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Helically p-Stacked Conjugated Polymers Bearing
Photoresponsive and Chiral Moieties in Side Chains:
Reversible Photoisomerization-Enforced Switching
Between Emission and Quenching of Circularly
Polarized Fluorescence
By Hiroyuki Hayasaka, Tatsuaki Miyashita, Kazuya Tamura, and

Kazuo Akagi*
Novel multifunctional conjugated polymers, [poly(p-phenylene)s and

poly(bithienylene-phenylene)s with (R)- and (S)-configurations], which have

fluorescence, chirality, and photoresponsive properties, have been designed

and synthesized. The polymers are composed of p-conjugated main chains,

where poly(p-phenylene) and poly(bithienylene-phenylene) are fluorescence

moieties, and the side chains of the photochromic dithienylethene moiety are

linked with chiral alkyl groups. The polymer films exhibit right- or left-handed

circularly polarized fluorescence (CPF) and also show reversible quenching

and emitting behaviors as a result of photochemical isomerization of the

dithienylethene moiety upon irradiation with ultraviolet and visible light. This

is the first report realizing the reversible switching of CPF using chirality and

photoresponsive properties.
1. Introduction
Conjugated polymers are promising materials for use in organic
light-emitting diodes (OLEDs), organic field-effect transistors
(OFETs), photovoltaic cells, and biosensors.[1–5] Chiral conjugated
polymers are expected to show circularly polarized luminescence
when they form helical structures. They can be prepared by the
introduction of a chiral moiety into a side chain.[6–8] However, the
circularly polarized fluorescence (CPF) cannot be controlled in
intensity like a switching between emitting and non-emitting
(quenching) states, which is desirable for dynamic control of
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luminescence.[9–13] Helically p-stacked con-
jugated polymers bearing photoresponsive
and chiral moieties in side chains might be
candidates to enable photo-switching
between emission and quenching of CPF
through reversible photoisomerization.

Recently, the photochemical control of
linearly polarized fluorescence (LPF) has
been performed by using liquid crystalline
and conjugated copolymers with photore-
sponsive dithienylethene moieties in the
side chain.[12e] When the polymer-based
device of LPF is fabricated, the relative
arrangement between the LPFpolymer film
and the linear polarizer should be rigor-
ously controlled. Namely, the aligned LPF
polymer film must be exactly arranged
parallel or perpendicular to the linear polarizer. Otherwise, the
light passing through the LPF film and the polarizer is
insufficiently polarized, which gives rise to incompletely polarized
light. Nevertheless, this type of fabrication becomes much more
difficult and time consuming when the size of the device becomes
smaller in the micro- or nano-order. One way to avoid such a
difficulty in thedevice fabricationof LPFis to dealwithCPF.This is
because CPF is free from the macroscopic alignment of the
polymer, and thedegreeof circular polarizationof thepolymerfilm
depends on that of one-handed screwing in the helical polymer
and/or that of the helical p-stacking of polymers. Besides, CPF is
easily transformed into LPF by passing the light of CPF through a
1/4 (quarter) wave plate.

Here, we have designed and synthesized multifunctional
conjugated polymers, [poly(p-terphenylene)s and poly(bithienyl-
ene-phenylene)s with (R)- and (S)-configurations], which have
fluorescence, chiral, and photoresponsive properties. The poly-
mers are composed of p-conjugated main chains where poly(p-
terphenylene) and poly(bithienylene-phenylene) are fluorescence
moieties, and photochromic dithienylethenemoieties[9] are linked
with chiral alkyl groups in the side chains.

Scheme 1 depicts the structures of the polymers composed of a
main chain, where the p-conjugated aromatic unit is a fluorescent
moiety (green frame), and a side chain bears a photochromic
heim 1243
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Scheme 1. Structures of photoresponsive chiral conjugated polymers.
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dithienylethene moiety (red frame) linked with the chiral moiety
(blue frame).

The present polymer films exhibit right- or left-handed CPF
owing to a helically p-stacked or weakly twisted structure, and also
show reversible quenching and emitting behaviors in CPF as a
result of photochemical isomerization of the dithienylethene
moiety upon irradiation of ultraviolet and visible lights. This is the
first report realizing the reversible switching of CPF emission by
using chiral and photoresponsive properties.

2. Results and Discussion

2.1. Synthesis and Characterization of Polymers

Synthetic routesofmonomer (R)-5 andpolymers (R)-P1and (R)-P2
are shown in Scheme 2. Ethyl-4-[(R)-1-methyloctoxy]benzoate [(R)-
2] was synthesized byMitsunobu coupling of 1with (S)-2-nonanol
in tetrahydrofuran (THF).[14] The hydrolysis of (R)-2withNaOHin
a mixed solvent of MeOH and water gave 4-[(R)-1-methyloctox-
y]benzoic acid [(R)-3]. The esterification between the hydroxy
group of the dithienylethene derivative 4[12e] and (R)-3 gave (R)-5 in
the presence of dicyclohexylcarbodiimide ( DCC) and 4-
Scheme 2. Synthetic routes and photoisomerization. Conditions: a) (S)-2-non

THF. b) NaOH, H2O, MeOH. c) DCC, DMAP, CH2Cl2. d) 4,4
0-Biphenyldibor

pentylglycol)cyclic ether, Pd(PPh3)4, NaHCO3, THF, H2O. e) 5,50-Bis-trimethyls

phene, Pd2(dba)3 (2-furyl)3P, THF. DCC¼ dicyclohexylcarbodiimi

(dimethylamino)pyridine, DIAD¼ diisopropyl azodicarboxylate, dba¼ dibe

*¼ chiral substituent.
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(dimethylamino)pyridine (DMAP) in CH2Cl2. The copolymeriza-
tion between the monomer (R)-5 and 4,40-biphenyldiboronic acid
bis(propyl glycol)cyclic ester in a mixture of THF and water in the
presence of Pd(PPh3)4 as a catalyst was carried out through a
Suzuki coupling reaction to give (R)-P1.[15] The copolymerization
of (R)-5 and 5,50-bis-trimethylstannyl-2,20-bithiophene in THF in
the presence of Pd2(dba)3 (dba¼ dibenzylideneacetone) and (2-
furyl)3P as catalysts was carried out through a Stille polycondensa-
tion reaction togive (R)-P2.[16] Thepolymers (S)-P1and (S)-P2were
obtained by synthetic routes similar to those for (R)-P1 and (R)-P2,
respectively.

All polymers synthesized were fusible and soluble in organic
solvents such as THF, toluene, and CHCl3. The number-average
molecular weights (Mn) of (R)-P1 and (S)-P1 were 1.4� 104 and
1.1� 104, respectively, while those of (R)-P2 and (S)-P2 were
1.0� 104 and 8.0� 103, respectively. The degree of polymerization
(DP) was calculated to be 9–15, indicating that the polymer main
chain consists of 27�45 aromatic rings.

Photoisomerization of the dithienylethene moiety upon
irradiation with UV (l¼ 254 nm) and visible (l> 400 nm) light
was confirmed by 1H NMR analysis in CDCl3. Two broad signals
observed at 5.30 and 5.34 ppm were assigned to the methylene
protons neighboring the dithienylethene moiety with an open
form. Irradiation of UV light (l¼ 254 nm, 16W) caused the
photoisomerization, giving new broad signals at 5.05 and
5.08 ppmthat corresponded to themethyleneprotonsneighboring
the dithienylethene moiety with a closed form. The integrated
intensities of the proton signals indicated that the open forms of
44% and 30% were converted into the closed forms in the
photostationary states (PSS) of P1 and P2, respectively. Here, the
PSS is defined as {[closed form]/([open form]þ [closed
form])}� 100.[9a,12c,e] In otherwords, thedithienylethenemoieties
of 56% and 70% remained unchanged in the open forms ofP1 and
P2, respectively, even upon UV light irradiation. Meanwhile, the
degrees of conversion from the open into the closed form in the
anol, DIAD, PPh3,

onic acid bis(neo-

tannyl-2,20-bithio-
de, DMAP¼ 4-

nzilideneacetone,

o. KGaA, Weinheim
cast films of P1 and P2 were 10% and 9–7%,
respectively. Note that the degree of conversion
in the cast film was evaluated in the following
way: The cast film, after irradiation by UV light,
was stripped off from the substrate and then
dissolved in CDCl3 for

1HNMRmeasurement.
After subsequent irradiation with visible

light, all proton signals of the open form
reappeared. The results of polymerization and
the conversion value are summarized in
Table 1.

Thermal properties of the polymers were
examined through differential scanning calori-
metry (DSC) and polarized optical microscopy
(POM). Broad peaks associated with the phase
transition were observed by DSC. The broad-
ening may be attributed to a high viscosity and
wide polydispersity of the polymer. As sum-
marized in Table 1, the phase transition
temperatures during the heating process of
(R)-P1 (open) and (S)-P1 (open) were 69 and
70 8C, respectively, while those in the cooling
one are 65 and 68 8C, respectively. Similarly, the
phase transition temperatures in the heating
Adv. Funct. Mater. 2010, 20, 1243–1250
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Table 1. Polymerization results, conversion rates from the open to the
closed form in the dithienylethene moiety, and transition temperature of
the polymers.

Polymer Mn [a] Mw [b] Mw/Mn DP [c] Conversion

rate [d]

Transition

temperature [e]

[8C]

in CDCl3 film heating cooling

(R)-P1 14 000 255 000 18 15 44 10 69 65

(S)-P1 11 000 104 000 10 12 44 10 70 68

(R)-P2 10 000 30 000 3.0 11 30 9 52 50

(S)-P2 8 000 14 000 1.8 9 30 7 69 64

[a] Number-average molecular weight evaluated with a polystyrene (PS)

standard. [b] Weight-average molecular weight evaluated with a PS stan-

dard. [c] Degree of polymerization. [d] Conversion rate from the open form

into the closed form under irradiation of UV light. [e] Transition tempera-

ture between glass and meso phases in the open form.
process of (R)-P2 (open) and (S)-P2 (open) were 52 and 69 8C,
respectively, while those in the cooling one are 50 and 64 8C,
respectively (see also Supporting Information Fig. S1 and S2). The
polymers showed mesophases in both heating and cooling
processes over a wide range of temperatures, which indicates
an enantiotropic nature.

2.2. Absorption and CD Spectra

(R)-P1 (open) and (R)-P2 (open) dissolved in CHCl3 showed
absorption bands at 343 and 429 nm, respectively, which
correspond to p�p� transitions of the polymer main chains.
Thebandat 250 nmin theopen formof thedithienylethenemoiety
decreased in intensity after irradiation with UV light for 1min. At
the same time, the bands around 350 and 520 nm, attributable to
Figure 1. a) UV-vis absorption and b) fluorescence spectra of (R)-P1 and those (c and d) of (R)-P2

in CHCl3 (4.0� 10�5
M). The wavelength of excitation for fluorescence was 350 nm. Insets show

photographs of emitting and quenching between the open form and the PSS in solution

(excitation wavelength of 370 nm, 4W, handheld lamp).
the closed form of the dithienylethene moiety,
gradually increased in intensity. Subsequent
irradiation with visible light for 5min caused
an increase in intensity at 250 nm and a
decrease in intensity around 350 and 520 nm,
as shown in Figure 1a and 1c. The cast films of
(R)-P1 and (R)-P2, prepared from the mixture
of CHCl3 and toluene at room temperature,
showed absorption bands at 360 and 470 nm,
respectively, assignable to p�p� transitions of
the conjugated main chain. The results are
shown in Figure 2a and 2d. It is worth noting
that the absorption band attributed to themain
chain of the (R)-P2 showed a large red-shift of
41 nm in the cast film, while that of (R)-P1
showed a red-shift of only 17 nm. This is likely
because the coplanarity of the main chain
increased more in the (R)-P2 cast film than in
the (R)-P1 one. Figure 2b and 2e show
difference absorption spectra between theopen
formand thePSSof the (R)-P1and (R)-P2films,
respectively. The reversible changebetween the
open form and the PSS, which is a result of
the photoisomerization of the dithienylethene
Adv. Funct. Mater. 2010, 20, 1243–1250 � 2010 WILEY-VCH Verl
moiety in the side chain, was observed in both polymer
films.

The polymers, P1 and P2, dissolved in CHCl3, toluene, or THF,
showed noCotton effect in the region of the p�p� transition of the
conjugated main chain in circular dichroism (CD) spectra,
although theygave imperceptible signals in the shorterwavelength
region such as 253–258 nm, due to overlapped absorption bands
between the dithienylethenemoiety and the phenylene one linked
with the chiral alkyl moiety (see Supporting Information Fig. S3
and S4). This result suggests that the main chain of the polymer
does not form an intrachain one-handed helical structure in
solution, even though the polymer has a chiral alkyl moiety in the
side chain. Thismight be rationalized by the fact that the center of
chirality in the side chain is far from the conjugated main chain,
which makes through-bond and/or through-space intramolecular
interactions difficult. The chirality only effects the phenylene and
dithienylethene moieties in the side chain.

However, the cast films showed CD signals with Cotton effects
in the p�p� transition region of the polymer main chain. CD
spectra of P1 and P2 films are shown in Figure 2c and 2f,
respectively. The (R)-P1 film exhibited a split CD band, where the
positive andnegativeCotton effects were observed from the longer
to shorter wavelengths. The (S)-P1 film also showed a split CD
band, giving amirror image to that of the (R)-P1 film. This implies
that the polymers in the film are each assembled to form a one-
handed helical interchain p-stacking structure. It is also under-
standable that the direction of the helical p-stacked structure
depends on the configuration of the chiralmoiety in the side chain.
According to the bisignate exciton coupling theory,[17] it can be
assumed that the (R)-P1 film has a P-helicity with a right-handed
(clockwise) p-stacked structure. The (S)-P1 film has a M-helicity
with a left-handed (counterclockwise) p-stacked structure. On the
other hand, the (R)-P2 and (S)-P2 films showed CD bands with
mirror images of each other. However, the CD bands gave no
splitting shape and relatively weak signals compared with those of
ag GmbH & Co. KGaA, Weinheim 1245
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Figure 2. UV-vis absorption spectra and difference spectra between the PSS and the open form

of (R)-P1 (a and b) and (R)-P2 (d and e) cast films, respectively, and CD spectra of P1 (c) and P2

(f) cast films upon photoisomerization between the open form and the PSS of the dithienylethene

moiety.

1246
P1films.This suggests that theP2polymers formlooselyp-stacked
helical structures. The non-straight and rather bent backbone of
P2, which consists of bithiophene-monophenylene repeat units,
might be less suitable for the formation of interchain p-stacking,
and results in a weak CD signal.

Interestingly, there is no difference in CD spectra between the
open form and the PSS, irrespective of P1 and P2 films and also of
the (R)- and (S)-configuration. This indicates that the helical p-
stacked structure of the P1 film and the chiral structure of the P2
film remain unchanged even after the reversible photoisomeriza-
tion between the open form and PSS in the side chain. This may
allowus to exploit the chiroptical properties suchasCPFduring the
photochemical isomerization, as will be mentioned below.

2.3. Fluorescence Spectra

The fluorescence band at 410 nm of (R)-P1 (open) and that at
530 nmof (R)-P2 (open) inCHCl3 drastically decreased in intensity
and then quenched upon the irradiation with UV light after 50 to
Table 2. Fluorescence quantum yields and CPF intensity ratios between the open and PSS states

Polymer In CHCl3

Iopen/IPSS (Em [nm]) [a] fopen (fPSS) [a][b] Iopen/IPSS (Em [nm]) fopen

(R)-P1 180 (410) 0.65 (0.005) 240 (413) [a] 0.16 [a]

(S)-P1 130 (410) 0.65 (0.005) 200 (413) [a] 0.14 [a]

(R)-P2 20 (530) 0.23 (0.01) 80 (570) [c] 0.04 [c]

(S)-P2 24 (530) 0.24 (0.01) 73 (575) [c] 0.03 [c]

[a] Excitation at 350 nm. [b] Quinine sulfate in 1.0 M sulfuric acid as a standard solution. [c] Excitati

factor defined as the ratio between fluorescence and CPF intensities; gem¼ (IL� IR)/[(ILþ IR)/2]¼

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
60 s. However, the quenched fluorescence was
regenerated by irradiation with visible light for
5min, which leads to a reversible photoswitch-
ing of fluorescence, as shown in Figure 1b and
1d. The ratio of fluorescence intensity between
the open form and the PSS (Iopen/IPSS) was 180
for (R)-P1 and 20 for (R)-P2. The fluorescence
quantum yields of the open form and PSS for
(R)-P1 were 0.65 and 0.005, respectively, and
those for (R)-P2 were 0.23 and 0.01, respec-
tively. The quantumyields of the open formand
PSS for (S)-P1 and (S)-P2 were very similar to
those of the corresponding polymers with (R)-
configurations (see Table 2). The fluorescence
quantum yield was evaluated by using quinine
sulfate in 1.0 M sulfuric acid as a standard
solution. The quenching of the fluorescence
might be a result of an efficient energy transfer
from the excited polymer main chain to the
closed form of the dithienylethene moiety.
However, the excited dithienylethene of the
closed formchanges to its ground state through
a non-radiative transition. A similar quenching
behavior in fluorescence was observed in the
cast film, as shown in Figure 3a and 3c. The
results of fluorescence intensity (Iopen/IPSS) in
CHCl3 and cast films ofP1 andP2 are summarized in Table 2. The
ratio of fluorescence intensity (Iopen/IPSS) at 413 nm in the (R)-P1
filmwas 240, and the corresponding value at 570 nm in the (R)-P2
film was 80.

Here it is useful to compare the fluorescence quantum yields of
the castfilmswith those in solution.As seen inTable2, the absolute
fluorescence quantumyields of (R)- and (S)-P1filmswere 0.16 and
0.14, respectively; those of (R)- and (S)-P2filmswere 0.04 and 0.03,
respectively. It is evident that the quantum yields of P1 films are
about4 to6 times larger than thoseofP2ones.The relative strength
in quantum yield between P1 and P2 films is consistent with the
case of solution where the quantum yield (0.65) of P1 dissolved in
chloroform is about three times larger than that (0.23–0.24) of P2
in chloroform. Note that the fluorescence quantum yields of the
polymer films are substantially smaller in absolute value than
those in solution. Thismay be a result of concentration quenching
in thefilm, because thefilm is composedofneat polymer.Whereas
the polymer in solution is dispersed in chloroform, so is free from
concentration quenching.
in CHCl3 (4� 10�5
M) and cast films of P1 and P2.

Film

DIopen/DIPSS [d] (Em [nm]) gem [e] (� 0.005)

13 (414) [a] �1.0� 10�2 [a]

12 (422) [a] þ1.0� 10�2 [a]

7 (650) [c] þ1.0� 10�2 [c]

5 (630) [c] �1.5� 10�2 [c]

on at 380 nm. [d] DI: CPF intensity. [e] Dissymmetric

DI/I.

Adv. Funct. Mater. 2010, 20, 1243–1250
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Figure 3. Fluorescence spectra of a) (R)-P1 and c) (R)-P2 and CPF spectra of b) P1 and d) P2 cast
films. The wavelength of excitation light for fluorescence was 350 nm for P1 and 380 nm for P2.

The inset shows photographs of the emitting film of the open form and the quenching film of the

PSS of (R)-P1 and (R)-P2 (excitation wavelength l¼ 370 nm, 4W, handheld lamp).
2.4. CPF Spectra

It is of interest that the polymers show CPF as well as CD in cast
films, although they show neither CPF nor CD in solution, except
the weak CD signal that corresponds to overlapped absorption
bands of the dithienylethene and the phenylene moieties linked
with the chiral alkyl moiety. The formation of helical p-stacking
structures of P1 is supported by the observation of CPF in cast
films, as shown inFigure 3b. The open forms (R)- and (S)-P1, show
negative and positive signs in the CPF spectra, respectively. The
sign in the CPF spectra is defined as DI¼ IL – IR, where IL and IR
represent left- and right-handed fluorescence intensities, respec-
tively. The positive and negative signs in CPF indicate the
formation of the left- and right-handed helical structures,
respectively. It follows that the (R)- and (S)-P1 films have right-
and left-handed screw structures, respectively, which is consistent
with the results of CD spectra. Figure 3b also shows that the CPF
intensity of the P1 film drastically decreases, irrespective of the
Figure 4. Reversible changes of CPF intensities of (R)-P1 and (S)-P1 at

414 nm in a cast film upon alternating irradiations of UV (light blue area)

and visible (yellow area) light.

Adv. Funct. Mater. 2010, 20, 1243–1250 � 2010 WILEY-VCH Verlag GmbH & Co. KGaA,
configuration, upon photoisomerization from
the open form to the PSS. Namely, the
quenching of CPF occurs in the PSS, which
is associated with the quenching of fluores-
cence itself. The reverse photoisomerization
from the PSS to the open form causes a
reappearance of the CPF band. Such a photo-
switching behaviorwas observed over 10 cycles,
as shown inFigure 4. It should be noted that the
(R)- and (S)-P2 films exhibit CPF spectra with
positive and negative signs, respectively, as
shown in Figure 3d. These signs are opposite to
those of the (R)- and (S)-P1 films, which
suggests that the loosely p-stacked structure
of the P2 film has an opposite helical sense to
that of the P1 film, although the detailed
mechanism remains unclear.[8c,18]

The ratio of CPF intensities (DIopen/DIPSS)
between the open form and the PSS of the (R)-
P1 film at 414 nm and that of the (R)-P2 film at
650 nm were 13 and 7, respectively, which are
smaller than the corresponding ratios of the
fluorescence intensities (240 and 80 in Iopen/
IPSS for (R)-P1 and (R)-P2, respectively). The
ratios of the CPF intensities (DIopen/DIPSS) in cast films of P1 and
P2 are also summarized in Table 2. The remaining weak CPF
emission observed in the PSS is a result of a small amount of the
open form,which isomerized fromtheclosed formduring theCPF
measurement. The degree of circular polarization in fluorescence
was evaluated using the dissymmetry factor, gem. This factor is
defined by the equation; gem¼ (IL – IR)/[(ILþ IR)/2]¼DI/I¼VAC/
VDC. IR and IL denote the right- and left-handed CPF intensities,
respectively, andVDCandVACaremeasuredvalues that correspond
to the fluorescence and CPF intensities. As shown in Figure 5 and
Table 2, the gem values for theP1 andP2 filmswere estimated to be
in the order of 10�2 at 414 nm and 650 nm, respectively. Finally, it
should be emphasized that the helical p-stacked structure formed
in the films of the present conjugated polymers is so rigid that it is
not affected by the photochemical opening and closing isomeriza-
tion reaction of the dithienylethene moiety in the solid state. This
allowed us to control the reversible switching of the CPF between
emission and quenching states through photochemical irradia-
tions, by maintaining the chirality of the polymers.
3. Conclusions

Novel photoresponsive chiral p-conjugated polymers have been
synthesized by introducing dithienylethene moieties linked with
chiral alkyl groups into the polymer side chains. It is implied that
the cast films of P1 polymers, which consist of a straight backbone
of terphenylene moieties as repeat units, have helical p-stacked
structures of their main chains. Meanwhile, the cast films of P2,
which consists of a bentbackboneofbithienylene-monophenylene
moieties as repeat units, are suggested to have a weakly p-stacked
structure. The cast films of the two kinds of conjugated polymers
exhibited right- or left-handed CPF with relatively large dis-
symmetry factors in the order of 10�2. The emission and
quenching of CPF of the cast films are reversibly switched
Weinheim 1247
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Figure 5. Dissymmetry factors (gem) of a) P1 and b) P2 films in open form

and the PSS.
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through the photoisomerization of the dithienylethene moiety
introduced in the side chain. The present polymers could be useful
for advanced chiroptical materials with photochemically switch-
able CPF properties.
4. Experimental

Measurements: 1H and 13C NMR spectra weremeasured in CDCl3 using
a JEOL AL-400 spectrometer. Chemical shifts were represented in parts per
million downfield from tetramethylsilane (TMS) as an internal standard.
Mass spectrometry was performed with a JEOL JMS-SX102A spectrometer.
The molecular weights of polymers were determined by gel permeation
chromatography (GPC) using a Shodex A-80M column and a JASCO HPLC
870-UV detector with THF used as solvent during measurements. The
instrument was calibrated with a polystyrene standard. Phase transition
temperatures were determined using a TA Instrument Q-100 differential
scanning calorimeter with a constant heating/cooling rate of 10 8C min�1,
and texture observations were carried out under crossed nicols by using a
Zeiss AxioImager M1m polarizing microscope equipped with a Zeiss
AxioCam MRc5 digital camera and a Linkam TH-600PM heating and
cooling stage with temperature control.

Optical absorption (UV-vis) spectra were measured using a JASCO V-
570 spectrometer. CD spectra were measured with JASCO J-820 spectro-
meter. Fluorescence spectra were measured using a JASCO FP-750
spectrometer. Fluorescence quantum yields were measured using a JASCO
FP-6500 spectrometer equipped with an ILF-533 integrating sphere. CPF
measurements were performed with a JASCO CPL 200S spectrometer with
a quartz cell or substrate at room temperature. Photo-irradiation was
� 2010 WILEY-VCH Verlag GmbH & C
carried out using a UV (l¼ 254 nm, 4W) or visible (l> 400, 100W)
mercury lamp as a light source at room temperature.

Samples for UV-vis, CD, PL, and CPF measurements were prepared by
casting the polymer dissolved in a mixture of CHCl3 and toluene on a
quartz substrate. The thickness of the polymer film was in the range of 1.0–
1.2mm.

Materials: Compound 4 and bis-trimethylstannyl-2,20-bithiophene were
prepared by procedures described in the literature.[12e] 4-Hydroxybenzoic
acid ethyl ester, diisopropylazodicarboxylate (DIAD, 40wt % in toluene,
�1.9 M), dicyclohexylcarbodiimide (DCC), and 4-(dimethylamino)pyridine
(DMAP) were purchased from Tokyo Kasei (TCI). Triphenylphosphine
(PPh3), and (R)- and (S)-2-nonanol were purchased from Wako Pure
Chemical Industries. 4,40-Biphenyldiboronic acid bis(neopentylglycol)
cyclic ether, tris(dibenzylideneacetone)dipalladium(0) [Pd2(dba)3], tri-2-
furylphosphine [(2-furyl)3P], and tetrakis(triphenylphosphine)palladium(0)
[Pd(PPh3)4] were purchased from Aldrich Co. Ltd THF was dried and
distilled over sodium benzophenone ketyl under Ar. CH2Cl2 was distilled
over CaCl2 under argon atmosphere. MERCK Silicagel 60 (particle size
0.063–0.200mm) was used for column chromatography.

Ethyl-4-[(R)-1-methyloctoxy]benzoate [(R)-2]: A solution of DIAD
(4.0mL, 7.69mmol) in THF (5.0mL) was added to a mixture of 4-
hydroxybenzoic acid ethyl ester 1 (1.02 g, 6.17mmol), triphenylphosphine
(1.80 g, 6.96mmol), and (S)-2-nonanol (1.00 g, 6.94mmol) in THF
(20mL). The reaction mixture was stirred at 0 8C for 1 h under Ar
atmosphere. The resulting precipitate was extracted with CHCl3,
thoroughly washed with saturated NaCl solution, and dried over anhydrous
sodium sulfate. The precipitate was removed by filtration, and the filtrate
was evaporated under reduced pressure. The residue was purified by
column chromatography (silica gel, CH2Cl2) to give 1.94 g (99%) of (R)-2 as
a yellow oil. HRMS (EI, m/z):[M]þ calcd. for C18H28O3: 292.2038; found,
292.2034. 1H NMR (400MHz, CDCl3, d): 0.88 (t, 3H, J¼ 6.8Hz, �CH3),
1.27–1.34 (m, 15H, �OCHCH3 and �OCH(CH2)6CH3), 1.37 (t, 3H,
J¼ 7.2Hz,�COOCH2CH3), 4.33 (q, 2H, J¼ 7.2Hz,�COOCH2CH3), 4.43
(sext, 1H, J¼ 6.8Hz, �OCH(CH3)C7H15), 6.87 (d, 2H, J¼ 8.8Hz, ortho to
�OCH(CH3)C7H15), 7.96 (d, 2H, J¼ 8.8Hz, meta to �OCH(CH3)C7H15).
13C NMR (400MHz, CDCl3, d): 14.0, 14.1, 19.6, 22.6, 25.4, 29.2, 29.5, 31.8,
36.3, 60.2 (sp3, �OCH2CH3), 74.0 (sp3, �OCH(CH3)C7H15), 114.9 (sp2,
phenylene), 120.5 (sp2, phenylene linked to carbonyl moiety), 131.7 (sp2,
phenylene), 162.3 (sp2, phenylene carbon linked to ether type oxygen),
165.7 (sp2, �COOC2H5).

4-[(R)-1-Methyloctoxy]benzoic acid [(R)-3]: Compound (R)-2 (1.94 g,
6.65mmol) was hydrolyzed by NaOH (3.10 g, 77.5mmol) in 10mL of
water and 120mL of MeOH at 60 8C for 4 h. The solvent was then
evaporated, and the product was dissolved in water. The mixture was
acidified to pH 1 with hydrochloric acid solution. The resulting precipitate
was extracted with CHCl3, thoroughly washed with saturated NaCl solution,
and dried over anhydrous sodium sulfate. The precipitate was removed by
filtration, and the filtrate was evaporated under reduced pressure to
yield 1.65 g (94%) of a colorless oil. HRMS (EI, m/z): [M]þ calcd. for
C16H24O3: 246.1725; found, 246.1725.

1H NMR (400MHz, CDCl3, d): 0.88
(t, 3H, J¼ 6.4Hz, �CH3), 1.28–1.75 (m, 15H, �OCHCH3 and
�OCH(CH2)6CH3), 4.45 (sext, 1H, J¼ 6.4Hz, �OCH(CH3)C7H15), 6.90
(d, 2H, J¼ 8.7Hz, ortho to �OCH(CH3)C7H15), 8.04 (d, 2H, J¼ 8.7Hz,
meta to �OCH(CH3)C7H15).

13C NMR (400MHz, CDCl3, d): 14.1, 19.6,
22.6, 25.4, 29.2, 29.5, 31.8, 36.3, 74.0 (sp3,�OCH(CH3)C7H15), 114.9 (sp

2,
phenylene), 120.9 (sp2, phenylene linked to carbonyl moiety), 132.9 (sp2,
phenylene), 162.7 (sp2, phenylene carbon linked to ether type oxygen),
171.4 (sp2, �COOH).

1-{5-(2,5-Dibromobenzoyloxymethylene)-2-methylthien-3(-yl}-2-[5-{4-
((R)-1-methyloctoxy)benzoyloxymethylene)}-2-methylthien-3-yl]-3,3,4,4,5,5-
hexafluorocyclopentene [(R)-5]: A solution of compound 4 (0.68 g,
0.98mmol), (R)-3 (0.24mg, 0.89mmol), DCC (0.22mg, 1.0mmol), and
DMAP (0.13mg, 1.1mmol) in CH2Cl2 (20mL) was stirred for 14 h at room
temperature. The crude product was extracted with CHCl3. The organic
layer was washed with saturated NaCl solution and dried over anhydrous
sodium sulfate. The precipitate was removed by filtration, and the filtrate
was evaporated under reduced pressure. The residue was purified with
column chromatography (silica gel; CHCl3) to give 450mg (54%) of (R)-5
o. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 1243–1250
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as a yellow oil. HRMS (EI, m/z): [M]þ calcd. for C40H16O5Br2F6O2:
934.0432; found, 934.0478. 1H NMR (400MHz, CDCl3, d): 0.87 (t, 3H,
J¼ 6.5Hz, �CH3), 1.27–1.73 (m, 15H, �OCHCH3 and
�OCH(CH2)6CH3), 1.89 (s, 6H, thienyl-CH3), 4.43 (sext, 1H, J¼ 6.5Hz,
�OCH(CH3)C7H15), 5.36 (s, 2H, �COOCH2�), 5.40 (s, 2H,
�COOCH2�), 6.86 (d, 2H, J¼ 8.9Hz, ortho to �OCH(CH3)C7H15),
7.08 (s, 1H, thienyl-H), 7.13 (s, 1H, thienyl-H), 7.45 (d, 1H, J¼ 8.6Hz,
phenyl-H), 7.51 (d, 1H, J¼ 8.6Hz, phenyl-H), 7.88 (s, 1H, phenyl-H), 7.96
(d, 2H, J¼ 8.9Hz, meta to�OCH(CH3)C7H15).

13C NMR (400MHz,
CDCl3, d): 14.1, 14.4 (2� sp3 signals, thienyl-CH3), 22.6, 25.4, 29.2, 29.5,
31.7, 36.3, 60.4 (sp3, �OCH2�), 61.4 (sp3, �OCH2�), 75.0 (sp3,
�OCH(CH3)C7H15), 115.0, 120.4, 120.9, 121.3 (sp2, phenylene linked to
carbonyl moiety), 124.4, 124.4.,127.3, 128.5, 131.7, 132.9 (sp2, phenylene
linked to carbonyl moiety), 134.1, 135.1, 135.6, 135.7, 136.7, 143.1,
143.7 162.3 (sp2, phenylene carbon linked to ether type oxygen), 164.2 (sp2,
�OCO�), 165.7 (sp2, �OCO�).

(R)-P1: A solution of (R)-5 (158mg, 0.17mmol), 4,40-biphenyldiboronic
acid bis(neopentylglycol)cyclic ether (64.3mg, 0.17mmol), and Pd(PPh3)4
(2.0mg, 1.7mmol) in 10mL of THF and 5mL of 40% Na2CO3 aq. was
stirred under Ar at 55 8C overnight. The reaction mixture was poured into a
large amount of methanol (250mL) and stirred for 15min. The resulting
precipitate was collected by filtration and dissolved in the minimum
amount of THF (3mL) and stirred in H2O (300mL) for 1 h. After filtration,
the product was dried under vacuum to give 182mg (99%) of a colorless
powder. 1H NMR (400MHz, CDCl3, d): 0.86 (br, 3H,�CH3), 1.25 (br, 15H,
�OCHCH3 and �OCH(CH2)6CH3), 1.79 (br, 3H, thienyl-CH3), 1.84 (br,
3H, thienyl-CH3), 4.39 (br, 1H, �OCH(CH3)C7H15), 5.30 (br, 2H,
�COOCH2�), 5.34 (br, 2H, �COOCH2�), 6.89 (br, 2H, ortho to
�OCH(CH3)C7H15), 7.05 (br, 1H, thienyl-H in dithienylethene), 7.14
(br, 1H, thienyl-H in dithienylethene), 7.50–7.71 (br, 11H, phenyl-H in main
chain), 7.94 (br, 2H, meta to �OCH(CH3)C7H15).

13C NMR (400MHz,
CDCl3, d): 14.0, 14.3, 19.5, 22.6, 25.4, 29.2, 29.5, 31.7, 36.2, 60.4 (2� sp3

signals, �OCH2�), 74.0 (sp3, �OCH(CH3)C7H15), 114.9 (sp2, phenylene
in side chain), 121.3 (sp2, phenylene linked to carbonyl moiety), 124.2,
124.7, 127.4, 128.8, 131.6 (sp2, phenylene in side chain), 136.7, 162.3 (sp2,
phenylene carbon linked to ether type oxygen), 165.7 (sp2, �OCO�) (see
Fig. S5 in the Supporting Information).

(R)-P2: A solution of Pd2(DBA)3 (3.5mg, 3.4mmol) and (2-furyl)3P
(3.5mg, 13.5mmol) in 1mL of THF was stirred under Ar at 50 8C for
15min. 5,50-bis-trimethylstannyl-2,20-bithiophene (191mg, 0.34mmol)
and (R)-5 (316mg, 0.34mmol) were then added to the mixture. After
stirring at 50 8C for 3 days, the reaction mixture was poured into a large
amount of methanol (400mL) that contained 12N HCl (3mL) and
vigorously stirred for 15min. The resulting precipitate was collected by
filtration and dissolved in a minimum amount of THF (3mL) and stirred in
methanol (300mL) for 24 h. After filtration, the product was dried under
vacuum to give 318mg (99%) of an orange powder. 1H NMR (400MHz,
CDCl3, d): 0.83 (br, 3H, �CH3), 1.21–1.28 (m, 15 H, �OCHCH3 and
�OCH(CH2)6CH3), 1.79 (br, 3H, thienyl-CH3), 1.83 (br, 3H, thienyl-CH3),
4.39 (br, 1H,�OCH(CH3)C7H15), 5.28 (br, 2H,�COOCH2�), 5.32 (br, 2H,
�COOCH2�), 6.83 (d, 2H, J¼ 8.8Hz, ortho to �OCH(CH3)C7H15), 6.98
(br, 2H, thienyl-H in dithienylethene), 7.13–7.96 ppm (m, 7H, phenyl-H and
thienyl-H in main chain), 7.92 (d, 2H, J¼ 8.8Hz, meta
to�OCH(CH3)C7H15).

13C NMR (400MHz, CDCl3, d): 14.1, 19.5, 22.6,
25.4, 29.2, 29.5, 31.7, 36.2, 60.4 (sp3, �OCH2�), 61.2 (sp3, �OCH2�),
74.0 (sp3, �OCH(CH3)C7H15), 114.9 (sp

2, phenylene in side chain), 121.3
(sp2, phenylene linked to carbonyl moiety), 124.2, 124.7, 127.3, 128.0,
131.6 (sp2, phenylene in side chain), 136.7, 143.0, 143.5, 162.3 (sp2,
phenylene carbon linked to ether type oxygen), 165.7 (sp2,�OCO�), 167.7
(sp2, �OCO�) (see Fig. S6 in the Supporting Information).

Similar chemical properties were obtained for the enantiomeric
compounds (S)-2, (S)-3, (S)-5, (S)-P1, and (S)-P2.

Acknowledgements

This work was supported by a Grant-in-Aid for Science Research (S) (No.
202250007) and that in a Priority Area ‘Super-Hierarchical Structures’ (No.
446) from the Ministry of Education, Culture, Sports, Science and
Adv. Funct. Mater. 2010, 20, 1243–1250 � 2010 WILEY-VCH Verl
Technology, Japan. Supporting Information is available online from Wiley
InterScience or from the author.

Received: November 3, 2009

Revised: December 13, 2009

Published online: March 15, 2010
[1] a) Handbook of Conducting Polymers (Ed: T. A. Skotheim), Marcel Dekker,

New York 1986. b)Handbook of Organic Conductive Molecules and Polymers

(Ed: H. S. Nalwa), Wiley, New York 1997. c) Handbook of Conducting

Polymers, Conjugated Polymers, 3rd ed. (Eds: T. A. Skotheim, J. R. Reynolds),

CRC Press, New York 2007.

[2] Electrical and Optical Polymer Systems: Fundamentals, Methods, and Appli-

cations (Eds: D. L. Wise, G. E. Wnek, D. J. Trantolo, T. M. Cooper,

J. D. Gresser), Marcel Dekker, New York 1998.

[3] a) J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay,

R. H. Friend, P. L. Burn, A. B. Holmes, Nature. 1990, 347, 539.

b) P. L. Burns, A. B. Holmes, A. Kraft, D. D. C. Bradley, A. R. Brown,

R. H. Friend, R. W. Gymer, Nature 1992, 356, 47. c) G. Grem, G. Lditzky,

B. Ulrich, G. Leizing, Adv. Mater. 1992, 4, 36. d) N. C. Greenham,

S. C. Moratti, D. D. C. Bradley, R. H. Friend, A. B. Holmes, Nature

1993, 365, 628.

[4] a) R. N. Marks, J. J. M. Halls, D. D. C. Bradley, R. H. Friend, A. B. Holmes,

J. Phys.: Condens. Matter 1994, 6, 1379. b) J. J. M. Halls, C. A. Walsh,

N. C. Greenham, E. A. Marseglia, R. H. Friend, S. C. Moratti, Nature 1995,

376, 498.

[5] a) G. Yu, A. J. Heeger, Appl. Phys. 1995, 78, 4510. b) N. Tessler,

G. J. Denton, R. H. Friend, Nature 1996, 382, 965.

[6] a) M. Sisido, S. Egusa, A. Okamoto, Y. Imanishi, J. Am. Chem. Soc. 1983,

105, 3351. b) M. Sisido, Macromolecules 1989, 22, 3280. c) M. Sisido,

H. Narisawa, R. Kishi, J. Watanabe, Macromolecules 1993, 26, 1424.

d) M. M. Green, C. Khatri, N. C. Peterson, J. Am. Chem. Soc. 1993,

115, 4941. e) M. M. Green, N. C. Peterson, T. Sato, A. Teramoto,

R. Cook, S. Lifson, Science 1995, 268, 1860. f) J. C. Nelson, J. G. Saven,

J. S. Moore, P. G. Wolynes, Science 1997, 277, 1793. g) K. Akagi, K, G. Piao,

S. Kaneko, K. Sakamaki, H. Shirakawa, M. Kyotani, Science 1998, 282, 1683.

h) M. M. Green, C. Andreola, B. Munoz, M. Reidy, K. Zero, J. Am. Chem.

Soc. 1988, 110, 4063. i) D. S. Schlitzer, B. M. Novak, J. Am. Chem. Soc. 1998,

120, 2196. j) J. J. L. M. Cornelissen, M. Fischer, N. A. J. M. Sommerdijk,

R. J. M. Nolte, Science 1998, 280, 1427. k) E. Yashima, K. Maeda,

Y. Okamoto, Nature 1999, 399, 449. l) V. Berl, I. Huc, R. G. Khoury,

M. J. Krische, J.-M. Lehn, Nature 2000, 407, 720. m) J. J. L. M. Cornelissen,

J. J. J. M. Donners, R. D. Gelder, W. S. Graswinckel, G. A. Metselaar,

A. E. Rowan, N. A. J. M. Sommerdijk, R. J. M. Nolte, Science 2001, 293, 676.

[7] a) C. Y. Li, S. Jin, X. Weng, J. J. Ge, D. Zhang, F. Bai, F. W. Harris,

S. Z. D. Cheng, Macromolecules 2002, 35, 5475. b) K. Tang, M. M. Green,

K. S. C. Cheon, J. V. Selinger, B. A. Garetz, J. Am. Chem. Soc. 2003, 125,

7313. c) M. Masuda, P. Jonkheijm, R. P. Sijbesma, E. W. Meijer, J. Am.

Chem. Soc. 2003, 125, 15935. d) B. S. Li, K. K. L. Cheuk, L. Ling, J. Chen,

X. Xiao, C. Bai, B. Z. Tang, Macromolecules 2003, 36, 77. e) K. K. L. Cheuk,

J. W. Y. Lam, J. Chen, L. M. Lai, B. Z. Tang,Macromolecules 2003, 36, 5947.

f) S. Che, Z. Liu, T. Ohsuna, K. Sakamoto, O. Terasaki, T. Tatsumi, Nature

2004, 429, 281. g) C. Li, M. Numata, A.-H. Bae, K. Sakurai, S. Shinkai, J. Am.

Chem. Soc. 2005, 127, 4548. h) J. Wang, W. Wang, P. Sun, Z. Yuan, B. Li,

O. Jin, D. Ding, T. Chen, J. Mater. Chem 2006, 16, 4117. i) T. Miyagawa,

M. Yamamoto, R. Muraki, H. Onouchi, E. Yashima, J. Am. Chem. Soc. 2007,

129, 3676. j) D. Pijper, B. L. Feringa, Angew. Chem. Int. Ed. 2007, 46, 3693.

k) A. Shishido, M. Ishiguro, T. Ikeda, Chem. Lett. 2007, 36, 1146.

[8] a) B. M. W. Langeveld-Voss, R. A. J. Janssen, M. P. T. Christiaans,

S. C. J. Meskers, H. P. J. M. Dekkers, E. W. Meijer, J. Am. Chem. Soc.

1996, 188, 4908. b) B. M. W. Langeveld-Voss, R. A. J. Janssen, E. W. Meijer,

J. Mol. Struct. 2000, 521, 285. c) M. Oda, H.-G. Nothofer, G. Lieser,

U. Scherf, S. C. J. Meskers, D. Neher, Adv. Mater. 2000, 12, 362.

d) Y. Geng, A. Trajkovska, D. Katsis, J. J. Ou, S. W. Culligan,

S. H. Chen, J. Am. Chem. Soc. 2002, 124, 8337. e) H. Goto, K. Akagi,
ag GmbH & Co. KGaA, Weinheim 1249



F
U
L
L
P
A
P
E
R

www.afm-journal.de
www.MaterialsViews.com

1250
Angew. Chem. Int. Ed. 2005, 44, 4322. f) A. Satrijo, S. C. J. Meskers,

T. M. Swager, J. Am. Chem. Soc. 2006, 128, 9030.

[9] a) M. Irie, Chem. Rev. 2000, 100, 1685. b) Molecular Switches, (Ed:

B. L. Feringa), Wiley-VCH, Weinheim, 2001.

[10] a) T. Koshido, T. Kawai, K. Yoshino, Synth. Met. 1995, 73, 257. b) S. Murase,

M. Teramoto, M, H. Furukawa, Y. Miyashita, K. Horie, Macromolecules

2003, 36, 964. c) D. Medvedeva, A. Bobrovsky, N. Boiko, V. Shibaev,

I. Zavarzin, M. Kalik, M. Krayushkin, Macromol. Rapid Commun. 2005, 26,

177.

[11] a) T. B. Norsten, N. R. Branda, Adv. Mater. 2001, 13, 347. b) T. B. Norsten,

N. R. Branda, J. Am. Chem. Soc. 2001, 123, 1784. c) T. Kawai, T. Sasaki,

M. Irie, Chem. Commun. 2001, 711. d) M. Irie, T. Fukaminato, T. Sasaki,

N. Tamai, T. Kawai, Nature 2002, 420, 759. e) L. Giordano, T. M. Jovin,

M. Irie, E. A. J. -Eijman, J. Am. Chem. Soc. 2002, 124, 7481. f) S.-L. Lim,

B.-K. An, S. D. Jung, M.-A. Chung, S. Y. Park, Angew. Chem. Int. Ed. 2004,

43, 6346. g) G. Jiang, S. Wang, W. Yuan, L. Jiang, Y. Song, H. Tian, D. Zhu,

Chem. Mater. 2006, 18, 235. h) M. Bossi, V. Belov, S. Polyakova, S. W. Hell,

Angew, Chem. Int. Ed. 2006, 45, 7462. i) H. Tian, S. Wang, Chem. Commun.

2007, 781. j) J. Fölling, S. Polyakova, V. Belov, A. van Blaaderen, M. L. Bossi,

S. W. Hell, Small 2008, 4, 134.
� 2010 WILEY-VCH Verlag GmbH & C
[12] a) T. Kawai, T. Kunitake, M. Irie, Chem. Lett. 1999, 905. b) H. Cho, E. Kim,

Macromolecules 2002, 35, 8684. c) T. Kawai, Y. Nakashima, M. Irie, Adv.

Mater. 2005, 17, 309. d) L. Finden, T. K. Kunz, N. R. Branda, M. O. Wolf,

Adv. Mater. 2008, 20, 1998. e) H. Hayasaka, K. Tamura, K. Akagi, Macro-

molecules 2008, 41, 2341.

[13] a) S. Wang, X. Li, B. Chen, Q. Luo, H. Tian, Macromol. Chem. Phys. 2004,

205, 1497. b) Y. C. Jeong, S. I. Yang, E. Kim, K. H. Ahn, Macromol. Rapid

Commun. 2006, 27, 1769.

[14] O Mitsunobu, M. Yamada, Bull. Chem. Soc. Jpn. 1967, 40, 2380.

[15] N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457.

[16] Z. Bao, W. K. Chan, L. Yu, J. Am. Chem. Soc. 1995, 117, 12426.

[17] Circular Dichroism: Principal and Applications, 2nd ed. (Eds: N. Berova,

K. Nakanishi, R. W. Woody), Wiley-VCH, New York 2000, p. 337.

[18] a) K. Akagi, S. Guo, T. Mori, M. Goh, G. Piao, M. Kyotani, J. Am. Chem. Soc.

2005, 127, 14 647. b) M. Goh, M. Matsushita, M. Kyotani, K. Akagi,

Macromolecules 2008, 40, 4762. c) M. Goh, M. Kyotani, K. Akagi, J. Am.

Chem. Soc. 2007, 129, 8514. d) T. Mori, M. Kyotani, K. Akagi, Macromol-

ecules 2008, 41, 607. e) T. Mori, T. Sato, M. Kyotani, K. Akagi, Macromol-

ecules 2009, 42, 1817.
o. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 1243–1250


