Chapter 2

Novel Ethene-Bridged Diarylethene
Photochromic Systems: Self-Assembly,
Photoswitcher, and Molecular Logic Gates

Shangjun Chen, Wenlong Li and Wei-Hong Zhu

Abstract The last decade has witnessed the great expansion of the photochromic
family, especially the most promising representative, diarylethene, owing to the
excellent thermal stability and outstanding fatigue resistance. Till now,
(perfluoro/hydro)cyclopentene bridge has been proved to be the best choice for
diarylethenes. However, cyclopentene bridge also limits the molecular modification
within the side aryl groups. In fact, other novel ethene bridges would enlarge the
versatility of diarylethene architectures, enhance the photochromic performance,
and finally endow other photo-modulated properties. This chapter summarizes the
recent development in the diarylethenes with novel ethene bridge and their appli-
cations on self-assembly, photoswitcher, and molecular logic gates.
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2.1 Introduction

Photochromic materials have attracted considerable attention due to their potential
application in photo-responsive materials and devices [1-13]. Among various
organic photochromes, diarylethenes (DAEs) are one of the most promising fam-
ilies owing to their excellent thermal stability and outstanding fatigue resistance
[14]. Particularly, DAEs with perfluorocyclopentene as ethene bridge have been
extensively studied [15-18]. To date, the rational design of DAEs has been mainly
focused on the variation of substituents in side aryl moieties of DAEs. In contrast,
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the central ethene bridges for the versatility of DAE architectures reported so far
have been mostly limited to cyclopentene or perfluorocyclopentene units [19-25].
The modification on the central ethene bridge can provide several distinct advan-
tages: (i) remarkably expanding the versatility of photochromic DAEs, (ii) conve-
niently improving the photochromic properties including thermal stability, fatigue
resistance, as well as quantum yields, and (iii) widely exploring the applications of
DAE:s in self-assembly, photoswitcher, and molecular logic gates [26—-30]. Indeed,
chemical tailoring of the central ethene bridges to append novel switchable func-
tions has been well demonstrated. This chapter summarizes those novel pho-
tochromic DAEs on the basis of the categories of ethene bridges.

2.2 Four-Membered Ring-Based Ethene Bridges

DAEs with four-membered ring chromophore at the center were relatively rare. As
an interesting four-membered ring diketone, Krayushkin et al. [31] utilized
cyclobutene-1,2-dione as the ethene bridge for the development of photochromic
DAE derivatives. However, 2,5-dimethylthiophene-substituted cyclobutene-1,2-
diones (1) exhibit no photochromism in solution or in crystalline state, which is
attributed to its rigidity. In order to develop photochromic cyclobutenedione
derivatives, the thiophene rings were replaced by thieno[3,2-b]thiophene residues,
bringing forth a new DAE with typical photochromic properties. Here, in the case
of 2, the retained aromaticity of the substituent and a long conjugation chain in the
closed isomer were considered to guarantee the photocyclization of 2 (Chart 2.1).

Chart 2.1 Cyclobutene-1,2-dione based DAE compounds 1 and 2
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As shown in Chart 2.2, Belser et al. [32] developed an interesting chemically
gated dithienylethene switch based on the same ethene bridge. Similar to 1, com-
pound 3 does not undergo any photochromic reaction upon UV irradiation. Given
that the excited state of 3 is efficiently quenched, the formation of a thermally very
unstable intermediate rather than a normal closed-form isomer leads to the non-
photochromism. In contrast, upon protecting both ketone functionalities of 3, the
typical photocyclization upon irradiation at 365 nm can be observed, which was
evidenced by UV-visible and NMR spectra. Although the ring-closing and
ring-opening reactions for 4 could be performed only several times as a result of the
formation of side products, the protection and deprotection reactions of ketone
groups did not show any undesired side reactions.

2.3 Five-Membered Ring-Based Ethene Bridges

As well demonstrated, the absorption band in the ring-closed isomers of DAEs was
dependent upon the ring size, which controls the molecular planarity, thus affecting
the m-conjugation extent in the closed-ring isomers [26, 33]. Moreover, the
cyclization quantum yield is also relying on the ring size, and the highest value was
observed for the five-membered ring derivatives. As a consequence, the
five-membered ring is the most studied cycloalkene structure for the ethene bridge
in DAEs. However, up to now structurally less versatile hexafluorocyclopentene is
usually employed as the central ethene moiety, and in these cases, the chemical
modifications are limited only to the side aromatic rings. Therefore, tailoring the
ethene moiety with other functional five-membered aromatic ring in place of the
traditional hexafluorocyclopentene bridge has become attractive, especially for
improvement in photo-switching characteristics of photochromic molecules. Many
commercially available functional groups such as thiophene, benzothiophene,
benzothiophene dioxide, thiazole, imidazole, imidazoline, and their derivatives
were widely exploited as the central ethene moiety. When a m-conjugating aryl
group is placed as the ethene bridge, the relative photochromic properties such as
absorbance, fluorescence, thermal stability, and quantum yield can be modulated.
Upon changing the m-conjugation in easily accessible ways, the molecularly
rational design can then construct photo-triggered molecular switches.

As an easy structural modulation and low aromatic stabilization energy, the
five-membered aromatic thiophene has been widely exploited as the ethene bridge
to modulate the absorption and fluorescence of the DAEs. This aryl group was first
employed as the ethene bridge by Kawai and Irie et al. [34] for the purpose of
re-routing the connection mode of the n-conjugation system with the photochromic
reaction. Three triangle terthiophene derivatives (5, 6, and 7) with different sub-
stituents were developed by conventional cross-coupling of thiophene derivatives
(Chart 2.3). As demonstrated, substitution with a phenyl unit on the 5-position of
thiophene ethene bridge could induce a red shift in the absorption band of the
closed form.
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Chart 2.3 Thiophene-based triangle terthiophene derivatives 5, 6, and 7

Chart 2.4 Chemical
structures of photochromic
borane and Pt complexes

R,=H Ry;=CF; 10a R,= CF; Rz=Br  1a
Rp=CF3 R3=CF3 10b R,= CHy Rg=C=CPh 11b

More recently, Yam et al. prepared several versatile DAE ligands upon incor-
poration of different functionalized units at 5-position in the central thiophene
bridge (Chart 2.4). As a good ligand for boron or transition metal centers,
B-diketonate unit was introduced into the thiophene ring. Near-infrared
(NIR) photochromic behavior and photo-switchable luminescence were observed
upon coordination of boron (III) sources (BF3-OEt,, B(C¢Fs),F-OEt,, and BPh3)
with the B-diketonate photochromic ligand (8) [35]. Interestingly, the maximum
absorption band was red-shifted from ca. 630 nm (free ligand) to 758 and 810 nm
for 8a and 8b, respectively. Upon transferring from their ring-open into closed
form, the distinct decrease by 90% in luminescence quantum yields was accom-
panied. Density functional theory (DFT) and time-dependent DFT (TDDFT) cal-
culations indicate that the observed NIR luminescence is originated from n — m*
transition from the 1 orbital localized on the condensed cyclohexadiene unit to the
n* orbital delocalized over the whole boron (III) moiety. In contrast, when
5-dimesitylboryl-thiophene unit was grafted onto the ethene bridge, the resulting
three-coordinated boron (III) derivative (9) is photochromically inactive [36]. Here,
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Fig. 2.5 Chemical structures
and photochromism of DAE
compound 12
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the highly suppressed photochromic reactivity might be resulted from the presence
of the highly emissive m — n*/Pn(B) excited state. Indeed, the photochromic
reactivity can be restored upon F ion binding to the boron center. They further
developed cyclometalated platinum(II) complexes (10) and bis(alkynyl)borane
complexes (11) by introducing a pyridine unit into the central ethene bridge [37,
38], along with interesting red or NIR phosphorescence.

As shown in Chart 2.5, Ahn et al. [39] modified the thiophene ring and achieved
an interesting turn-on fluorescence from ring-open to ring-closed isomer. Generally,
many ring-open DAEs exhibit fluorescence, while the corresponding ring-closed
forms exhibit weak or quenched fluorescence. However, upon exposure to UV light
at 312 nm, compound 12 is converted to the ring-closed form (c-12), exhibiting a
remarkable increase in reddish fluorescence at 580 nm with a fluorescence quantum
yield of 0.11. The fluorescence of ¢-12 was stable enough for several days at room
temperature in the dark, but quenched rapidly upon irradiation with visible light.
Importantly, the fluorescence on—off cycle could be repeated at least 10 times
without any decrease in the fluorescence intensity of ¢-12, highly desirable for live
cell imaging.

Chen et al. [40, 41] also reported DAE derivatives with a 2,5-dihydrothiophene
bridging unit that provide a facile synthetic route to construct symmetric and
nonsymmetric photochromic derivatives. As well known, a photochromic DAE
possesses two conformations with two heterocyclic rings in mirror symmetry
(parallel conformation) or C, symmetry (antiparallel conformation). In general, the
population of the two conformations bestows the equivalent ratio (1:1) in solution.
Since the photocyclization proceeds only from the antiparallel conformation, the
cyclization quantum yield cannot exceed 0.5. There exists one approach to increase
the quantum yield, that is, changing the ratio of two conformers. Kawai et al. [42]
has unprecedentedly achieved a quantitative photocyclization quantum yield in
hexane by using benzothiophene as the ethene bridge. Impressively, the photocy-
clization quantum yield of 13 in hexane reached 98 + 2%, one of the largest values
for known photochromic systems. The combination of X-ray crystallography, NMR
spectroscopy, and DFT calculations clearly indicated that the multiple
intramolecular noncovalent interactions including weak CH-N hydrogen bonds as
well as S-N and CH-r interactions take place between benzothiophene unit and
side chain thiazole units, allowing to fasten the geometry of 13 in the photo-reactive
antiparallel conformation (Chart 2.6). Very recently, the same group has also
developed several similar DAE analogues based on the same ethene bridge, in
which substituent effects on the photochromic properties as well as photoacid
release induced by photocyclization were carefully studied [43, 44].
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Chart 2.6 Photochromism of benzothiophene based DAE compound 13 with the predominant
photoactive antiparallel conformation via the molecular rigidity with the multiple intramolecular
noncovalent interactions

c13

The benzothiophene unit could be further oxidized into benzothiophene dioxide,
which can also be exploited as ethene bridge (14) [45]. Li et al. reported an
interesting photo-responsive molecular switch, in which the photochromic activity
can be reversibly locked and unlocked via controlling the oxidation/reduction state
of benzothiophene unit. X-ray crystallography and NMR measurements revealed
that there exists the intramolecular hydrogen bonding interaction between S=0O
group and hydrogen (Chart 2.7), and thus prohibiting the rotation of photochromic
unit by steric hindrance (15). Obviously, the suppressed photoactivity of the oxi-
dized state is resulted from the stronger intramolecular interactions, which can
efficiently stabilize and enrich the photo-inactive parallel conformation.

In spite of the gated photochromism, the greatly improved thermal stability can
also be achieved by oxidizing the benzothiophene unit into benzothiophene dioxide
[46]. For instance, compound 17 with benzothiophene dioxide as the ethene bridge
showed much better thermal stability than compound 16 based on benzothiophene
(Chart 2.8). As calculated, the energy difference between ring-open and ring-closed
isomers in the oxidized DAE 17 (11.55 kcal mol™') is similar to that of the
perfluorocyclopentene analogues (11.64 kcal mol '), indicative of the excellent
thermal stability for 17.

Zhu et al. also reported an interesting gated photochromic reactivity controlled
by complexation/dissociation with BF; based on a benzothiophene dioxide ethene
bridge [47]. Photochromic 18 possesses two phenylthiazole units and exhibits
typical photochromic reaction in solution with excellent fatigue resistance. It also
undergoes color change from colorless to violet in crystalline state, along with a
typical antiparallel conformation and a short distance (3.700 A) between the two
photo-active carbon atoms. Interestingly, the photochromism of 18 in solution was
prevented to a great extent upon the addition of BF;Et,O, showing a specific

Chart 2.7 Mechanism of the
“lock and key” process
between 14 and 15

photo-active photo-inactive
14 15



2 Novel Ethene-Bridged Diarylethene Photochromic Systems ... 43

Chart 2.8 Photochromism of benzothiophene based compound 16 and benzothiopene-dioxide
based compound 17

Key / EtsN || Lock/BF;

|. —X— ’ c-18-BF,

Fig. 2.1 Proposed mechanism of “Lock and Key” gated process of 18

“Lock” gate. And the gate behavior is reversibly controllable. By the addition of
Et;N, the photochromic property could be recovered. This phenomenon did not
occur for H* and metal ions, such as Zn>*, Mn®*, Mg>*, Ca’**, and Ba®'.
A proposed mechanism of the “Lock and Key” gated process is shown in Fig. 2.1.
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A rigid seven-membered ring is formed with thiazole rings when coordinating with
BF;, resulting in a longer distance between two active carbon atoms, by which the
initial photochromic reaction is completely blocked. The addition of Et;N can
destroy the coordination between 18 with BF3, thus recovering the original char-
acteristic photochromicity. This proposed mechanism was further evidenced by the
'"H NMR titration and theoretical simulation. Before adding BF3-Et,0, the two
signals corresponding to the photo-active methyl protons appeared at 2.10 and
2.03 ppm with the integration ratio of 1:0.06, while the integration ratio changed to
1:1 upon adding BF3, possibly arisen from the change of the ratio of the parallel and
antiparallel conformations during the coordination to BF; (Fig. 2.2). Additionally,
the electrospray ionization mass spectrum (ESI MS) at m/z of 541.1 [M-HF]" also
provides strong evidence for the existence of 18-BF,. Theoretical calculations also
indicate that the gated photochromism of 18 in response to BF; is reasonable to
ascribe the formation of the rigid photochromically deactivated boron-coordination
conformation.

(a) B o

In presence of BF3

1.00
1.00

In absence of BF, Vi51UV

0
o
o

— N U

2.60 2.50 2.40 2.30 2.20 2.10 2.00
Ppm

Fig. 2.2 a Single crystal structure of 18 with displacement ellipsoids shown at the 50%
probability level, b changes in "H NMR spectra of 18 with or without BFj, ¢ color changes of 18
in the crystalline state
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Quantitative photo-switchable DAEs with excellent fatigue resistance and high
thermal stability are highly desirable for photo-optical modulation, especially in the
field of exploiting one ray of light to encode another ray of light, in which infor-
mation in optical format can be directly transferred from one beam to another
without converting back to the electronic format. Based on above-mentioned same
ethene bridge, Zhu et al. also developed a DAE derivative (19) containing two
thiazole units on each side chain, which impressively exhibited several advantages
such as fast quantitative cyclization, excellent fatigue resistance, and high thermal
stability both in solution and in the crystal state (Fig. 2.3). All those photochromic
properties guarantee 19 as a promising candidate for photo-optical modulation. To
demonstrate the possibility of photo-optical modulation, the photo-switchable thin
film containing 19 in polylactide was fabricated. Upon alternative irradiation with
laser light of 375 and 561 nm, the specific photochemical conversions between the
bistable states were carried out reversibly and quantitatively. In such process, the
binary digital information was firstly encoded into the photo-switchable thin film by
the two lasers. The reversibly photochromic reactions in the thin film in turn encode
orthogonal nonmodulated beams into digitally encoded modulation [48].

Zhu et al. [49-51] further widely explored the benzothiophene dioxide unit as the
ethene bridge, especially for logic gates and photo-responsive self-assembly

Fig. 2.3 a Photochromic reaction of 19 with desirable properties of excellent fatigue resistance,
high thermal stability, and quantitative photoswitching. b Single crystal structure of 19 in the
open-isomer state
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systems. Molecular logic gates are capable of processing information, and the output
signals in the keypad lock are critically dependent upon the proper combination and
sequence of input signals. For practical application, complicated keypad lock with
three or more inputs is becoming interesting. Recently, an interesting
sequence-dependent responses have been realized on the basis of multi-responsive
photochromic switcher (20) containing benzothiophene dioxide unit as the ethene
bridge (Chart 2.9) [49]. Due to the specific basicity and coordination capability of
imidazole unit, 20 shows distinct multiple photochromic properties in the presence
of protons and Ag*. The absorption spectra of 20 display reversible changes under
different pH values as a result of the protonation—deprotonation process of the
imidazole unit (20-H). In particular, the photocyclization reaction of 20 is perturbed
by the efficient coordination of 20 with Ag*, which is demonstrated by UV/Vis and
NMR spectra. Upon the addition of Ag™, the two signals of the imidazole hydrogens
(N-H) became broadened and shifted from 12.85 to 13.05 ppm to the downfield

uv
Vis

uv

Vis

c-20 Q

/ S
“Ag 5 Ag” Vis
O 2c10, Q

20-Ag

Chart 2.9 Photochromic responses of 20 to light, H" and Ag*
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around 13.45 and 13.67 ppm, respectively. The observed deshielding effect of the
imidazole hydrogens confirmed the coordination of Ag* with the imidazole nitrogen.
In this way, an INHIBIT logic gate was constructed by using the absorbance at
610 nm as output signals, and using UV irradiation (365 nm) and Ag* as inputs.
When Ag* is present, the photocyclization of 20 was prohibited to some extent, and
the absorbance at 610 nm was below the threshold (0.45), while only the single input
of UV irradiation can induce the absorbance value of 20 at 610 nm higher than the
defined threshold. Taken together, the absorbance behavior at 610 nm was coincided
with the Boolean logic INHIBIT. Moreover, 20 exhibited an interesting
sequence-dependent behavior upon the addition of combinational inputs of protons
(P), Ag* (A), and UV irradiation (U). Interestingly, only the combination inputs
AUP with exact input sequence of Ag” (first), UV irradiation (second), and protons
(third) can suppress the photocyclization reaction of 20, giving a low absorbance
value at 610 nm among the six possible sequential input combinations (i.e., PAU,
PUA, UPA, UAP, APU, and AUP). Consequently, a specific keypad lock with three
inputs of protons (P), Ag" (A), and UV irradiation (U) can be developed.

DAEs with multi-addressable states are desirable to create complex circuits.
Compound 21 can behave as a multi-addressable absorbance and fluorescence
switch triggered by protons, chemical ions, and light (Fig. 2.4), in which the pyr-
idine unit is utilized as an efficient ligand and a proton acceptor [50]. Addition of

c-21

Fig. 2.4 a Photochromic reaction and photographic images of 21, b ORTEP representation of the
crystal structure of 21 with displacement ellipsoids shown at the 50% probability level, ¢ color
changes of 21 in the crystal state
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2.0 equiv. HCIO, protonated 21 into 21-H* accompanied with a bathochromic shift
by 40 nm in the absorption band originally at 345 nm, and an increase in
fluorescence intensity at 467 nm upon excitation at the isosbestic point of 318 nm
with respect to the initial 21. Upon UV irradiation at 365 nm, two new absorption
bands appeared at 431 and 638 nm due to the resulting closed form of 21-H", and
the fluorescence was also quenched completely. When titrated with different metal
jons such as Cd**, Co®*, Ni**, Mn**, Zn**, and Ba®*, there induced only Hg** and
Cu”* ions obvious changes in absorption and fluorescence of 21. Compared with
free PSS of 21, Hg”* and Cu®* caused different bathochromic shift in the absorption
(65 and 34 nm, respectively) accompanying with naked eye observable color
changes. Moreover, the fluorescence of 21 was increased to twice of the initial upon
adding 2.0 equiv. of Hg**, while it was almost completely quenched upon adding
1.0 equiv. of Cu?*. Alternatively, the quenched fluorescence due to the addition of
Cu?* can be restored when further addition of Hg2+. However, the fluorescence
cannot be quenched by adding Cu®* when Hg?* was already present. The color and
fluorescence changes are resulted from the difference in relative binding stoi-
chiometry and association affinities. The titration of Job’s plot indicates that 21
forms a 1:1 complex with Hg** while a 2:1 complex with Cu”*. By fully taking
advantage of multiple optical states with 21 induced by protons, ions, and light, a
variety of molecular logic gates such as half adder, half subtractor, 4-to-2 encoder,
2-to-4 decoder, and 1:2 demultiplexer were constructed with the unimolecular
platform by employing absorption and emission properties at different wavelengths
as outputs with the appropriate combination of chemical and photonic stimuli.
The construction of artificial supramolecules capable of achieving a variety of
biological functions through conformational changes triggered by external stimuli is
of particular interest. Inspired by the successful examples of the nanoscale
multi-functionalized supramolecular metallacycles, Zhu and Yang et al. [51] con-
structed a family of multi-diarylthene hexagons with precise control of the shape and
size as well as the specific number of photochromic units via the coordination-driven
self-assembly (Fig. 2.5). The photochromic dipyridyl compound 21 discussed above
was further employed as a 120° DAE-based donor. According to the “directional
bonding” model and the “symmetry interaction” model, combination of 21 with
120° and 180° diplatinum(II) acceptors Pt-1 and Pt-2 in 1:1 molar ratios generated [3
+3] hexagon BPt-1 and [6+6] hexagon BPt-2, respectively (Fig. 2.5). Multi-nuclear
NMR (‘H and *'P) and electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS) analysis clearly revealed the formation of multi-DAE hexagons.
Moreover, the hexagons are highly sensitive and responsive to photostimuli due to
the existence of photochromic unit 21. The colorless solution of hexagon BPt-1
changed into dark cyan upon UV irradiation at 365 nm. And two new absorption
bands at ca. 420 and 622 nm were observed in the visible region. Those typical
changes could be ascribed to the corresponding ring-closed state of BPt-1 (c-BPt)
via the typical photocylization. More importantly, the hexagons can reversibly
interconvert between the ring-open and ring-closed conformations via alternative
irradiation with the UV (365 nm) and visible light (>510 nm), resulting in the
unprecedented quantitative ring closure for all photochromic units in the hexagons.
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PEty— PEty
Tf0-Pt Pt-OT
PEt, PEL,
Pt-2
1
—

Vis

n + BPt-1 c-BPt-1

21

b 180° uv

Vis

BPt-2 c-BPt-2

Fig. 2.5 Graphical representation of the self-assembly of the photochromic hexagons and their
structural transformations

Theoretical calculations through PM6 semiempirical molecular orbital method
revealed that hexagons BPt-1 and BPt-2 with antiparallel configurations are
somewhat more stable than their analogues with parallel conformations (e.g., in the
case of BPt-1, E,.raniel = Eandparaiier = 7.67 keal mol ™). Accordingly, 21 is more
likely to have the antiparallel configuration rather than the parallel one because of the
steric interactions during the self-assembly, leading to a high conversion yield from
the ring-open form to the ring-closed form in the established multi-bisthienylethene
hexagons. To the best of our knowledge, this is the first example of well-controlled
reversible structural transformations in the discrete self-assembled metallacycles
triggered by light irradiation, which may provide a novel approach to realization of
the highly efficient supramolecule-to-supramolecule conversions.

Up to date, DAEs based on the thiazole unit as the ethene bridge have been
intensively studied (Chart 2.10). Since the aromatic stabilization energy of thiazole
is smaller than that of thiophene, here the low aromaticity of thiazole is expected to
decrease the energy difference between the ring-open and ring-closed isomers of
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Chart 2.10 Chemical structures of thiazole based DAE compounds 22-31

DAEs, highly preferable for constructing thermally bistable isomers. A series of
2-substituted-4,5-bisbenzothienylthiazoles (compounds 22-24) were constructed for
insight into the substituent effect at the central thiazole unit of DAEs on their
absorption [52]. Their absorption bands in the ring-open and ring-closed isomers
were 295, 534 nm (compound 22), 329, 539 nm (compound 23), and 370, 550 nm
(compound 24) in hexane, respectively. Obviously, their optical absorption bands
become red-shifted when introducing the m-conjugation unit. This study provides a
new way to expand m-electron systems for DAE systems.

Except this way, other strategies to modulate fluorescence were also achieved
[53]. Photochromic DAE having a methoxy group and hydrogen as the leaving
units at the photochemical reaction carbon atoms has been developed (25).
Upon UV light irradiation at 365 nm, compound 25 was converted into its closed
form, along with the elimination of CH3;OH, resulting in highly fluorescent con-
densed aromatic molecule with a characteristic emission peak at 420 nm. However,
the closed form is photo-inactive. It did not return to the original 25 either by light
irradiation or by heating. The turn-on fluorescence model DAE compounds in their
closed form were also reported (26 and 27) [54, 55]. Oxidation of the thiophene unit
by 3-chloroperbenzoic acid (m-CPBA) gave the S,S-dioxide derivatives, whose
colored isomers exhibited green (577 nm) or orange (543 nm) fluorescence with
relatively high fluorescence quantum yields of 0.35 and 0.37, respectively. Both
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X-ray crystal structural analysis and DFT calculation for the closed form of 26
revealed that the weak CH/N, CH/S, and CH/OS hydrogen bonding interactions
seem to make the molecule rather rigid, partly contributing to the improved
emission nature of oxidized ring-closed forms. Moreover, the reversible lumines-
cence modulation in photochromic Eu(IIl) complex was successfully demonstrated.
Indeed, Eu(Ill) complex 28 (Chart 2.10) exhibited emission at 579, 592, and
614 nm under excitation at 465 nm, along with quantum yield and emission life-
time of 3.6% and 0.4 ms, respectively. These emissions are attributed to the f-
ftransitions of Dy—'Fy, *Do—'F;, and *Do—"F,, respectively. The emission of the Eu
(IIT) complex at the photo-stationary state (614 nm) was about 30% with respect to
the original open isomer. In this regard, the reversible modulation of emission can
be achieved upon alternative irradiation of UV (365 nm) and visible light
(4 > 440 nm) [56].

A DAE derivative containing two thienopyridyl units bestowed solvent-
dependent photochromic reactivity [57]. As a result of host—guest interaction,
compound 29 showed the photocyclization quantum yield as high as 88% in
methanol, whereas that value was only 24% in hexane. A temperature-dependent
'"H NMR and X-ray crystallographic studies revealed that the intermolecular
interaction with a methanol molecule together with the intramolecular interactions
in solution and in crystals kept the molecular folding into the photo-reactive con-
formation. Compounds with fast thermal cycloreversion rate (30) or highly efficient
oxidative cycloreversion reaction (31) were also reported [58, 59]. The first-order
cycloreversion reaction rate constant k of 30 and the half lifetime of the closed form
were evaluated to be 0.14 s and 5.4 s at 293 K, respectively. The rapid thermal
bleaching rate under dark condition might be resulted from the four rigid pheny-
lethynyl groups. Compound 31 was found to show electrochemical oxidative ring
cycloreversion with the net current efficiency as high as 90%. Interestingly, two
radical cation intermediates were involved in the oxidative cycloreversion pro-
cesses, and the highly stable radical cation of the ring-open and ring-closed isomers
was considered to be responsible for such a high current efficiency.

Five-membered ring imidazole is an important class of aromatic heterocycles
due to its attractive chemical properties. DAEs based on the imidazole ethene
bridge could be conveniently synthesized [60, 61]. For instance, treatment of
diketone with salicylaldehyde in the presence of NH,Ac afforded the target com-
pound 32 (Chart 2.11). Due to the specific coordination capability of imidazloe
unit, it can be even utilized as a wonderful sensor for the detection of cu?t by
fluorescence mode or for the detection of Na* and K* by colorimetric mode. The
spectral changes may be also induced by ligand-to-metal charge transfer (LMCT),
in which the electronic charge is transferred from the ligand toward the coordinating
metal. Yam et al. [62] reported a NIR photochromic rhenium (I) complexes (33)
using a DAE unit as N,N-donor ligand (Chart 2.11). The pyridyl and imidazoyl
rings in the free DAE ligand are not coplanar, and twisted around each other.
However, upon coordination with Re(I), those two rings in complex 33 were fixed
into a coplanar conformation. Upon photocyclization, the 2,2-linked pyridyl and
imidazoyl rings became coplanar with two thiophene groups from their twisted
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Chart 2.11 Chemical structures of imidazole based DAE compounds 32 and 33
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Chart 2.12 Photochromic reaction of imidazolium based DAE compound 34

conformation before photocyclization, bringing forth a distinct increase in the
m-conjugation extent, along with a large red shift in absorption to the NIR region.
This conformational switching via metal coordination may open up a novel efficient
strategy for constructing NIR photochromic materials.

A reversible photoconversion system between imidazolium and imidazolinium
has been proposed by Kawai et al. [63] for the first time. The ring-open form 34
bestows a chemically stable imidazolium ring with the delocalized cationic charge,
while ring-closed photoisomer c-34 possesses the reactive nonaromatic imida-
zolinium unit (Chart 2.12). Owing to their great difference in the aromaticity and
charge localization, ¢-34 exhibited the characteristic solvato- and iono-chromisms,
resulting in a large absorption shift by 80 nm with the different solvent polarity and
counter anions.

Bielawski et al. [64] have firstly reported DAEs based on five-membered ring N-
heterocyclic carbene (NHC) unit (35). They incorporated a photochromic DAE unit
into the backbone of an NHC scaffold for photochemically controlling the elec-
tronic structure and donating properties (Chart 2.13). As found, the donation of
electron density from nitrogen atoms to carbonyl moiety in NHC scaffold became
decreased upon changing 35a into its closed form. The Tolman electronic param-
eters (TEPs) revealed that the photocyclization of 35¢ to its closed form signifi-
cantly decreased the ability of NHC to donate electron density to the metal center.
Based on the context, they made a light-activating photochromic NHC-based
organocatalyst [65]. The amidation rate between ethyl acetate and 2-aminoethanol
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Chart 2.13 a Photochromism of NHC based DAE compound 35, b Proposed mechanism of
photoswitchable NHC 36 catalyzed condensation reaction

was found to be attenuated by two orders of magnitude in the presence of the closed
form of 36 (c-36), while it was restored upon further visible light irradiation. '*C
NMR analysis suggested that ¢-36 was easily converted into an NHC-alcohol
adduct. This imidazolium species effectively suspended the catalytic ability of the
DAE organocatalysis. Moreover, its catalytic activity could be reversibly modulated
by alternative UV and visible irradiation, although the photochromic NHCs
undergo destruction after several cycles.

Yokoyama et al. [66] also exploited five-membered ring indenones and their
acetal derivatives as ethene bridges. As a novel thermally irreversible photochromic
system, bisarylindenone 37 showed photochromic back-and-forth reactions with
two different visible lights (Chart 2.14). Moreover, the photocyclization quantum
yield was increased to 0.81 in hexane when the central indenone unit was protected
as its acetal derivative by acetalization of the carbonyl group. The increased
quantum yield was possibly due to the two sets of intramolecular nitrogen—hydrogen
interactions, thus constraining the conformation of 38 in favor of photocyclization.
Besides the acetal derivative, bisthiazolylindenol 39 was also prepared by nucle-
ophilic addition of the corresponding alkyllithium reagents to 37 [67]. More
impressively, 39 shows both perfect diastereoselectivity (c-39-1) and an extremely
high ring-closed quantum yield with a high conversion ratio to the closed form in
hexane, which also benefits from the efficient collaborative interaction between two
sets of intramolecular hydrogen bonds and the steric restriction of a fert-butyl group.

Shirinian et al. [68] have also developed new family of DAEs based on
five-membered ring cyclopent-2-en-1-one. The typical representative 40 was pre-
pared by several steps of acylation, alcoholysis, alkylation, and cyclization from
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Chart 2.14 Photochromism of indenone based DAE compound 37 and indenol based DAE
compound 39
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Chart 2.15 Chemical structures of photochromic DAE compounds 40-45 based on
cyclopent-2-en-1-one

commercially available and inexpensive acetophenones (Chart 2.15). In this way, a
large series of diarylcyclopentenones bearing different aryl substituents (41-45) can
be conveniently synthesized with moderate yields. The main advantage of this class
of photochromic DAE:s is to lead to simple and various ethene “bridge” transfor-
mations (for instance, 42 and 43). As a result, DAEs with different functional
groups can be easily constructed for various applications such as tunable
n-conjugation (44) and fluorescence modulation (45) [69].
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2.4 Six-Membered Ring-Based Ethene Bridges

Six-membered aromatic groups are not commonly chosen for the ethene bridges in
DAEs owing to their high stabilization energies, which significantly decrease the
thermal stability of ring-closed isomers. However, the six-membered ring ethene
bridge has its own advantages in closed isomers with higher ring-opening quantum
yield. Besides, the aromaticity of six-membered ring can be precisely controlled by
tailoring their chemical structures, allowing to widely extend the diversity in the
thermally irreversible photochromic systems [70]. For instance, six-membered ring
chromophores with remarkable electron-withdrawing properties and excellent
fluorescence quantum yields, such as naphthalimide, benzothiadiazole, benzo-
bisthiadiazole, and coumarin, are considered as favorable building blocks for
ethene bridges. Indeed, such strong electron-withdrawing chromophore-based aryl
bridge can not only be expected to assure considerable bistability and good fatigue
resistance of DAESs, but also can bring forth interesting fluorescent on—off switcher.
Exactly, the specific chromophore as an ethene bridge offers the fluorescence as one
of the most attractive output modes with its easiness in detection and high
signal/noise ratio, which might be reversibly modulated by typical photoisomer-
ization. In combination of chemical processes such as intramolecular charge
transfer (ICT), photo-induced electron transfer (PET), and pH, multi-addressable
fluorescent photochromic systems can be established, especially for practical
applications in the data storage, molecular switch, and biological images.

Yokoyama et al. [71] have recently presented a DAE derivative 46 (Chart 2.16)
containing a coumarin chromophore as the central ethene bridge, resulting in an
amazing dual mode for fluorescence photoswitching. DAE 46 provided high
fluorescence quantum yields arising from the coumarin chromophore, which can be
well modulated by the photochromic reaction as well as pH.

Chart 2.16 Photochromism
of coumarin-based DAE
compound 46 with a dual
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Fig. 2.6 Photochromism of naphthalimide-based DAE compounds 47 and 48

As a typical fluorescent moiety, naphthalimide is widely used in molecular
fluorescent sensors [72]. Since the remarkably electron-withdrawing imide group of
naphthalimide unit when incorporated in a six-membered aryl bridge, naphthalimide
might be expected to assure considerable bistability and good fatigue resistance. Zhu
et al. [73] have developed two novel photochromic DAE derivatives 47 and 48 with
such fluorescent moiety as the central ethene bridging unit (Fig. 2.6). Interestingly,
they exhibited moderate thermal stability and good fatigue resistance. The first-order
cycloreversion rate constant (k1) for c-48 was evaluated to be 7.4 x 104 s !in
cyclohexane at 293 K. In contrast, ¢-47 exhibited significantly long lifetime
(kr 7.9 x 107° s7"), two order of magnitude longer than that of c-48 under the dark
thermal relaxation. Both 47 and 48 could reversibly perform the photochromism with
the thermal back reaction in the dark without any obvious degradation over 5 cycles.
More interestingly, the fluorescence of 47 arising from the ethene bridging naphthal-
imide unit was well modulated by both photochromism and solvatochromism. Upon
irradiation at 365 nm, the fluorescence of 47 was distinctly quenched by 80% when
reaching the photostationary state. On the other hand, solvent polarity also plays a
significantrole in the luminescent wavelength of 47, red-shifted by 130 nm from about
420 nm in nonpolar cyclohexane to around 550 nm in polar acetonitrile. Here, the
distinct solvent effects upon fluorescence wavelength can be attributed to the ICT effect
and solvent relaxation of the incorporated naphthalimide unit. This was also further
supported by a Lippert—Mataga plot, essentially a linear response of fluorescent Stokes
shift vs. solvent polarity. Since the fluorescence wavelength and intensity were well
tuned with the lightirradiation and solvents to such a great extent, two logic gates, NOR
and INHIBIT, were further constructed with 47, utilizing light irradiation and polar
solvent as input signals, and fluorescence as output.

In order to further modulate the fluorescence of DAEs, the excellent reversible
redox unit of ferrocene (Fc¢) was further incorporated into naphthalimide chro-
mophore for developing DAE 49 (Fig. 2.7) [74]. As demonstrated, the incorporated
Fc unit in the system of 49 plays a great role in the fluorescence quenching,
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Fig. 2.7 Photochromism of ferrocene (Fc) incorporated naphthalimide-based DAE compound 49:
gated photochromism and multi-addressable states

possibly due to the specific PET process from the imide Fe¢ unit to naphthalimide
moiety. Indeed, the fluorescence of 49 can be easily tuned with chemical and/or
electrochemical redox processes via blocking or recovering the PET effect.
Consequently, a photo- and redox multi-addressable molecular fluorescent switch
was achieved.

2,1,3-Benzothiadiazoles are well-known fluorescent building blocks with strong
electron-withdrawing ability in the design of functional materials, such as organic
light-emitting diodes (OLEDs), nonlinear optical (NLO) materials, and solar cells.
Zhu et al. [75] incorporated this six-membered ring chromophore as the central
ethene bridging unit to develop the photochromic DAE derivative 51 (Fig. 2.8),
possessing good photochromic performance with moderate thermal stability and
fatigue resistance in solution. Compound 51 still keeps considerable bistability
when replacing the five-membered cyclopentene ring with a six-membered
fluorescent moiety of benzothiadiazole unit as the central ethene bridge. The
fatigue-resistant characteristics of 51 in solution indicated that about 35% of per-
formance were lost after 10 repeated cycles. Similar to 49, the fluorescence of 51
can also be well modulated by solvatochromism and photochromism. Upon exci-
tation at the isosbestic point of 340 nm, compound 51 exhibits intense lumines-
cence at 470 nm with an efficiency of 7.7% in cyclohexane. When irradiated at
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Fig. 2.8 Photochromism of 2,1,3-benzothiadiazole-based DAE compounds 51 and 52. Insert: the
corresponding photographic changes under UV irradiation at 310 nm in cyclohexane

310 nm, 51 underwent photocyclization with a distinct fluorescence quenching by
70% when reaching the photo-stationary state. For the solvatochromism, a shift by
65 nm was observed from 470 nm containing two components of 2.1 ns (52%) and
7.0 ns (48%) with %> = 1.3 in cyclohexane to 535 nm containing those of 5.3 ns
(87%) and 5.8 ns (13%) with x2 = 1.2 in acetonitrile for 51, which is attributed to
the ICT effect similar to 47 and 48 due to the large difference in dipole moments
between the excited and ground states.

More interestingly, the photochromic nature of these compounds is found to be
critically dependent upon the substitution position of 2,1,3-benzothiadiazole. In
unexpected contrast with the good photochromic performance of 51 in solution,
there is no obvious color change for 52 upon UV light irradiation (Fig. 2.8), in
which the two dimethylthiophene groups are located on 5,6-position of benzoth-
iadiazole. The great difference between the photochromic performances of 51 and
52 can be well explained by Woodward—Hoffmann rules [75]. As calculated, 51 and
52 have the same number of m-electrons, and the m-electrons on the benzothiadi-
azole unit delocalize in the plane of hexatriene framework. However, the LUMO
symmetries of the simplified hexatriene framework in 51 is C, symmetry, while the
mirror symmetry was found in 52. Accordingly, photocyclization of 52 could only
follow the disrotatory cyclization in accordance with the orbital symmetry con-
servation theory. The resulting closed form in such way is certainly unstable due to
the large steric hindrance, which is consistent with the ground-state potential-energy
surfaces (PESs). There are two minima on the PES of 51 corresponding to the
ring-open and ring-closed isomers, in which the high energy barrier of about
52 kcal mol ™" allows the reaction only to proceed by photoexcitation. However, on
the PES of 52, no stable isomer is located when the reaction coordinate goes from
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Fig. 2.9 Photochromism of benzobisthiadiazole-based DAE compound 53. Insert: the corre-
sponding photographic changes upon alternating illumination between UV (310 nm) and visible
(575 nm) light

3.47 to 1.4 A. As a matter of fact, from the single crystal data, 52 is not really a
typical 1,3,5-hexatriene unit since the bond length connecting two thiophene units
is 1.451(2) A, a typical single bond rather than a double bond.

As demonstrated above, DAEs containing highly polar and electron-
withdrawing chromophores (2,1,3-benzothiadiazole and naphthalimide units)
exhibit good photochromic performance with moderate fatigue resistance.
However, those building blocks bear aromaticity to great extent, which facilitates
the undesirable thermal back reaction due to the large loss of aromatic stabilization
energy upon photocyclization from the ring-open to the ring-closed form. A less
aromatic ethene moiety is expected to give higher thermal stability to the closed
form of the DAEs. With this in mind, Zhu et al. developed a highly bistable DAE
(53, Fig. 2.9) by introducing benzol[1,2-c:3,4-c’]bis [1,2,5] thiadiazole (abbreviated
as benzobisthiadiazole) with low aromaticity as a new six-membered ring central
ethene bridge [70]. As demonstrated, the thermal stability of the closed isomer is
comparable to the widely known five-membered hexafluorocyclopentene-based
counterpart.

Generally in DAE derivatives, the six-membered ring ethene bridge with large
aromaticity always brings forth the undesirable thermal back reaction even at room
temperature due to the large loss of aromatic stabilization energy upon photocy-
clization. However, 53 preserves very amazing thermal stability with almost flat
decays in various solvents such as cyclohexane, THF, and even ethanol in the dark
at room temperature. As found with very nice fatigue resistance, it is capable of
keeping intact without any obvious degradation upon alternating UV (365 nm) and
visible light (575 nm) irradiation in degassed THF when repeatedly toggled
between the open form and closed form. Moreover, even at high temperature (80 °
C) in toluene, 53 shows only 5.4% decrease in its absorbance at 457 nm after
800 min. In addition, according to the DFT simulation, the ring-open isomer is
more stable only by —4.607 kcal mol™" with respect to the ring-closed isomer in
THF. As a result, the destabilization energy of 53 caused by the loss of aromaticity
is very small during the course of photocyclization.

In order to get a better understanding of the relationship between the aromaticity
of six-membered ring ethene bridges and thermal stability, three similar pho-
tochromic compounds 54, 55, and 56 (Fig. 2.10) containing naphthalimide,



60 S. Chen et al.

Aromaticity decrease

Fig. 2.10 Chemical structures of DAEs containing naphthalimide, benzothiadiazole, and
benzobisthiadiazole as different six-membered ring ethene bridges for taking insight into the
relationship between the aromaticity of six-membered ring ethene bridges and thermal stability

benzothiadiazole, and benzobisthiadiazole were systematically compared [76].
X-ray single crystal analyses revealed that in all these open-ring form crystals, only
the parallel conformation was observed, indicating that all these three systems
cannot undergo photocyclization in the single crystalline state. Furthermore, the
length of the double bonds for central ethene bridges within naphthalimide, ben-
zothiadiazole, and benzobisthiadiazole is 1.398(2), 1.383(4), and 1.371(5) A,
respectively, which is well consistent with the aromaticity tendency: benzo-
bisthiadiazole < benzothiadiazole < naphthalimide. Exactly, among three com-
pounds, the relatively short bond length in 56 (1.37 A) is the nearest to typical
double bond (1.33 A).

The three ethene bridges with different degree in aromaticity gave a systematic
comparison in the thermal stability evolution for their corresponding closed forms
(c-54, ¢-55 and ¢-56). As expected, c-54 is the most unstable even at 293 K due to
the large difference in ground-state energy before and after irradiation. The thermal
back reaction rates for ¢-54 are 1.01 x 1073, 1.27 x 1073, 3.10 x 1073, and
3.71 x 102 s tin cyclohexane, toluene, THF, and acetonitrile, respectively. More
impressively, the decay becomes much faster in chloroform (1.80 x 10~ s™!). Due
to the decrease of aromaticity, ¢-55 shows no obvious thermal back reaction in
nonpolar solvents like toluene even at 328 K. However, ¢-55 is not stable in polar
solvents such as chloroform, which was found to follow the similar first-order decay
with a constant of 1.52 x 107> sfl, four magnitudes slower than that of 54
(1.80 x 107! s7"). In distinct contrast, no obvious thermal back reaction could be
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observed for 56 in the dark at 273 K for a prolonged time. As a matter of fact, 56
preserves very unprecedented thermal stability with almost flat decays and does not
show any thermal back reaction in various solvents such as cyclohexane, toluene,
chloroform, and even in acetonitrile in the dark at 293 K. Even more, when the pure
closed form of 56, successfully separated on aluminum oxide eluted with CCl; and
dichloromethane, was placed at the elevated temperature (328 K) in toluene, it did
not show any obvious decrease in its absorbance at 655 nm after 800 min.
Generally, in DAE derivatives, the destabilization from the destruction of the
aromatic thiophene rings and central ethene bridges during the course of photo-
cyclization can increase the ground-state energy of the closed-ring isomer, and the
cycloreversion reaction in the ground states has to overcome the energy barriers
correlating with the ground-state energy differences. When the ground-state energy
difference is large, the energy barrier becomes small and the cycloreversion reaction
readily takes place. Here, the calculated values of ground-state energy difference
between the open and closed isomers for 54, 55, and 56 are —4.93, —10.16, and
—20.44 kcal mol™" in vacuum, respectively. Accordingly, the thermal cyclorever-
sion reaction could not occur easily in the case of ¢-56 with respect to ¢-54 and c-
55, resulting in the excellent thermal stability of ¢-56 in a variety of solvents.

Based on the above benzobisthiadiazole ethene bridge, DAEs with extremely
high photocyclization quantum yield were realized by introducing a large bulky
terminal benzothiophene unit into the side chains [77]. Amazingly, the rotation of
benzothiophene unit was completely suppressed due to the large steric strain
between benzobisthiadiazole and benzothiophene (Fig. 2.11). Consequently, the
interconversion between the parallel conformation (57p) and antiparallel confor-
mation (57a) was blocked (Fig. 2.11B). Actually, as two stable isomers 57p and
57a can be easily separated by a common silica gel chromatography, both of them
exhibit excellent thermal stability even at 343 K. The isolated pure antiparallel
conformer 57a shows photocyclization quantum yield as high as 72.9% in THF,
which is twice as large as that of 53 and BTF6. However, due to the ICT deleterious
to the photocyclization, the photocyclization quantum yield can be further improved
with grafting the strong electron-withdrawing units such as acetyl or nitro groups
onto benzothiophene. Indeed, the fluorescence quantum yield of 60a was very low
(0.01%), meaning that the ICT channel was efficiently blocked. As a whole, the
photocyclization quantum yield of 60a was increased to 90.6% with two strategies
including separating the pure antiparallel conformer and suppressing the unfavor-
able ICT.

2.5 Metal Coordination Ligand-Based Ethene Bridges

The development of photochromic ligands for coordination to different metal
complex systems has received increasing attention, opening up new avenues and
dimensions in research of photochromism. The rational design of photochromic
ligands and judicious choice of the transition-metal complex systems allow to tailor
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Fig. 2.11 a Chemical structures of benzobisthiadiazole-based DAE compounds 57-60 with
complete separation of parallel conformation, and antiparallel conformation and the closed
isomers, b conversion relationship of parallel conformation, antiparallel conformation and closed
isomer for 57, ¢ reference compounds BTF6 and 53

the photo-switching capability of metal complex functionality and the perturbation
to photochromic moiety. Without the necessity to vary the organic framework by
tedious synthetic approaches, the convenient coordination of DAE ligands to metal
ions could give rise to interesting photo-switching properties, such as fluorescence
modulation, electron transfer, and nondestructive data processing.

In order to construct fluorescence nondestructive readout systems, Tian et al.
[78, 79] made full use of NIR fluorescent chromophores such as phthalocyanine
and ftetraazaporphyrin as ethene bridges for DAEs (61 and 62, Chart 2.17).
Interestingly, the corresponding metal (Mg?*, Zn*, Pd**, and Pt**) phthalocyanine
and tetraazaporphyrin complexes undergo typical photochromic reactions with nice
fatigue resistance both in solution and in solid film. The essential NIR fluorescence
from the chromophore is far away from the sensitive region of photocyclization and
cycloreversion, thus guaranteeing their potential applications in nondestructive
readout system.

Zhang et al. [80] reported similar DAE-phthalocyanine hybrid (63, Chart 2.17)
with photo-controllable J-aggregation. As found, J-aggregation became even
stronger when the hybrid was transferred into its closed form possibly due to better
molecular planarity. In return, the J-aggregation state could improve the thermal
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Chart 2.17 Chemical structures of photochromic metal DAE complexes (61-63) containing
phthalocyanine and tetraazaporphyrin

stability of ring-closed form, which was converted to the open form instantly when
the aggregation was broken. This phenomenon may explain why the photochromic
reaction of similar derivatives was not observable in some solvents.

Yam et al. [81-83] have developed photochromic DAE ligands using
1,10-phenanthroline as the ethene bridge (64 and 65, Chart 2.18). Photochromic
ligand, 5,6-dithienyl-1,10-phenanthroline, and related transition-metal com-plexes
with Re(I) and Zn(Il) were conveniently prepared. The interesting MLCT
(metal-to-ligand charge transfer) sensitized photochromism as well as intramolec-
ular energy-transfer process from the MLCT to the “IL (intraligand) state were
both investigated in details by ultrafast transient absorption and time-resolved
emission spectra. On coordination to Re(I) tricarbonyl system (64), the photocy-
clization could be induced by extending the excitation wavelength from UV region
at 340 nm in the free ligand to the MLCT excitation at 480 nm in the complex. All
complexes exhibit strong >MLCT phosphorescence. The benzene solution of Re
complex produced luminescence at 595 nm upon excitation onto the MLCT

Chart 2.18 Chemical structures of photochromic metal DAE complexes 64-66 containing
1,10-phenanthroline
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absorption band at >400 nm, while this value red-shifted to 644 nm in the closed
form due to the increase in the extended m-conjugation upon photo-induced
ring-closing reaction. Also, 65 showed photoluminescence, which was critically
sensitive to the nature of thiolate ligand, ranging from 510 to 620 nm in the solid
state at 77 and 298 K.

More recently, this photochromic DAE ligand was also utilized by Oshio et al.
[84] to prepare Fe(Il) spin-crossover (SCO) complex for the purpose of magnetic
switching (66, Chart 2.18), which could be reversibly transferred between the
diamagnetic low-spin (LS) state and the paramagnetic metastable high-spin
(HS) state through a typical light-induced excited spin-state trapping (LIESST)
effect by changing temperature and light irradiation.

2.6 Conclusion

The unique modification on the ethene bridge can effectively expand the versatility
of DAEs, and brings forth rich properties to the photochromic switching molecules.
Structurally, these specific DAEs can shorten synthetic routes with commercially
available starting materials, which would finally benefit the industrial process and
scaling-up. Meanwhile, five-/six-membered ring-based DAEs with the most
excellent photochromic performances have the most appropriate backbones for the
structural innovations to achieve various applications in self-assembly, photo-
switcher, and molecular logic gate. However, for the real practical applications, it is
still a tough task to gain the extra properties without sacrificing the original per-
formances of DAEs, especially the thermal stability and fatigue resistance.
Therefore, there still remains plenty of room to further develop novel ethene
bridge-based DAEs, which is much likely to be the most promising candidates for
the next generation of photochromic systems.
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