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ABSTRACT

A photochemical active triangle terarylene was synthesized and the photochromic behavior was investigated. Its photochromic reactivity can
be strongly suppressed by selected oxidization of the sulfur atoms in the molecules. Reactivated photochromic reactivity was obtained by
deoxidization of the S,S-dioxide moieties. The suppressed photoactivity of the oxidation state was attributed to the stronger intramolecular
hydrogen bonding interactions.

Switchable molecules have the potential to significantly
influence the development of numerous important materials
science and structural biology technologies.1 This potential
is based on the fact that a given physical property can be
modulated through the action of some external trigger, which
can act by switching elements in various functional molecules
and optoelectronic devices.2

Among the switchable materials, considerable attention has
been paid to photochromic molecules, especially on photo-

chromic dithienylethene (DTE), which undergo reversible
photoisomerizations between pairs of bistable isomers with
different absorption spectra upon irradiation at appropriate
wavelengths.3 Some novel photochromic molecules of this
type based on the change of π-conjugation connection
pathways in DTEs have been reported recently on designing
and synthesis.4 Photoswitch effects of DTEs have been
widely studied for photomodulations of chemical and physi-
cal properties such as fluorescence intensity or
wavelength,5a–h Lewis acidity of boron,5i and electronic
conductance.5j

A property that is strongly desired but is still inadequate
is gated photochromic reactivity. Gated reactivity is the
property that the on/off photoactivity of molecules depends
on the inducement of another external stimulus such as
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additional photons of different wavelengths,6 reactive chemi-
cals,7 or heat.8 Such threshold reactivity is indispensable for
application to display and memory technologies.

Among the gated DTE photochromic systems hitherto
reported, several strategies have been employed to regulate
the photochromic reactivity including reversible processes
of esterification reactions,7e [4 + 2] cycloaddition reactions,7f

acid/base reactions,7c redox,7a and the formation of hydrogen
bonds.7a,b In each of these cases, the basic principle for
regulating photoactivity is based on the reversible processes
of limited/unlimited rotation of the two pensile heterocyclic
rings. According to the Woodward-Hoffmann rule, the
photocyclization proceeds in a contrarotational mode. The
contrarotational cyclization of five-membered carbon rings
is allowed only from the antiparallel conformation. Therefore,
the key point is how to manipulate the orientation of the
1,3,5-hexatriene portion of the photoswitchable DTEs.

In this Letter, we report an innovative system based on
regulation of the intramolecular interactions, with which the
on/off photoactivity of photochromism can be achieved. The
principle is illustrated in Scheme 1 and represents a promis-

ing way of manipulating the conformations of thiophene
rings. Construction and destruction of the specific hydrogen
bonding interaction in the photochromic molecules is one
of the best ways of fastening and unfastening the rotating

thiophene rings of the photochromic unit. The “lock” process
could be realized by fabricating specific intramolecular
hydrogen bonding interactions in the photochromic molecules
and the photoactivity was lost, in which the photoswitchable
unit was fastened in a photoinactive conformation. Reversely,
the “key” process can be achieved by destroying the
corresponding hydrogen bonding interaction and the photo-
activity would be reactivated.

The synthetic route for photochromic triangle terarylenes
(TTA) is shown in Scheme 2. 2,3-Dibromobenzothiophene

was prepared according to the literature method.9 TTA-1
was synthesized based on the conventional Kumada coupling
reaction between 2,3-dibromobenzothiophene and Grignard
reagent formed from 2-bromo-3-methylthiophene in one step
with 23% yield.4c,10 TTA-2 was prepared by selected
oxidation of sulfur atoms of TTA-1, using m-chloroperben-
zoic (mCPBA) acid with 60% yield.11 TTA-2 can be
deoxidized by NaBH4 to give TTA-1 at room temperature
in nearly quantitative yield. Their structures were confirmed
with 1H and 13C NMR, MS spectra, element analysis, and
X-ray crystallography.

Spectral photochemical properties of TTA-1 and TTA-2
were studied in THF solution. TTA-1 exhibited good
photochromic properties and could be toggled between
colorless ring-open and colored ring-closed forms by alter-
nated irradiation with ultraviolet and visible light. The
photochromic behavior is illustrated in Figure 1a and Scheme
1. Figure 1a. shows the changes of absorption of TTA-1
(6.4 × 10-5 M in THF) upon irradiation with 254 nm light.
In fact, irradiation of the colorless THF solution of TTA-1
at 254 nm brought about an immediate increase of the
intensity of the absorption bands in the visible region
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Scheme 1. The Principle of the “Lock and Key” Process of
Photochromic Reactions

Scheme 2. Synthesis of Triangle Terarylenes
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centered at 465 nm due to the formation of the ring-closed
form of TTA-1. A well-defined isosbestic point appeared at
292 nm (ε )1.2 × 104 M-1 cm-1) supporting the two-
component photochromic reaction as shown in Scheme 1.
The yellowish solution can be easily bleached upon irradia-
tion with visible light (λg 405 nm), producing an absorption
spectrum identical with that of the initial solution of TTA-
1. The identity of the final and original spectra of the open
form confirmed the completion of the back conversion and
the absence of photodegradation. The conversion efficiency
(Rps) between ring-open and ring-closed forms at the photo-
stationary state, achieved by irradiation with UV light (λ )
254 nm), was estimated to be 0.59, which can be calculated
following the expressions based on the absorbance of the
two forms.12

The absorption spectrum of TTA-2 in THF solution at
room temperature is shown in Figure 1b. TTA-2 did not
exhibit photochromic behavior like TTA-1 in THF solution
when irradiated with 254 nm light, which suggested no
photocyclization occurred. Its photochromic reactivity was
suppressed completely.

The suppressed photoactivity of TTA-2 is considered to
be the contribution of stronger intramolecular interactions
of TTA-2 than that of TTA-1. The stronger intramolecular

interactions of TTA-2 include hydrogen bonding interaction
and steric hindrance. The sulfone moieties provide the
probability for the formation of intramolecular hydrogen
bonds between S,S-dioxide moieties and corresponding
hydrogen atoms, which fastened the two pensile thiophene
rings in the photoinactive conformation (Scheme 1). This
can be confirmed by 1H NMR measurements and molecular
geometry calculations in the ground state.13 The hydrogen
bonds like springs limited the rotation of two pensile
thiophene rings. The steric hindrance resulting from S,S-
dioxide moieties also makes the rotation of photochromic
unit not so free and weakens the photochromic reactivity.
The ring-open form of DTE usually has two conformations,
parallel and antiparallel, which interconvert with each other
in solutions. This interconversion in TTA-2 was prohibited
by both hydrogen bonds and steric hindrance. These factors
stabilize and enrich the photoinactive parallel conformation
in solution, resulting in completely suppressed photochromic
reactivity of TTA-2.

TTA-2 can be deoxidized back to give TTA-1 with the
photochromic reactivity being reactivated at the same time.
By selected oxidation of sulfur atoms of TTA-1, TTA-2 was
obtained with strongly suppressed photochromic reactivity.
Therefore, two different types of DTE derivatives with
distinctively opposite photoactivity could be reversibly
controlled by the redox processes. Namely, the “lock and
key” control of the photoactivity could be realized by this
reversible process.

The single crystals of TTA-1 and TTA-2 were obtained
by controlling the slow evaporation speed of their solutions
at room temperature. The two crystallographic data were
available for the ring-open form only and both of them
crystallized into a monoclinic crystal system. The Oak Ridge
Thermal Ellipsoid Plot (ORTEP) drawings of TTA-1 and
TTA-2 are shown in Figure 2. The ORTEP drawing of
TTA-1 indicates that a typical parallel conformation packed
in the crystals and the two dihedral angles between the two
thiophene rings and the benzothiophene ring were evaluated
to be 61.78(4)° and -69.45(5)°, respectively. While the
packed structure of TTA-2 is different from that of TTA-1,
a typical antiparallel conformation is observed in the crystal-
line phase and the two dihedral angles between the two
thiophene rings and the benzothiophene ring were evaluated
to be 87.36(7)° and 76.71(5)°, respectively. According to
the rule reported by Irie, photocyclization reactivity of the
DTE crystals with antiparallel conformational molecules
depends on the distance between the reactive carbon atoms
in the single-crystalline phase rather than polar and steric
substituent effects. When the distance is longer than 4.2 Å,
the photocyclization is suppressed.14 The distances between
the reactive carbon atoms of TTA-1 (C3···C15) and TTA-2
(C10···C15) were estimated to be 4.327(3) and 4.595(4) Å,
respectively. It is too long for them to undergo a photo-
cyclization reaction in the crystalline phase, although the
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Figure 1. (a) Absorption changes of TTA-1 in THF solution upon
irradiation with 254 nm light (6.4 × 10-5 M) every 5 s. Insert:
Increase of absorbance at 465 nm with respect to irradiating time.
(b) Absorption changes of TTA-2 in THF solution before (solid
line) and after (dashed line) irradiation with 254 nm light.
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crystal of TTA-2 was packed in the photoactive antiparallel
conformation. Therefore, two crystals showed no photochro-
mic performance even if they were irradiated with 254 nm
light for a longer time.

Actually, no intramolecular hydrogen bond was established
in the two crystals. In the crystalline phase, the conformations

of two molecules were determined mainly by intermolecular
hydrogen bonds. In the crystal of TTA-1, two pensile
thiophene rings were fixed in a parallel conformation by two
hydrogen bonds. However, two pensile thiophene rings were
fixed to the antiparallel conformation by six hydrogen bonds
in the crystal of TTA-2. The existence of an SdO group
provided more probability for the formation of hydrogen
bonds, and the strength of C-H···O in the crystal of TTA-2
is stronger than that of C-H···S in the crystal of TTA-1.
Predominant interactions in the crystal are intermolecular
interactions and are different from those in dilute solutions,
where intramolecular interactions are predominant. Therefore,
it is reasonable that the photochromic behavior can be
distinctively different between the crystalline phase and the
solution phase.

In summary, a chemically gated DTE switch system was
developed, whose photochromic activity can be manipulated
by a reversible process between the oxidation state and the
reduction state. It offers a new approach to further function-
alize photoresponsive molecular switches based on the DTE
scaffold. We expect these triangle terarylene derivatives to
play a considerable role in photoswitched molecular devices,
memory media, as well as molecular logic gates.
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Figure 2. Crystal structures of TTA-1 (a) and TTA-2 (b) with
displacement ellipsoids shown at the 30% probability level.
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