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New donor–acceptor dyads containing tetrathiafulvalene (TTF) and 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (BODIPY) moieties were synthesized to develop new photoconducting materials. More than half
of fluorescence from the BODIPY part was quenched by the photo-induced intramolecular electron trans-
fer from the TTF part to the BODIPY part. Photoelectrochemical measurements indicate that cathodic
photocurrents can be generated from a thin film of the dyad spin-coated on ITO electrode. Crystal struc-
ture analysis of the ethylenedithio–TTF derivative indicated two-dimensional conducting pathways are
constructed in the TTF-stacking layer, and photocurrent measurement indicated that photo-induced con-
ductivity enhancement can be achieved in this crystal.

� 2012 Elsevier Ltd. All rights reserved.
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In this decade, the development of tetrathiafulvalene (TTF)-
acceptor dyads has drawn much interest in the fields of optoelec-
tronic materials because the combination of the electron-donating
(D) TTF frameworks and several kinds of functional electron-
accepting (A) parts such as fluorophores, C60, polar compounds,
and chelating ligands, has expanded the possibility of novel func-
tional materials such as chemical/physical sensors, molecular rec-
tification, fluorescence switches, photovoltaic cells, and nonlinear
optical devices.1–5 For the application to the photofunctional de-
vices such as photovoltaic cells, the photoinduced intramolecular
electron transfer (PET) process between the TTF and acceptor parts
has been recognized as the crucial key step for the indispensable
formation of charge separated state.6,7 Among them, we have stud-
ied the development of photofunctional organic materials exhibit-
ing photo-induced conductivities and photo-electric conversion
functionalities using the TTF-based D–A type hybrid molecules
for the future use of photo-sensors and photovoltaic applications.
Recently, we have synthesized new TTF derivatives substituted
with 2,5-diphenyl-1,3,4-oxadiazole (PPD),8,9 1,3-benzothiazole
(BTA),10 and fluorene moieties,11 which show a strong fluorescence
in the UV region and can be used as an antenna for photoexcitation.
We found that these D–A type hybrid molecules can exhibit photo-
induced conductivities and photo-electric conversions through the
photo-induced charge-transfer.12 On the other hand, we focused on
the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) moiety
and its derivatives13 that are known to show quite a strong absorp-
tion in the visible region, high photo- and chemostability and have
ll rights reserved.

ara).
been used for fluorescent switches/probes and dye-sensitized solar
cells.14–17 Therefore, we designed new p-conjugated D–A type
dyads containing TTF and BODIPY moieties (Chart 1: 1a, b) to real-
ize novel photofunctional materials. In this Letter, we report the
synthesis, photo-electric conversional properties, structure, and
photo-induced conductivities of dyads 1a, b. Furthermore, we also
report on the crystal structure analysis and photoinduced conduc-
tivity using a single crystal of compound 1b.

BODIPY-substituted TTF derivatives 1a, b were synthesized as
described in Scheme 1. TTF and ethylenedithio–TTF (EDT–TTF)
were converted into the corresponding tributylstannyl deriva-
tives (2a, b) by the reported conventional method.18,8 Then, the
Stille coupling reaction between the tributylstannyl derivatives
(2a, b) and p-bromophenyl-BODIPY (3)19 was performed under
toluene reflux using Pd(PPh2)Cl2 as a catalyst to obtain BODI-
PY–phenyl-substituted derivatives 1a, 1b in 52% and 22% yields,
respectively, after the separation by the silica gel column-
chromatography.
1a : R=H  
1b : 2R=S(CH2)2S

Chart 1. Molecular structure of 1a, b.
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dry Toluene
reflux 1a : R=H  52%

1b: 2R=S(CH2)2S  22%
2a : R=H  
2b : 2R=S(CH2)2S

3

Scheme 1. Synthesis of compounds 1a, b.

Table 2
Wavenumbers of maximum absorption peaks (kmax), emission peaks (kem), and 0–0
transition energy (E0–0)a

Molecule kmax (nm) kem (nm) E0�0 (eV)

1a 269, 367, 505 513 2.44
1b 343, 505 511 2.44
3 275, 353, 504 516 2.44

a 0–0 transition energy (E0–0) was estimated from the cross position of the
absorption and emission spectra.

Figure 1. UV–vis absorption spectra of 1a, b, 3 and TTF in 10�5 M CHCl3 solution.

Figure 2. Emission spectra of 1a, b and 3 in 10�6 M CHCl solution.
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The electrochemical properties of 1a, b were investigated by the
cyclic voltammetry technique in benzonitrile at 25 �C. The dyads
showed three pairs of one-electron reversible redox waves (Ered,
Eox1 and Eox2) and one irreversible wave (Eox3) as summarized in
Table 1. The redox potentials Eox1 and Eox2 of 1a are almost the
same to those of TTF (+0.41 and +0.80 V) under the identical con-
dition, and the redox potentials Ered and Eox3 are also the same as
those of BODIPY derivative 3 (�0.70 and +1.67 V), suggesting that
the first and second oxidations (ox1 and ox2) occur at the TTF part
and the third one (ox3) occurs at the BODIPY part. These results
suggest that the HOMO orbital of dyads 1a, b mainly locates on
the TTF part and these donors have a good enough electron-
donating ability.

UV–vis absorption spectra of the 10�5 M CHCl3 solution of
dyads 1a, b were measured at room temperature as shown in Fig-
ure 1. Dyads 1a, b showed a very strong absorption maximum at
505 nm with e values more than 40,000 mol�1 L cm�1 that corre-
sponds to the p–p⁄ transition of the BODIPY part, because the same
absorption maximum was usually observed around 505 nm in
many BODIPY derivatives13,20 like p-bromophenyl-substituted
BODIPY 3. On the other hand, a broad absorption shoulder was ob-
served above 550 nm in dyads 1a, b. Because this shoulder absorp-
tion was not observed in TTF and BODIPY derivatives 3, this
absorption can be assigned to the intramolecular charge-transfer
(ICT) transition between the HOMO that localizes on the TTF part
to the LUMO that locates on the phenyl–BODIPY part. Due to this
broad absorption manner through all the visible region, dyads 1a,
b show a dark black color in its solid and solution state.

Emission spectra of 1a, b, BODIPY derivative 3 were measured
in 10�6 M CHCl3 solutions at room temperature. Wavenumbers of
maximum absorption peaks (kmax), emission peaks (kem), and 0–0
transition energy (E0–0) were summarized in Table 2. When the
solution of BODIPY derivative 3 was irradiated by the excitation
light of 505 nm that corresponds to the absorption maximum of
BODIPY, quite a strong fluorescence was observed around
516 nm. However, in the case of the CHCl3 solution of 1a, b, more
than a half of their fluorescence intensities that originate from the
BODIPY moiety was quenched as shown in Figure 2. This result
suggests that the fluorescence from the excited BODIPY (BODIPY⁄)
part is diminished by the intramolecular electron transfer process
from the electron-donating TTF part to the BODIPY⁄ part because
Table 1
Redox potentials (V) of 1, TTF, and 3a

Compound Ered Eox1 Eox2 Eox3 Eox2–Eox1

1a �0.69 +0.43 +0.82 +1.65b 0.39
1b �0.68 +0.51 +0.85 +1.67b 0.34
TTF +0.41 +0.80 0.39
3 �0.70 +1.67b

a V versus Ag/AgCl, 0.1 mol L�1 n-Bu4NClO4 in benzonitrile at 25 �C, Pt electrodes,
scan rate of 50 mV s�1. The potentials were corrected with Ferrocene; E(Fc/
Fc+) = +0.48 V versus Ag/AgCl.

b Irreversible step.

3

the fluorophores such as BODIPY⁄ part possess the electron-accept-
ing ability upon excitation.21–23 Gibbs free energy for such a photo-
induced electron transfer process (PET) DGPET can be estimated to
be a large negative value of ca. �1.4 eV using the Rehm–Weller
equation,24 DGPET = e[Eox1�Ered]�E0–0�C, where C is a Coulombic
term (�0.1 eV). This estimation suggests that this PET process is
thermodynamically favorable in the case of dyads 1a, b. However,
compared to the cases of the other TTF-fluorescent part dyads such
as a TTF–PPD8 in which almost all the fluorescence of PPD part was
quenched, the twisted molecular structure between the TTF part
and phenyl–BODIPY part will weaken the intramolecular
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interaction upon excitation as discussed later. The other TTF–BOD-
IPY hybrid molecule was also recently reported by Lorcy and co-
workers, in which the methyl-substituted BODIPY part is directly
connected to the trimethyl–TTF without any spacer.25 In this mol-
ecule, almost no ICT transition was observed above 550 nm and the
emission from the BODIPY part was not quenched at all. These re-
sults are quite different from our results and will originate from a
very weak intramolecular interaction caused by a largely twisted
molecular structure between the TTF and BODIPY parts due to
the steric hindrance between the methyl-substituted BODIPY part
and the methyl group of the TTF part.

Molecular orbital calculation and the simulation of UV–vis
spectra of dyad 1a were performed on the basis of the DFT theory
and the TD–DFT method (B3LYP/6-31+G⁄) using GAUSSIAN 09 pack-
age.26 The molecular structure in chloroform was optimized using
the SCRF method with the polarizable continuum solvation model
(PCM). The optimized molecular structure has a twisted structure
and the torsional angles between planes are large, 22� for TTF–phe-
nyl, 55� for phenyl–BODIPY, and 38� for TTF–BODIPY. These angles,
especially the angle for TTF–BODIPY planes, are similar to those ob-
tained in the crystalline state of 1b as mentioned later and sug-
gested that the weakened p–p interaction between the TTF and
BODIPY parts results in the imperfect quenching of fluorescence.
The atomic coefficients of HOMO and LUMO orbitals of 1a are al-
most localized on the TTF and BODIPY parts, respectively (see Sup-
plementary data). The HOMO–LUMO gap energy is calculated to be
1.77 eV from the energy levels of HOMO (�5.01 eV) and LUMO
(�3.24 eV). The TD–DFT calculation qualitatively reproduces the
intramolecular charge-transfer (ICT) character of the lowest energy
absorption around 600 nm, although the kmax (ICT) value is
strongly underestimated to be 848 nm. On the other hand, a very
strong absorption at 505 nm is cleared to originate from the tran-
sitions from the BODIPY-based HOMO-1 (6.28 eV) to LUMO and
from HOMO-2 (�6.50 eV) to LUMO orbitals.

To investigate the photo-electric conversion functionality of the
synthesized molecules, measurements of photocurrents based on
thin films of dyads 1a, b were performed by a photoelectrochemi-
cal method. Thin films of dyads 1a, b were spin-coated on a ITO-
glass substrate and were used as a working electrode in 0.5 M
aqueous KCl solution.27 Platinum and Ag/AgCl electrodes were
used as counter and reference electrodes, respectively. As shown
in the photocurrent action spectra for the thin film of 1a (Fig. 3),
positive photocurrent maxima of 240 nA around 370 nm, 470 nA
around 500 nm, and 40 nA around from 600 to 750 nm were ob-
served under �0.30 V bias voltage versus Ag/AgCl. These maxima
roughly correspond to the absorption maxima of the identical
thin-films of 1a on ITO electrode (see also Fig. 3), suggesting that
the absorbed photons were converted into electric currents on
the thin-films of the dyads on ITO electrode as a result of the
Figure 3. Photocurrent action spectrum under �0.30 V bias voltage versus Ag/AgCl
reference electrode and absorption spectrum of the thin film of 1a spin-coated on
ITO electrode.
charge transfer process between the TTF and BODIPY parts. The ob-
served positive photocurrents suggest that the electron transfers
from the conduction band of the ITO electrode (�4.5 eV)28 to the
hole generated on the dyads upon photo-irradiation. The wave-
length dependence of these photocurrents is quite similar to the
UV–vis spectra of dyad 1a which shows absorption maxima at
the same wavelength around 370 and 500 nm, indicating that this
photocurrent action spectrum reflects the optical properties of the
independent molecule (not the condensed state). The photocurrent
conversion efficiency from the absorbed photons to electric cur-
rents was calculated to be 1.7% at 505 nm for 1a from the value
of maximum photocurrent (Imax = 469 nA/cm2) and the absorbance
of the thin film used (Abs = 0.0054) and the power of irradiated
light (6.9 mW/cm2),29 whereas dyad 1b showed a lower efficiency
of 0.80% at 505 nm. Although these efficiencies are similar to that
of TTF–PPD dyad (1.6% at 330 nm under bias voltage of �0.4 V ver-
sus Ag/AgCl),8 dyads 1a, b showed photocurrent maxima in the
middle of the visible region around 500 nm, indicated that dyads
1a, b are much more effective for the conversion of visible region
of sun light.

An X-ray crystal structure analysis of 1b was performed using
its dark green plate-like single crystal recrystallized from CS2/n-
pentane.30 This crystal belongs to the monoclinic P21/a space
group, and there is one crystallographically independent molecule
in the unit cell. Figure 4 shows the molecular structure of 1b. The
TTF part has a boat-form conformation with a bent angle of 19.2�
and 16.1� at the sulfur positions, whereas the phenyl and BODIPY
moieties have high planarity with maximum differences from their
least square planes (0.015 and 0.054 Å, respectively). On the other
hand, torsional angles between these parts are large, 45� for TTF–
phenyl, 53� for phenyl–BODIPY, and 34� for TTF–BODIPY, suggest-
ing that the p–p interaction between the TTF and BODIPY parts
may be also weakened in the crystalline state of 1b. As Figure 5
indicates, dyad 1b forms a stacking structure in a head-to-tail man-
ner along the b-axis and there are also side-by-side interactions be-
tween these stacking columns along the a-axis. Because there are
several short S–S contacts between the sulfur atoms of the TTF
moieties in the stacking direction and between the neighboring
columns, there is a two-dimensional intermolecular interaction be-
tween the TTF parts in the ab-plane (see also Fig. 6).

Overlap integrals between the neighboring TTF parts were cal-
culated on the basis of the extended Hückel approximation (see
Fig. 6). The overlap integrals along the b-axis [b1 = 15.3, b2 = 4.61,
b3 = 1.98 (�10�3)] and along the a-axis (a = 1.98 � 10�3) indicate
that uniform (b3) and dimerized (b1 and b2) interactions between
the TTF parts coexist along the stacking b-axis, and a uniform
side-by-side interaction exists along the a-axis. Due to these rela-
tively large intermolecular interactions between the TTF parts, this
crystal is expected to show photo-induced conductivity along both
the a- and b-axes upon photoirradiation.
Figure 4. ORTEP drawing of the molecule in the crystal of 1b.



Figure 5. Packing structure of 1b (a) view from c-axis (b) View from b-axis.

Figure 6. Overlap integrals between the TTF parts in 1b.

Figure 7. Photocurrent changes upon irradiation of the chopped white light (300–
600 nm) to the single crystal of 1b measured along the b-axis.
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To investigate the photoconductivity of the single crystal of 1b,
photocurrent measurements were performed by the two terminal
method along the b-stacking columns and the side-by-side direc-
tion along the a-axis. Electrical contacts were achieved with two
gold wires (length between the terminals: 33 lm) and increases
of currents under a chopped white-light irradiation from 300 W
Xe lamp (21.8 mW cm�2, 300–600 nm) were measured under an
application of 50 V between two terminals. As shown in Figure 7,
sharp changes of electrical currents upon irradiation, that is, photo-
current generations of ca. 7 nA along the b-axis were observed
according to the irradiation of the chopped light (ca. 1.5 Hz). These
sudden increases and decreases are considered to be driven by the
transient carriers generated by the photo-induced charge transfers
and the following slow decreases of currents are considered to orig-
inate from the cooling relaxation process of the thermal effect of the
irradiation. The current increases of 7 and 11 nA measured along
the b- and a- axes, respectively, resemble each other, suggesting
that the uniform intermolecular interactions (b3 and a) may mainly
mediate the carrier transfers. These values correspond to the con-
ductivity change of this crystal from 3.4 � 10�7 S cm�1 under dark
to 3.9 � 10�7 S cm�1, and from 9.3 � 10�7 S cm�1 under dark to
10.2 � 10�7 S cm�1, along the b- and a-axes, respectively. These re-
sults indicated the conductivity increase of ca. 10–15% along these
two directions and suggest the two-dimensional conducting nature
in the ab-plane of this crystal. Even though the values of photocur-
rents are not so large, these results suggest that the single crystal of
1b can cause photoconductivities along the ab-conduction plane of
the layer structure of TTF parts by the photoinduced intramolecular
electron transfer and the resultant charge-separated state.

In conclusion, we have synthesized new TTF-based D–A type
dyads containing a highly fluorescent BODIPY part. The photoelect-
rochemical measurements on the spin-coated thin film of 1a
suggest that positive photocurrents can be generated by the PET
process between the TTF and BODIPY parts. Furthermore, we also
observed photocurrent generations along the b- and a-axes accord-
ing to the irradiation of the chopped light on the single crystalline
sample of 1b, reflecting the two-dimensional conducting nature in
the ab-plane of this crystal. These results suggest that the TTF-
based D–A dyads can be regarded as good candidates for optoelec-
tronic materials such as photo-electric conversion materials and
photoconducting applications.
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