire molecule. On the other
hand, the planes of the phenyl rings are almost perpendicular
to the molecular plane in the crystal of ortho-7. The twisted
phenyl rings do not enter the m-conjugation of the central part
of the closed-ring isomer. The molecular structure in the
crystal of meta-6 is in between para-5 and ortho-7. The order of
the absorption maxima (para-5 > meta-6 > ortho-T7) corre-
sponds well to the planarity of the molecules in the crystals.

Coordination-driven self-assembly is also an important stra-
tegy to construct supramolecular architectures.?® Diarylethene
metal-complex systems in which diarylethene ligands having
pyridyl groups coordinate to metal centres have been
constructed.®' Complexes composed of symmetric bidentate
and asymmetric monodentate diarylethene ligands 8 and 9

(a)

ortho-7 meta-6 para-5

Absorbance { a.u.

T L]

T
400 500 600 700 800
Wavelength / nm

(b}

para-5

Fig. 7 Absoption spectra of coloured crystals para-5, meta-6, and
ortho-7 (a) and molecular structures of diarylethenes in the crystals (b).
(a) is reproduced by permission of Wiley-VCH (Ref. 30).

having one or two pyridyl groups (Chart 5) and M(hfac),
(M = Zn>*, Cu®*, and Mn?*; hfac = hexafluoroacetylacetonate)
were synthesized and their crystal structures and photochromic
performance in the single-crystalline phase were compared.
In the crystals, the bidentate ligand 8 formed linear-chain
coordination polymers, while the monodentate ligand 9
formed discrete 1 : 2 complexes. Fig. 8 shows the supramo-
lecular structures of Zn** complexes with 8 and 9 in the
crystals. Although the absorption spectra of the coloured
closed-ring isomers are similar in solution, spectra of the UV-
irradiated coloured crystals were different among the com-
plexes with Zn>", Cu®*", and Mn?*, reflecting the molecular
conformation of the diarylethene ligands in the crystals.
Stacking between aromatic hydrocarbons and perfluorocar-
bons, aryl-perfluoroaryl interaction, is a special class of

Chart 5 Diarylethene ligands 8 and 9.
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Fig. 8 X-ray structures of a one-dimensional linear coordinating
chain in crystal 8-Zn(hfac), (a) and a 1 : 2 discrete complex in crystal
9-Zn(hfac), (b).

aromatic—aromatic interaction and has been studied exten-
sively since the first report by Patrick and Prosser in 1960.3*%
A diarylethene derivative 10 having two pentafluorophenyl
groups (Chart 6) was synthesized, and co-crystals of 10 with
aromatic hydrocarbons, such as benzene (Bz) and naphthalene
(Np), were prepared.** 10 co-crystallized with Bz and Np in the
stoichiometric ratio of 2 : 1 and 1 : 1, respectively, by
recrystallization from hexane. Fig. 9 shows assembled struc-
tures observed in co-crystals 10-Bz and 10-Np. In crystal
10-Bz, a linear chain structure, which is composed of 10 and Bz
in the ratio of 2 : 1, is formed as shown in Fig. 9a. On the other
hand, in crystal 10-Np, a discrete sandwiched structure
composed of 10 and Np molecules is formed as shown in
Fig. 9b. In both cases, stacking between the pentafluorophenyl
groups of 10 and Bz or Np molecules is clearly observed. The
co-crystals of 10-Bz and 10-Np and a single crystal of 10
underwent photochromic reactions. These three crystals
exhibited absorption maxima at different wavelengths
(Zmax = 630 nm (10), 620 nm (10-Np), and 555 nm (10-Bz)),
although the coloured species is the same closed-ring isomer of

Fig. 9 X-ray structures of a one-dimensional linear chain in co-
crystal 10-Bz (a) and a discrete sandwiched structure in co-crystal
10-Np (b).

10. The spectral shift is ascribed to the difference in the
conformation of the diarylethene molecules in the crystals
induced by the intermolecular aryl-perfluoroaryl interactions.

Nano-layered and nano-mosaic periodic structures

In the full-colour crystal described earlier, diarylethenes 2 and
3 are substitutionally incorporated into the crystal lattice of 1.
Although the crystal showed multi-colour photochromism, the
composition ratio of the dopant diarylethenes 2 and 3 in the
crystals is very low because of the absence of strong
intermolecular interactions. When molecules have substituents
which can interact with each other, the composition ratio can
be controlled. This section deals with stoichiometric diary-
lethene co-crystals 10-11 and 10-12 (Chart 7).%
Recrystallization of a 1 : 1 (molar ratio) mixture of 10 and
11 from hexane gave colourless single crystals. HPLC and
X-ray crystallographic analyses indicated that the crystal is
composed of both 10 and 11 in the molar ratio of 1 : 1. Fig. 10a
shows the molecular packing diagram in co-crystal 10-11. The
crystal has a layered structure in which uni-molecular layers of
10 and 11 are alternately stacked. The thickness of each layer is
ca. 0.65 nm. The phenyl rings of 10 and the pentafluorophenyl
rings of 11 are not stacked with each other. This indicates that

Chart 7 Diarylethenes 11 and 12 having phenyl and naphthyl groups.
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Fig. 10 Molecular packing diagrams of co-crystals 10-11 (a) and
10-12 (b). Red, blue, and green molecules indicate molecules 10, 11,
and 12, respectively. Reproduced by permission of Wiley-VCH
(Ref. 35b).
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aryl-perfluoroaryl interaction does not exist between 10 and
11 in the co-crystal.™® The co-crystal of 10 and 12 was also
prepared by recrystallization of a 1 : 1 mixture of the
compounds. The composition ratio was 1 : 1 in the crystal.
The molecular packing structure in co-crystal 10-12 is shown
in Fig. 10b. The pentafluorophenyl groups of 10 and the
naphthyl groups of 12 are stacked well by intermolecular aryl—
perfluoroaryl interactions.” The diagrams viewed from the
a-, b-, and c-axes indicate that 10 and 12 molecules are packed
in a three-dimensional alternating arrangement to form a
mosaic-like structure in the co-crystal.

Co-crystals 10-11 and 10-12 showed photochromism. Upon
irradiation with UV light, the colourless co-crystals of 10-11
and 10-12 turned blue and green, respectively. These colours
were thermally stable in the dark, and completely bleached
upon irradiation with visible light (4 > 450 nm). The ratio of
the reacted two components was monitored by HPLC. In both
co-crystals 10-11 and 10-12, components 11 and 12 selectively
converted to the closed-ring isomers, and photocyclization
of 10 was strongly suppressed. In homo-crystals of each
compound, efficient photocyclization reactions with quantum
yields of 1 took place.'8%343% The highly selective photoreac-
tion of 11 and 12 was also confirmed by in situ X-ray analysis.

Such a dramatic difference in the photoreactivity between
homo-crystals and co-crystals can be explained by intermole-
cular excited-energy transfer in the co-crystals, as follows.
Absorption edges of 11 and 12 in hexane are located at longer
wavelengths than that of 10. This means that the excited S,
energy levels of 11 and 12 are lower than that of 10. In the co-
crystals, the two different diarylethene molecules are closely
packed, and the intermolecular distance between them is less
than 1 nm. Although photocyclization reactions of diary-
lethene derivatives in the single-crystalline phase usually
proceed very fast (in less than 10 ps),'® the close intermolecular
contact in the co-crystals allows the excited energy to transfer
from 10 to 11 or 12. The excited energy absorbed by 10 is
efficiently transferred to 11 or 12 and the energy transfer
causes the highly selective photocyclization reactions of 11 or
12 in the co-crystals.

More recently, it was found that a single crystal of
diarylethene 13 (Chart 8) has a unique molecular-packing
structure in which photo-reactive and photo-inactive confor-
mer layers are alternately stacked.*® This crystal includes two
different conformers of 13 as a crystallographically asymmetric
unit. Fig. 11a shows ORTEP drawings of the conformers. Both
conformers A and B adopt an anti-parallel conformation, but
the distances between the reactive carbon atoms are different,
3.65 A and 4.93 A for the conformers A and B, respectively.
Only conformer A meets the requirement for the photocycliza-
tion.!® The conformer A can efficiently photoreact, while the

Chart 8 Diarylethene 13.

(a)

Conformer A

Conformer B

Fig. 11 ORTEP drawings (a) and molecular packing diagrams (b) of
crystal 13. Blue and red molecules in the packing diagrams indicate
photoreactive and photoinactive conformers A and B, respectively.
Reproduced by permission of Wiley-VCH (Ref. 36).

conformer B cannot. The two types of conformers that show
extremely different photoreactivity are stacked alternately to
form a nano-layered structure in the crystal, as shown in
Fig. 11b. The selective photocyclization reaction was con-
firmed by HPLC as well as in situ X-ray crystallographic
analyses. The photoreactivity of the molecules in each layer is
controlled by molecular conformations.

Fig. 12 shows schematic illustrations of photochromic
reactions in co-crystal 10-11 and crystal 13 (Fig. 12a) and
co-crystal 10-12 (Fig. 12b) having well-controlled nano-
structures. As a result of the selective photocyclizations, the
coloured and colourless molecules, which have different refrac-
tive indices, are arranged periodically at the molecular level in
the UV-irradiated crystals. Such photoreversible periodic
refractive index changes in the crystalline nano-structures

@

uv
—_—
4—

Vis.

()

uv
—_—
‘—

Vis.

Fig. 12 Schematic illustrations of photochromic reactions in co-
crystal 10-11 and crystal 13 (a) and in co-crystal 10-12 (b). Red region:
10 or conformer B of 13, blue region: 11 or conformer A of 13, green
region: 12. Reproduced by permission of Wiley-VCH (Ref. 35b).
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have potential application as a new type of photonic
nano-device.*’

Diastereo- and enantio-selective photoreactions

One unique aspect of crystalline-phase reactions is a topo-
chemical reaction.®® The crystal lattice provides a matrix for
reactions with stereo-, regio-, and enantio-specificity. Enantio-
specific reactions can take place in chiral crystals containing
chiral auxiliaries, such as chiral host molecules and covalently
bonded chiral substituents.>® Moreover, an assembly of achiral
molecules in a chiral space group can be transformed into
chiral molecules by reaction. Such an asymmetric reaction in
the absence of any outside chiral influence is referred to as an
absolute asymmetric synthesis.*’

Photochemical conrotatory cyclization reactions of diary-
lethenes produce two enantiomers of the closed-ring isomers
with (R,R) and (S,S) absolute configurations originating from
two asymmetric carbon atoms at the reacting positions, as
shown in Scheme 2. Conrotatory cyclization reactions from
P-helical (right-handed) and M-helical (left-handed) confor-
mers of the open-ring isomers yield the (R,R) and (S,S)
enantiomers, respectively. In general, the photocyclization in
solution results in the formation of the two enantiomers in
equal amounts. Even when a chiral substituent is introduced
into the diarylethene, there is hardly any enrichment of one of
the diastereomers.*! Enrichment of one of the enantiomers or
diastereomers in photochemical reactions requires chiral
environments. Among various approaches for enantio- or
diastereo-selection, photoreactions in chiral crystals are of
general use. In this section, diastereo- and enantio-selective
photocyclization reactions of diarylethenes in single-crystal-
line, gel, or amorphous phases are described.

The photochromic reaction of diarylethene (S)-14 having a
chiral (S)-3-methyl-1-penten-1-yl substituent (Chart 9) was
examined.*? The diarylethene crystallized into a chiral crystal
with orthorhombic space group P2,2,2;. Fig. 13a shows an
ORTEP drawing of (S)-14 in the chiral crystal. The
diarylethene molecules adopt a P-helical conformation. The

M-helix

Scheme 2 Photochromism of diarylethene. Photocyclization reac-
tions from P- and M-helical conformers give (R,R) and (S,S)
enantiomers of closed-ring isomer, respectively.

Fig. 13 ORTEP drawings of open-ring isomer in crystal (S)-14 (a)
and photogenarated (S,R,R) closed-ring isomer in the crystal (b).
Hydrogen atoms are omitted for clarity. Reprinted with permission
from Ref. 42. Copyright 2000 American Chemical Society.

chiral (S)-3-methyl-1-penten-1-yl substituent provided a chiral
environment in the crystal. In solution, diastereo-selectivity
was not observed, and the photogenerated closed-ring isomers
were a mixture of equal amounts of the two diastereomers
(S,R,R) and (S,S.,S), as determined by HPLC analysis.
However, the ratio of the two diastereomers dramatically
changed in the single crystal. The reaction was highly
diastereo-selective, and one of the two diastereomers was
predominantly produced. The diastereomeric excess (de) value
was >95%. By in situ X-ray crystallographic analysis of the
photocyclization process, it was confirmed that the photo-
product is diastereomer (S,R,R), as shown in Fig. 13b.
Feringa and co-workers reported a diastereo-selective
photocyclization reaction of diarylethene (R)-15 (Chart 10) in
the gel phase.** The diarylethene has two (R)-1-phenylethyl-
amine-derived amides as gelation scaffolds. Multiple hydrogen-
bonding interactions between the amide groups induced
gelation of the open-ring isomers in toluene. The gel showed
strong circular dichroism around 320 nm due to exciton
coupling within the aggregate. In addition, transmission
electron microscopy on the gel evidenced the formation of
chiral P-helical fibers. The chiral aggregation fixed the open-
ring isomers into the P-helical conformation. The photocycli-
zation reaction in the chiral aggregate induced by UV
irradiation retained the chirality of the open-ring isomers to
yield the closed-ring isomers with a large de value (>96%).
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Chart 10 Chiral diarylethene (R)-15.

Diastereo-selective photocyclization was also observed in
the bulk amorphous state. Diarylethene (S)-16 having chiral
(S)-sec-butyl groups (Chart 11) formed a stable amorphous
thin film at room temperature.** The photocyclization reaction
by UV-irradiation in the amorphous state gave a de value of
25%. This suggests the existence of crystalline-like structures or
short-distance regularity in the amorphous state that can’t be
detected by polarized microscopy or X-ray diffraction.

If achiral open-ring isomers of diarylethenes would crystal-
lize with a chiral packing structure, absolute asymmetric
photochromism, in which achiral compounds produce chiral
products in the absence of any external chiral agents, could be
possible. It was found that achiral diarylethene 17 (Chart 12)
formed chiral single crystals.*> Recrystallization of 17 from
acetonitrile solution gave colourless needle crystals. X-ray
crystallographic analysis showed that the crystals had mono-
clinic chiral space group P2;. In addition, it was found that
two kinds of crystals, (P)-17 and (M)-17, which are mirror
images of each other, were obtained from the same batch. In
crystal (P)-17, all open-ring isomers are restricted to a
P-helical conformation, on the other hand, all molecules are
fixed to a M-helical conformation in crystal (M)-17. Both
crystals (P)-17 and (M)-17 underwent photochromic reactions.
Upon irradiation with UV light, the single crystals turned blue,
and the blue colour disappeared upon irradiation with visible
light. The enantio-selectivity of the cyclization process in
solution as well as in the single crystals of (P)-17 and (M)-17
were examined by HPLC analysis of the photoproducts using a
chiral column. Although in solution an enantio-selective
photoreaction was not observed, in the chiral single crystals
the enantio-selective formation of the closed-ring isomer was
discerned. The chiral crystal of (P)-17 gave optically pure
(R,R) enantiomer, and the chiral crystal of (M)-17 gave
optically pure (S,S) enantiomer by topochemical photocycliza-
tion reactions in the single-crystalline phase. The enantio-
selective photocyclization reaction was also proved by in situ
X-ray crystallographic analysis. It is worth noting that the
enantiomeric excess (ee) in the crystalline-state photoreactions
is very high (ee >94%). This is the first example of an absolute
asymmetric photochromic reaction in a crystal.

Fa
F2 F2

7\ Me i\
s~ Me °s

R = (S)-sec-butyl
(S)-16

ROOC COOR

Chart 11 Chiral diarylethene (S)-16.

Chart 12 Diarylethene 17.

Reversible surface morphology changes by
photoirradiation

Although the structural changes of the diarylethene molecules
in crystals are not remarkable, the molecules reversibly shrink
to some extent upon photoirradiation. The small structural
changes can induce surface morphology changes of the
crystals. Fig. 14 shows (100) surface morphology changes of
crystal 18 and crystal 19%” (Chart 13). Crystal 18 shows
reversible step formation upon photoirradiation, while many
holes are reversibly produced in crystal 19. The difference is
ascribed to the difference in molecular alignment on the (100)
surface. In crystal 18 cooperative displacement of molecules
can take place, while in crystal 19 such cooperativity is lost.
The surface morphology changes are also strongly dependent
on the structure of molecules as well as the packing of the
molecules.

Conclusions

This article highlights the single-crystalline photochromism of
diarylethene derivatives. Diarylethene single crystals undergo
thermally irreversible and fatigue resistant photochromic
reactions. The photochromic performance reflects conforma-
tions and packing structures of the molecules in the crystals, as
follows: (1) absorption spectra and photochromic quantum
yields are dependent on the conformations, (2) appropriate
conformation in the crystals gives a cyclization quantum yield
of 1, (3) multi-component crystals provide multi-colour
photochromism, (4) selective photoreactions with linearly
polarized light take place in a herringbone-type crystal
structure, (5) intermolecular non-covalent interactions affect
molecular conformations in supramolecular assemblies and
alter the absorption spectra, (6) excited-state energy transfer in
nano-periodic structures induces selective photoreactions, (7)
diastereo- and enantio-selective photocyclizations take place in
single crystals with chiral packing structures, (8) reversible
surface morphology changes are controlled by molecular
structures and their packing. Such photochromic crystals that
show excellent and unique performance have potential for
application to various photoactive devices.
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