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A well-defined main-chain conjugated photoswitchable poly(3-hexyl-
thiophene) with homogeneous hydrogen end groups was synthesized.
Opening and closing the photoswitch enables reversible modulation of
P3HT emission, which is quenched by 70% when the switch is closed.
The optical properties during switching cycles were quantified by
irradiation/spectroscopy sequences.

Tuning the physical properties of organic semiconductors such as
fluorescence, conductance energy and electron transfer by an exter-
nal stimulus such as light is a rapidly growing field of research.’™ In
this respect, dithienylethene photoswitches are an important class of
photochromic materials that are strongly photoresponsive and give
thermally stable isomers by a reversible light driven isomerization.*
A suitable chromophore for this purpose is the 1,2-bis[5’<(phenyl)-2'-
methylthien-3'yl] perfluoro-cyclopentadiene (BTF). We recently
demonstrated the use of photoswitchable BTF-chromophores for
potential optical transistor applications.” Dithienylethene photo-
switches coupled with molecular thiophene units can be used to
trigger optical and electrochemical properties®” Recently, a sexithio-
phene with photochromic elements at both ends has been
presented as a candidate for molecular wires.®

Regioregular head to tail (RR-HT) poly(3-hexylthiophene) (P3HT)
is a well known hole transport material that is currently employed in
various electronic devices.” "' It has also been demonstrated that the
covalent attachment of a dithienylethene photoswitch to the side
chains of the P3HT copolymer resulted in amplified fluorescence
quenching.'” However it is synthetically very challenging to develop
well-defined conjugated polymers with very low polydispersity, and
to incorporate one single photoswitchable unit into the main-chain.
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To the best of our knowledge, there is no such report on photo-
switchable polymers with a single photoactive unit centered in the
conjugated main chain. Owing to the capability of synthesizing
mono-brominated P3HT segments via nickel-catalyzed living poly-
merizations, also referred to as the Grignard metathesis polymeriza-
tion (GRIM) method,"* we synthesized well-defined P3HT carrying a
single photoswitch moiety centered in the main chain. Such systems
are highly interesting not only for switching the fluorescence
behaviour of conjugated materials, but also for tuning the extent
of the pi-conjugated system and hence the electronic properties.

Here, we report the synthesis and characterization of
the first photoswitchable P3HT with a 1,2-bis[5'-(phenyl)-2'-
methylthien-3'-yl]perfluorocyclopentadiene unit (BTF) centered
between two P3HT chains, via the use of the GRIM method and
Suzuki coupling (Scheme 1) and the influence of switching on
optical properties.

Monobrominated, narrow-distributed RR HT-P3HT 2 (GPC: M,, =
1500, M,/M,, = 1.07) was prepared via GRIM of 2,5-dibromo-3-
hexylthiophene.'* Note that the synthetic methods chosen here
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Scheme 1 Reaction scheme for the photoisomerization of the photoswitchable
P3HT-BTF-P3HT 4 by photocyclization and cycloreversion of the BTF unit; ring closure
occurs upon UV-irradiation and ring opening upon irradiation with visible light. The
inset photos show the change in colour of solutions in toluene resulting from
photocyclization of the BTF unit: open form (yellow) and closed form (green).
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Scheme 2 Suzuki coupling of P3HT monobromide 2 and BTF bisborolane 3 to
get 1,2-bis[2-methyl-5’-(4"-(poly-3-hexylthiophenyl)phenyl)thiophen-3’-ylThexa-
fluorocyclopenten P3HT-BTF-P3HT (4).

are not restricted to low molecular weights. The low molecular
weight of 2 was intentionally chosen in order to guarantee that its
absorption does not overlap with that of the BTF photoswitch in the
solid state. This is important to photoaddress the moieties indivi-
dually. Coupling the BTF photoswitch containing two borolane
groups (3) with monobromo-P3HT 2 led to the target molecule
P3HT-BTF-P3HT 4 (Scheme 2). The molecular weight determined
by GPC was M,, = 5800 g mol ™}, PDI = 1.03, and MALDI-TOF showed
M, = 3620 g mol ', PDI = 1.01. It is noteworthy that the MALDI
spectrum shows exclusively one peak series with homogeneous
hydrogen-hydrogen endgroups (ESIf). Further synthetic details are
also given in the ESL} Considering that we have a fully regioregular
chain with a degree of polymerization of 10 and a one tail-to-tail
starting unit, the regioregularity is 90%. We do not expect any
crystallinity in such a low molecular weight P3HT.

The optical and photochemical properties of P3HT-BTF-
P3HT 4 were investigated next. Scheme 1 shows the scheme of the
photoisomerization of PBHT-BTF-P3HT 4 and the color in solution.
The UV light induced photocyclization was initiated with a white
light source (150 W) equipped with a Schott UG 11 band pass filter
(transmittance at 334 nm >0.9), whereas the cycloreversion was
triggered with visible light by using a Schott OG 550 orange glass
long pass filter (transmittance at 550 nm = 0.5 and at 620 nm = 0.93)
under the same conditions. A solution of 4 in the open form is
yellow, which changes to green upon irradiation with UV-light due to
the ring closure of the BTF unit.

The absorption spectra recorded during the photochemical
conversion (Fig. 1a) clearly show the non-structured band of the
P3HT chain with Ay, at 426 nm. This is the same as the
absorption band of P3HT 2. Interestingly, there is no significant
change in P3HT absorption during the photocyclization reaction.
This gives a hint that ground-state absorption of the P3HT
segment is not affected through the BTF unit (open as well as
closed forms), which might result from the non-planarity of
P3HT-BTF-P3HT 4 at the phenyl rings. In contrast, the typical
additional long wave absorption band of the closed BTF unit at
Amax = 612 nm, attributed to the extended polyene system, gains
intensity with increasing UV irradiation time.

The optical properties during switching cycles of 4 were quanti-
fied by irradiation/spectroscopy sequences. For this, absorption
at 612 nm was recorded after opening and closing the switch.
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Fig. 1 (a) Normalized UV/Vis spectra of P3HT-BTF-P3HT 4 in toluene (c =
0.0006 wt%) as a function of irradiation time. The inset shows the absorption
at 612 nm versus irradiation time; (b) modulation of the absorbance at 612 nm of
P3HT-BTF-P3HT 4 dissolved in toluene (c = 3.0 x 107® wt%) as a function of
exposure time of the UV (peak emission at 334 nm, blue bars) and visible (peak
emission at 620 nm, red bars) irradiation.

Fig. 1b shows the change in the absorbance of P3HT-BTF-P3HT 4
probed at 612 nm as a function of the total exposure time of
alternating UV (blue bars) and visible (red bars) irradiation. The
decrease and rise of the peak absorbance at 612 nm demonstrates
unambiguously the reversible photoisomerization of P3HT-BTF-
P3HT 4 and thus the switchability of the system using light.

The photoisomerization of P3HT-BTF-P3HT 4 was also
investigated in films (see ESIT). Here, the absorption maximum
of P3HT is observed at Amax = 449 nm, showing only a small
bathochromic shift with respect to the UV/Vis spectra recorded
in toluene (Amax = 426). This rather small change in absorption
from solution to the solid state is a result of the small block length
of 2, which was desired here to track the two absorption maxima
of P3HT and the BTF units separately. On irradiating the sample
with UV-light, the closed form of the photoswitch is generated and
the corresponding absorption due to the closed BTF unit appears
between 600 and 700 nm. Annealing the film up to 200 °C neither
changed the shape, nor the absorption maximum nor the inten-
sity of absorption, indicating a complete amorphous state and the
thermal stability of the system (see ESIt for the thermal properties
investigated using DSC and TGA).

Further investigations of the switchability of the optical
properties were carried out using fluorescence spectroscopy.
Fig. 2 shows the fluorescence spectra of the open and the closed
form in toluene. The emission peak at 555 nm of the open form of
P3HT-BTF-P3HT 4 arises from emission of P3HT. After irradiation
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Fig. 2 Fluorescence spectra of P3HT-BTF-P3HT 4 in toluene (c = 0.0025 wt%)
after excitation at 427 nm. The closed form of 4 was obtained after irradiation for
46 min. Emission occurs at Anax = 555 nm for both isomers, and the intensity of
fluorescence is quenched by 70% in the closed form.

of 4 with UV light, the P3HT emission is quenched by 70%. For
comparison, the emission measurements of the photoswitch
reference molecule BTF-Me 5 (BTF molecules substituted with
methyl groups instead of P3HT chains, see ESIt) were carried
out, which show that it does not fluoresce in the open as well
as in the closed form. This clearly proves that there is no
contribution from the BTF unit to the fluorescence spectrum
of PBHT-BTF-P3HT 4.

The basic requirement for nonradiative energy transfer from
the donor P3HT to the closed BTF acceptor unit is a sufficient
overlap of the emission and absorption spectra of the donor
and the acceptor, respectively. Comparison of the emission
spectrum of P3HT-Br 2 with the UV/Vis spectrum of the closed
form of the reference molecule BTF-Me 5 reveals sufficient
overlap (see ESIT).

Hence, the requirements for nonradiative energy transfer
according to the Forster dipole-dipole mechanism® from
P3HT to the closed BTF unit are fulfilled in P3HT-BTF-P3HT 4
(closed). Therefore, the high degree of fluorescence quenching
can be explained by efficient intramolecular energy transfer from
P3HT to the closed BTF switch.

We finally investigated the redox potentials of P3BHT-BTF-
P3HT 4 and P3HT 2 by cyclic voltammetry in solution (see ESIT).
P3HT 2 shows a reversible oxidation onset at 0.29 V vs.
ferrocene (Fc), similar to the first reversible oxidation of
P3HT-BTF-P3HT 4 (open), which occurs at 0.24 V vs. Fc. The
oxidation potential of the open and closed forms of the BTF
unit in 4 as such could not be separately observed under the
given experimental conditions. For comparison, the CV traces
of the reference molecule BTF-Me 5 were recorded (see ESIT).
The open form shows an onset oxidation potential EY* = 1.14 V
vs. Fe and the closed isomer exhibits the first oxidation at E? =
0.39 V vs. Fc, indicating that the redox potentials of the BTF
bridge can be reversibly triggered by light. For P3HT-BTF-
P3HT 4 (open) a HOMO level of —5.04 eV was estimated in
good agreement with the HOMO of P3HT 2 with —5.09 eV. The
LUMO level of P3HT 2 (—3.32 eV) lies close to the value of
P3HT-BTF-P3HT 4 (open) (—3.44 eV). Hence, the introduction

This journal is © The Royal Society of Chemistry 2013

View Article Online

of the BTF bridge does not change the electrochemical proper-
ties of the P3HT chain in P3BHT-BTF-P3HT 4 (open), which is
also in accordance with the results from UV-vis spectra.

In conclusion, we have synthesised and characterised a
photoswitchable P3HT-BTF-P3HT consisting of two poly(3-
hexylthiophene) blocks and a photoswitchable BTF unit.
MALDI-TOF revealed that P3HT-BTF-P3HT is well-defined
and narrow-distributed and contains uniform H-H end groups.
The photophysical properties indicate that ground-state
absorption of P3HT in P3HT-BTF-P3HT 4 is not affected by
the attachment of the BTF unit, while a red shift of the long
wave absorption maximum of the BTF unit in the closed P3HT-
BTF-P3HT 4 isomer is observed. Fluorescence of the open
P3HT-BTF-P3HT 4 isomer arises from P3HT emission, which
is quenched by 70% in the closed P3HT-BTF-P3HT isomer
through energy transfer after irradiating with UV light. Photo-
switching in films is demonstrated as well, since the low
molecular weight of the P3HT segments guarantees a small
bathochromic shift of P3HT in films and therefore sufficient
separation of the absorption maxima of P3HT and the closed
isomer of the BTF unit. The similar HOMO levels of P3BHT-BTF-
P3HT 4 and the closed isomer of the BTF switch are important
prerequisites for switching the charge transport in thin films,
making such materials interesting for device applications.

We acknowledge financial support for this work from DFG
(GRK 1640).
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