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A new diarylethene compound with donor and acceptor substituent was synthesized from 2,3-bis(2-methyl-
benzo[ b]thiophene-3-yl)hexafluorocyclopentene (BTF) over 5 steps. The donor-acceptor structured BTF
compound (TBTFE) showed spectral change to a longer wavelength through photochromism with a high
cyclization quantum yield (0.56). The 3,4-ethylenedioxythiophene (T) and carboethoxy (E) groups directly
connected to BTF unit promoted electrical change accompanied with the photoi somerization of the BTF unit.
Photo-induced electrical switching was achieved from a photocell containing TBTFE doped polymer film,
which showed reversible and stable current change over repeated cycles by the aternative UV/Visirradiation,

as estimated by the I-V plot.
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Introduction

Photo-induced changes of physical properties between
two isomers have been collected strong interest as a tool to
achieve photon mode control and molecular switching.
Among the photon-mode control, the photochromic trans-
formations of diarylethene between ring open and closed
structure, stimulated by irradiation with light at an appro-
priate wavelength, alow switching of electronic absorption
accompanied with severa important properties such as
refractive index, dielectric constant, and oxidation/reduction
potential >*° The photochromic cyclability, coloration/
bleaching cycle, of benzothiophene derivatives such as 1,2-
bis(2-methyl-1-benzothiophen-3-yl)perfluorocycl opentene
(1, Eq. 1) could be repeated more than 10* times while the
thermally irreversible photochromic performanceiskept in a
solution.™**® Such a long cyclability, thermal stability, and
bi-stability ensure the application of diarylethene derivatives
in organic electronics and bionics.
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Importantly, the z-system of the two aryl rings is dis-
continued in the open-ring isomer, whereas they are con-
nected throughout the molecule in the closed-ring isomer.
Therefore, any 7-electron perturbation on the two aryl rings
can modify the electrical switching properties arising from
the interaction of the aryl rings through the conjugated
pathway. Substitution of the 6,6' position on the benzo-
thiophene ring of 1 with electron acceptor and donor group
can change the z-electron density and thus, the electronic

properties and eectrica conductivity of diarylethene
through the conjugated pathway. In particular, introduction
of the electron-donating and -accepting groups to the
diarylethene units could stimulate intramolecular charge
transfer along the closed isomer. Although many symmetri-
cal diarylethene compounds have been reported,”? reports
on non-symmetrical derivatives and donor acceptor struc-
tures are rare.”® Furthermore the reversibility of the photo-
induced electrochemical switching of diarylethenes in solid
state cell is dow.* Herein we report on the synthesis and
reversible photo-induced electrical switching of a new 6,6'
substituted non-symmetrical diarylethene. The carboethoxy
(E) and 3,4-ethylene-dioxythiophene (T) groups were sub-
dtituted to the 6,6' position of 1 as a stable electron acceptor
and donor, respectively.

Results and Discussion

Synthesis.  1,2-Bis(2-methyl-1-benzothiophen-3-yl)per-
fluorocyclopentene (1), was prepared from the reactions of
perfluorocycloalkene with the organolithium compound.8@-18
TBTFE was synthesized in five steps from 1 with an iso-
lations yield of 52%. Monoacetylation of 1 with acetyl
chloride in methylene chloride solution in the presence of
aluminum chloride yielded BTFA (Scheme 1). The chemica
structure of BTFA was confirmed by the presence of the
nonsymmetrical proton peaksin *H NMR and a strong new
band at 1683 cm™ characteristic of the carbony! group in FT-
IR spectrum. Reaction of BTFA with a solution of sodium
hypochlorite in 1,4-dioxane afforded BTFC that showed
characteristic carbony! group at 1691 cm™ and a very broad
OH band at 3400-2400 cm™ in FT-IR spectrum. The com-
pound IBTFC was synthesized from the reaction of BTFC in
acetic acid and sulfuric acid with iodine in 73% yield. After
esterification of IBTFC with ethanol, IBTFE was obtained.
Then TBTFE was obtained as a green powder through palla-
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Scheme 1. 1) CH3COCI, AICIs/CH,Cl, r.t. 2) NaOCI, KOH/dioxane, 55 °C. 3) |2, Hsl Os, acetic acid, H2SOa, 70 °C. 4) EtOH, H2SO4, reflux.

5) PdCl2(PPhs)./toluene, reflux, 24 h.
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Figure 1. UV/Vis spectra of compounds (1.0 x 10° M) in
chloroform (a) before and (b) after irradiation with a 365 nm light
for 2 min. for compound 1 (dotted line) and TBTFE (solid line).

dium-catalyzed Stille coupling of IBTFE with an organo tin
compound (TSn)® in the presence of a Pd(PPhs).Cl, cata-
lyst. The *H NMR spectrum of the unsymmetrical com-
pounds BTFA, BTFC and TBTFE showed four different
methyl protons at § 2.20-2.60, which arose from the two
asymmetric aryl groups with anti-paralel and parale
structures. The ratio of the anti-parale structure to the
paralel structure was about 65:35, as determined from the
peak integration, in solution.

Photochromic Properties. Figure 1 shows the UV/Vis

spectral change upon the photochromic conversion of the
diarylethenes in chloroform (1.0 x 10> M) through their
irradiation with a 365-nm light. Compared to the unsub-
stituted diarylethene (1), the absorption bands of TBTFE
were red-shifted in the open (Fig. 1a) and closed isomer
(Fig. 1b), indicating that the substituents affected the
electronic transition of the diarylethene. Thus, compared to
the unsubstituted diarylethene, 1¢ (Amax =534 nm, 2.32 eV, ¢
=1 x 10*cm™*M™), the electronic transition of TBTFE was
lowered ~0.12 €V in the closed form (Amax = 564 nm, 2.20
eV, € = 1.0 x 10 cm* M. The melectrons could be
delocalized through the electron-donating T group to the
electron-accepting E group in ¢c-TBTFE with a pull-push
structure, which led to significant spectral change. This
result correlates well to the previous observation for di-
thienyl derivatives, the absorption maximum of which in the
closed form was further shifted to low energy when a strong
electron-donating and a strong electron-withdrawing di-
cyanoethylene substituent were introduced into the 5- and 5'-
positions of the thiophene rings.*

The quantum yields of TBTFE for ring cyclization was
determined as 0.56 from the plot of the absorbance against
the irradiation time.?2 The quantum yield was close to the
maximum value based on the population ratio (35:65) of the
parale to the anti-paralel conformations in TBTFE, from
the H-NMR study; i.e., dmost al the photo-excited anti-
parallel conformations underwent the cyclization reaction.
On the other hand, the quantum yields of the cycloreversion
of TBTFE dramaticaly decreased to 0.01. When the
electron donor-acceptor groups were attached to the aryl
groups, the quantum yield of the cycloreversion reaction
dramatically decreased due to the significant extension of
the z-conjugation throughout the diarylethene molecule.?
Such a long extension of the z-conjugation in the donor-
diarylethene-acceptor push-pull structure of TBTFE could
enhance photo-induced electrochemical switching between
the open and closed isomers, as described below.

Photo-induced Electrochemical Switching in the Donor-
diarylethene-Acceptor. As can be seen in Figure 2, there
were no remarkable reduction peak in the cyclic voltammo-
gram (CV) for the solution of o-TBTFE in methylene
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Figure 2. Cydlic voltammograms of TBTFE (1 x 102 M) in
dichloromethane, containing 0.1 M of n-BusNCIO4 before (dashed
line) and after (solid line) irradiation with 365 nm light for 2 min.

chloride containing 0.1 M of tetra-n-butylammonium per-
chlorate as a supporting electrolyte, similar to that of 1.2
The solution of o-TBTFE showed oxidation peaks at 1.27 V
and > 15 V. In the literature, the oxidation potentials of
thiophene-containing molecules are reported as 0.8-1.6
V.26 Thus, the CV waves of o-TBTFE at 1.27 V can be
considered as one-electron oxidation of diarylethene con-
taining thiophene unit.

Interestingly, the CV of the solution after UV irradiation
showed a significant current increase above 1.3 V plusanew
additional redox pesk a —0.91 V (reversible). It has been
reported that the open-ring isomer of 1 does not show redox
peaks in the potentia range at —1.5~ +1.5 V, athough the
closed-ring isomer shows quasi-reversible redox potentials
at —1.33 and +1.05 V.2% Thus, the new peak at —0.91 V in
CV could be ascribed to the reduction process of diaryl-
ethene containing the E group. The reduction peak shifted
towards a positive potential, thus lowering the energy for the
reduction processes, possibly due to the eectron-withdraw-
ing E group.® The small irreversible peak at 0.4 V could be
originated from the reduction of two-electron oxidation
product(s) of the closed form according to the ECE mech-
anism.?® Furthermore, the significant current increase in the
potentia range above 1.3 V from the ring closure reaction
indicates that the electron transport becomes facile in the
closed form. Such an electrochemica property change from
the closed and open form could be utilized to the photon
mode eectrical switching, which can be investigated using
current-voltage (1-V) characteristic measurement of aphoto-
cell containing diarylethenes.

A photocell was fabricated with three layers of Au/PC/
ITO glass, in which ‘PC’ represents the photochromic layer
of TBTFE dispersed in apolystyrene binder (Fig. 3). The PC
layer was prepared from the solution of TBTFE (10 wt %)
and polystyrene in a mixture of chloroform and trichloro-
ethene (3:1, wt/wt). The cathode layer (Au) was in turn
deposited on the photochromic film using the thermal
evaporation method under the pressure of 3 x 107 Torr. The
thickness of the Au layer and the photochromic layer were
40 nm and 220 nm, respectively, with an active area of 0.02
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Figure 3. Structure of a photocell for the measurement of [-V
curve.
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Figure 4. (@) |-V plot for the cell containing PS(90)/TBTFE(10)
before (dashed line) and after (solid line) irradiation with 365 nm
light within 5 cycles. (b) Photo-induced reversible switching of the
current at 2 V by the dternative UV and vis (532 nm) light
excitation.

cm?.3! The photo cell showed a color change by the UV and
visible light exposure similar to that in the solution spectra.
The applied voltage dependence of the electric current is
shown in Figure 4. The I-V curve was stable over repeated
cycles, particularly at the dark area. It is important to note
that the dope of the I-V curve for the cell that contained
TBTFE significantly increased when the cell was irradiated
with UV light for 10 min. The current a 2 V for the colored
cell was much larger than that of the bleached cell. This
demonstrates that the z-electron conjugation between the
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donor T and the acceptor E group in TBTFE was extended,
resulting in a higher current response than in the open form,
in which such 7-conjugation was limited. In particular, the
donor-acceptor substituents could alow the dectron trans-
port between the molecules, as schematically shown below.
The conductivity was determined from the linear region of
the I-V plot as 5 x 10° and 1.2 x 108 S/cm for the cell

containing 10 wt% of TBTFE, before and after UV irradi-
ation, respectively. The I-V curve upon irradiation of the cell
with a visible light was overlapped with that of the dark
state. Importantly the current change was reversible allow-
ing conductivity modulation through aternative irradiation
with UV and visible lights over severa repeated cycles (Fig.
4b). The switching efficiency, as defined by the ratio of the
conductivities of the cells irradiated with UV and visible
lights, was 2.4.

The conductivity of the colored cell containing 1 was 10
S/em.® The conductivity of the PS binder without diaryl-
ethene was lower than 102 Scm.® This implies that the
charge transport must be facilitated in a donor-acceptor
structure such as TBTFE that can push/pull the carrier
during the transport between the molecules. Electrochemical
switching through aternative UV/visible light irradiation of
the film made of TBTFE could be applied in a photon-mode
actuation, electrochemical and photochemical storage of
information, and in photoelectrode patterning for biological
and non-biologica systems.®? Furthermore, conductivity
switching from an organic photochromic film could be
utilized to charge injection control at the metal/organic
interface by light.

Experimental M ethodology

General Methodology. Methylene chloride and toluene
were distilled from phosphorus pentoxide prior to use, and
tetra-n-butylammonium perchlorate (TBAP) was purchased
from TCI. The *H and **C NMR spectra were recorded as
300 MHz and 75 MHz, respectively, in a CDCl3 solution that
contained MeySi asinternal standard with Bruker. IR spectra
were recorded on a Shimadzu 540 spectrophotometer in KBr
or film on KBr plates. An elemental analysis was performed
by the Korea Basic Science Center. The FAB mass spectra
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were determined by the National Center for Inter-University
Research Facilities. Column chromatography was perform-
ed using silica gel (200-400 mesh, Merck). All reactions
were monitored for completion using thin-layer chromato-
graphy (TLC), which was performed using a pre-coated
slicagel plate (Merck 60 Fss), and detection was performed
with the aid of UV light. Mélting points were measured on
the Fisher-Jones mdlting point appara-
tus and uncorrected. The UV-Vis spectra
& were recorded for chloroform solutions
with a Jasco V-530 UV/Vis spectrophoto-
meter. Molar absorption coeffi-cients were
experimentally determined from the ab-
sorbance change at different concen-
@) trations using Lambert-Beer’'s Law. The
electrochemical properties were studied
using cyclic voltammetry (CV) on aBAS
100B €lectrochemica andyzer (BAS,
Inc). The measurement was carried out in
a 10-mL methylene chloride solution that
contained tetra-n-butylammonium per-
chlorate (TBAR, 0.1 M/0.341 g) as a
supporting dectrolyte. Each of the photochromic com-
pounds were dissolved under an argon atmosphere. The
condition was composed of a three-electrode assembly
equipped with a platinum working el ectrode, a platinum coil
as the counter electrode, and an Ag/AgCl eectrode as the
reference el ectrode. M easurements were examined in a glass
cell a room temperature. The cell was measured before and
after it was irradiated with UV light and after it was blench-
ed with visible light. The scan rate was 200 mV/sec and the
voltage range was —1.5 ~ +1.5 V. The current-voltage (I-V)
properties were measured using Agilent E5272A 2-Channel
(High-power and Medium-power) Source/Monitor Units of
Agilent Technologies. The measurement range was —2.0
~+2.0 V. For the study of the I-V characterization, the
mixture of TBTFE (10 wt%) in polystyrene (Polysciences,
Inc., 50,000 Mw) was dissolved in chloroform and 1,1,2,2-
tetrachloroethane. The solution was spin-coated on the ITO
glass. Then the coated glass film was dried in an oven at 70
°C for more than 12 h, and gold was evaporated at a higher
temperature. The thickness of the photochromic material
was 220 nm and of gold, 40 nm. Before the glass film was
coated, the solution was exposed to light (365 nm, 0.5 mW)
for 10 min, after which its properties were examined. After
the film was bleached with light (532 nm, 2.0 mW), its
current-voltage character was again investigated.
2-Tri-butylstannyl-3,4-ethylenedioxythiophene (T Sn).
To a solution of 3,4-ethylenedioxythiophene (4.50 g, 320
mmol) and N,N,N',N'-tetramethylethylenediamine (TMEDA)
(4.25 g, 370 mmol) in anhydrous diethyl ether (100 mL), a
solution of n-butyllithium (12.7 mL, 320 mmol, 25 M in
hexane) was dowly added using a syringe under an argon
amosphere at room temperature. The mixture was stirred at
room temperature for 10 min, and then refluxed for 30 min.
A pink, milk-like mixture was formed. The mixture was
cooled to —25 °C, and tributyltin chloride (10.33 g, 320
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mmol) was added slowly to it over 1 h. The reaction mixture
was warmed up to room temperature and stirred for 3 h.
After it was quenched with a saturated sodium chloride
solution (50 mL), its organic layer was extracted with
diethyl ether (3 x 30 mL), dried over MgSO,, and filtered.
Triethylamine (10 mL) was added to the filtrate, and the
solvents were evaporated. The residue was purified using
column chromatography with hexane on a pre-treated silica
gd (washed silicagel with neat triethylamine, then hexane).
The solvent was removed in a vacuum and the residue was
further purified through vacuum distillation to produce a
colorlessliquid [yield = 68%; *H NMR (CDCls, 300 MHz) =
0.90 (t, J= 7 Hz, 9 H, Me), 1.10 (m, 6 H, -CH,), 1.34 (m, 6
H, -CH,-), 1.56 (m, 6 H, -SnCH5-), 4.15 (m, 4 H, -OCH,),
and 6.57 (s, 1L H, -CH-)].
1-(6-Acetyl-2-methyl-1-benzothiophen-3-yl)-2-(2'-meth-
yl-1'-benzothiophen-3'-yl)hexafluorocyclopentene (BTFA).
To awell-stirred methylene chloride solution (20 mL) of 500
mg (1.1 mmol) of 1,2-bis(2-methyl-1-benzothiophen-3-
yl)hexafluorocyclopentene (1) and 130 mg (1.7 mmol) of
acetyl chloride was added 230 mg of auminum chloride
over 1 h at room temperature. The solution was stirred for an
additional 1 h. To stop the reaction, dilute HCl was added.
The reaction mixture was extracted with chloroform (3 x 30
mL). The organic layer was washed with water (30 mL),
dried over MgSO,, filtered, and evaporated. The residue was
purified by column chromatography on slica gel using
hexane/chloroform (1:2) as the eluent to give BTFA (yidld:
45%); parallel(p):antiparallel (ap) = 40:60; *H NMR (CDCls,
300 MHz) §2.21 (s, 2H, apMe), 2.26 (s, 2H, apMe), 2.48 (s,
1H, pMe), 2.53 (s, 1H, pMe), 2.57 (s, 1H, apCOMe), 2.65 (s,
2H, pCOMe) 7.18-7.70 (m, 6H, ArH), 822 (s, 0.4H,
apArH), 8.31 (s, 0.6H, pArH); *C NMR (CDCls, 75 MHz) &
15.2, 155, 26.8, 122.1, 122.2, 123.1, 123.4, 124.4, 124.5,
124.8, 133.1, 133.3, 141.6, 197.3.
1-(6-Carboxy-2-methyl-1-benzothiophen-3-yl)-2-(2'-
methyl-1'-benzothiophen-3'-yl)hexafluor ocyclopentene
(BTFC). The solution of BTFA 300 mg (0.58 mmal) in 25
mL of dioxane was stirred and heated to 55 °C. A mixture of
5 mL of 12% sodium hypochlorite, 5 mL of water and 3.2 g
of potassium hydroxide was added 1 mL at a time over 45
minutes, while heating to 80 °C and kept at the temperature
for 3 h. Then agueous sodium sulfite was added to decom-
pose the excess sodium hypochlorite. The aqueous layer was
acidified with 6 M hydrochloric acid to precipitate pae
green crystalline acid The solid was filtered to obtain pae
green crystal (BTFC) (yield: 80%): mp = 152-156 °C (de-
compose or decarboxylate, but have no sharp melting point);
parale (p):antiparalel(ap) = 35:65; *H NMR (CDCls, 300
MHz) 62.13 (s, 2H, apMe), 2.18 (s, 2H, apMe), 2.45 (s, 1H,
pMe), 2.53 (s, 1H, pMe), 7.08-7.70 (m, 6H, ArH), 8.36 (s,
0.4H, apArH), 8.44 (s, 0.6H, pArH); *C NMR (CDCls, 75
MHz) §15.0, 15.4, 118.8, 119.2, 121.8, 122.1, 124.5, 124.7,
125.9, 137.9, 138.2, 142.0, 142.2, 142.7, 171.7.
1-(6-Carboxy-2-methyl-1-benzothiophen-3-yl)-2-(6'-
iodo-2'-methyl-1'-benzothiophen-3'-yl)hexafluor ocyclo-
pentene (IBTFC). lodine 75 mg (0.29 mmol) and Hsl Os 31
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g (0.24 mmol) was added to a stirred solution of BTFC 200
mg (0.39 mmol) in acetic acid (30 mL), sulfuric acid (1 mL),
and water (1.5 mL), and the mixture was stirred for 3h at 70
°C inthe open air. The reaction mixture was poured into 500
mL of ice water. The pae pink heavy precipitate formed,
and filtered to obtain pae pink crystal (IBTFC) (yield:
73%): mp = 138-144 °C (decompose or decarboxylate, but
have no sharp melting point); parallel(p):antiparale(ap) =
40:60; *H NMR (CDCls, 300 MHz) §2.20 (s, 2H, apMe),
2.25 (s, 2H, apMe), 2.43 (s, 1H, pMe), 2.48 (s, 1H, pMe),
7.35-8.13 (m, 6H, ArH), 8.42 (s, 0.4H, apArH), 850 (s,
0.6H, pArH); *C NMR (CDCls, 75 MHz) §15.1, 15.5, 89.1,
118.8,119.1, 121.5,121.7, 123.1, 123.4, 124.2, 125.7, 125.9,
126.8, 130.7, 133.5, 137.4, 138.0, 140.0, 140.1, 141.4,
146.5, 146.9, 166.2.

1-[6-(Ethyloxy)car bonyl-2-methyl-1-benzothiophen-3-
yl]-2-(6'-iodo-2'-methyl-1'-benzothiophen-3'-yl)hexa-
fluorocyclopentene (IBTFE). The mixture of IBTFC (100
mg, 0.15 mmol), 20 mL absolute ethanol and 1 mL was
refluxed for 6 h. Cooling to the room temperature and
neutralized with an aqueous solution of NaHCOs;. The
mixture was extracted with methylene chloride (3 x 30 mL),
dried over MgSOs,, filtered, and evaporated. The residue was
purified by column chromatography on silica gel using
hexane/ethyl acetate (10:1) as the eluent to give IBTFE
(vield: 65%); parallel(p):antiparallel(ap) = 35:65 ; '"H NMR
(CDCl3, 300 MHz) §1.39 (t, J = 7 Hz, 3H, Et), 2.18 (s, 2H,
apMe), 2.25 (s, 2H, apMe), 2.47 (s, 1H, pMe), 2.51 (s, 1H,
pMe), 4.40 (q, J = 7 Hz, 2H, Et), 7.22-8.05 (m, 6H, ArH),
8.36 (s, 0.4H, apArH), 843 (s, 0.6H, pArH); ®C NMR
(CDCl3;, 75 MHz) ¢ 15.1, 155, 29.7, 61.2, 89.1, 118.8,
119.1, 1215, 121.7, 1231, 1234, 124.2, 125.7, 125.9,
126.8, 130.7, 133.5, 137.4, 138.0, 140.0, 140.1, 141.4,
146.5, 146.9, 166.2.

1-[6-(3',4'-Ethylenedioxy)thienyl]-2-methyl-1-benzo-
thiophen-3-yl]-2-(6'-(ethyloxy)car bonyl-2'-methyl-1'-
benzothiophen-3'-yl)hexafluor ocyclopentene (TBTFE).
Under argon atmosphere, 2-tributylstannyl-3,4-ethylenedi-
oxythiophene (100 mg, 0.150 mmol) and IBTFE (65 mg,
0.150 mmol) were dissolved in 30 mL of toluene. To this
was added a catalytic amount of dichlorobis(triphenyl-
phosphing)palladium(ll) (PdCl, (PPhs)2) 8 mg (0.0105
mmol) and the mixture was refluxed for 24 h. During the
reaction, the color changed from yellow to black as Pd® was
formed. After cooling, the reaction mixture was poured into
saturated sodium chloride solution (50 mL). Benzene (20
mL) was added. The organic layer was extracted with ben-
zene (3 x 30 mL), dried over MgSQOs, filtered, and evapo-
rated. The residue was purified by column chromatography
on silicagel using hexane/ethyl acetate (5:1) as the eluent to
give TBTFE (yield: 53%); parallel(p):antiparallel(ap) = 35:
65 'H NMR (CDCls, 300 MHz) §1.3 (t, J = 7 Hz, 3H, Et),
2.15 (s, 2H, apMe), 2.24 (s, 2H, apMe), 2.44 (s, 1H, pMe),
250 (s, 1H, pMe), 4.24 (m, 2H, -OCHy), 4.30 (m, 2H,
-OCHy), 4.40 (q, J= 7 Hz, 2H, Et), 6.30 (s, 1H, -CH-), 7.47-
8.06 (m, 6H, ArH), 8.30 (s, 0.4H, apArH), 8.430 (s, 0.6H,
pArH); MSnmvz 680 (M*).
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Conclusions

A new diarylethene, with 3,4-ethylenedioxythiophene (T)
and carboethoxy (E) group as the éectron donor and
acceptor group, respectively, was synthesized to achieve
photochromic and photo-induced electrochemical switching
with UV and visible light irradiation. The donor-acceptor
structured TBTFE showed a significant shift in electronic
trangition in its closed form, which resulted in spectral and
redox potential changes. The closed form of TBTFE, gener-
ated through UV exposure, showed a higher current-to-
voltage response, which resulted in a higher conductivity
than that of the open form. Thus, electronic switching of the
cell containing TBTFE was possible with the dternative UV
and visble light excitation. Such a switching from an
organic photochromic film could be utilized to injection
control at the metal/organic interface by light.
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