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a b s t r a c t

Photoinduced energy- and electron-transfer processes of donor-�-acceptor molecules composed of
[1,2,4,5-tetrakis((E)-2-(50-hexyl-2,20-bithiophen-5-yl)vinyl)benzene] (HPBT) with one, two and four
entities of perylenediimide (PDI) forming HPBT–PDIn (n = 1, 2 and 4) have been examined in this article by
utilizing steady-state absorption and emission, computational, electrochemical and time-resolved tran-
sient absorption studies. The HPBT–PDIn molecules are connected through long non-conjugated �-bonds
that may prevent the direct overlap of HPBT and PDI energy levels. Electrochemical studies suggest the
exothermic photoinduced electron transfer processes when HPBT and PDI are selectively excited. Upon
excitation the HPBT entity, the steady-state emission and femtosecond transient absorption measure-
ligothiophene
nergy transfer
lectron transfer

ments of HPBT–PDIn revealed an efficient energy transfer from the singlet excited HPBT to PDI with time
constants on the order of ∼1010 s−1. The energy donor–acceptor distance, r = ∼22 Å, is calculated from
the experimental energy transfer rates using Förster theory and from the MO calculations using ab initio
B3LYP/6-311G method. By selective excitation the PDI entity, the electron-transfer processes take place
from HPBT to the singlet excited PDI with time constants on the order of ∼108 s−1. The slow rates of elec-
tron transfer and energy transfer processes indicated that these molecules tend to take conformations

nce b
with relatively long dista

. Introduction

Studies on photoinduced energy- and electron transfer in
olecular and supramolecular systems have witnessed a rapid

rowth in the past decades. These studies were aimed to address
echanistic details of light induced processes in chemistry and

iology [1–7], and also, to develop molecular optoelectronic devices

8–14]. Incorporation of electron donor and electron acceptor
ye molecules within a bulk material may lead to valuable elec-
ronic and photonic materials, especially if one or both of the
ye manifolds form an interpenetrating network in which pho-
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togenerated charge carriers exhibit high mobility. Toward this
goal, several organic compounds have been applied to con-
struct molecular devices. Among them, perylenediimides (PDIs)
have been employed in various molecular systems with efficient
energy- and electron-transfer functionalities because of its excel-
lent photophysical and photochemical properties such as the high
fluorescence quantum yield, the large absorption band at around
550 nm, the high electron-acceptor ability in its excited state, high
stability against environmental influences, and easy accessibility
[15–25]. Due to these features, PDIs have been used as industrial
pigments and dyes [26] and as active components in photovoltaic
cells [27–30]. The ability to form nanometer-size aggregates is also
an interesting property of PDI [31–33]. Most importantly, PDIs
are outstanding n-type organic semiconductors [31,34,35]. Thus
combination of electron-donating chromophores with electron-

accepting PDIs will lead to interesting heterojunction materials
[36]. Among these materials, oligothiophenes are viewed as ideal
materials for organic molecular devices [37–39], OLEDs [40],
chemosensors [41], biosensors [42], and electrochromic devices
[43], since they are electron rich and provide as outstanding ability

dx.doi.org/10.1016/j.jphotochem.2010.11.018
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:mohamedelkhouly@yahoo.com
mailto:fukuzumi@chem.eng.osaka-u.ac.jp
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Fig. 1. Molecular structures of HPB

o acquire positive charges and to transport them through self-
ssembled monolayers [44–46].

In the last decade, several perylenediimide/oligothiophene
olecules have been tested in solar cell applications [47–54].
owever, to the best of our knowledge, the details of photoin-
uced intramolecular and intermolecular processes of molecules
omposed of oligothiophenes/perylenediimides are rare in the lit-
rature [55–59]. We report herein the photoinduced energy- and
lectron-transfer reactions of [1,2,4,5-tetrakis((E)-2-(50-hexyl-
,20-bithiophen-5-yl)vinyl)-benzene] (HPBT) that is covalently

inked with one, two and four entities of perylenediimides (PDIs)

o form HPBT–PDI (1), HPBT–PDI2 (2), and HPBT–PDI4 (3), respec-
ively (Fig. 1). The long s linkers were employed to make these two

oieties separate to show their independent electronic and pho-
ophysical properties, claiming to be a good model for the study
f energy- and electron-transfer processes in dual function semi-
n (1–3) and the references 4 and 5.

conductors. Quite recently, Choi and co-workers reported that the
examined HPBT–PDIn compounds were appreciable for construct
photovoltaic device [54]. In order to get clear picture about the pho-
toinduced intramolecular and intermolecular processes between
the HPBT and PDI components, we examined these materials by
using steady-state absorption and emission, electrochemistry, fem-
tosecond and nanosecond laser photolysis techniques.

2. Experimental
2.1. Materials

The examined semiconducting HPBT–PDIn molecules were syn-
thesized according to previously reported procedures by Choi and
co-workers [54].



M.E. El-Khouly et al. / Journal of Photochemistry and

F
(

2

m
d
c
t
o
s
m
2
a

ig. 2. (a) Ab initio B3LYP/6-311G optimized structure (ball- and stick model) and
b) frontier HOMO and LUMO orbitals of the HPBT–PDI dyad.

.2. Instruments

Steady-state absorption spectra were recorded on a Shi-
adzu UV-3100PC spectrometer or a Hewlett Packard 8453

iode array spectrophotometer at room temperature. Fluores-
ence measurements were carried out on a Shimadzu spec-
rofluorophotometer (RF-5300PC). Phosphorescence spectra were
btained by a SPEX fluorolog �3 spectrophotometer. Emission

pectra in the NIR region were detected by using a Hama-
atsu Photonics R5509-72 photomultiplier. An argon-saturated

-methyltetrahydrofuran (2-MeTHF) solution containing HPBT
nd PDI at 77 K was excited indicated wavelengths. The flu-

Fig. 3. DPV (left) and CV (right) voltammograms of 2
Photobiology A: Chemistry 218 (2011) 17–25 19

orescence lifetimes were measured by a Photon Technology
International GL-3300 with a Photon Technology International
GL-302, nitrogen laser/pumped dye laser system, equipped with
a four-channel digital delay/pulse generator (Stanford Research
System Inc. DG535) and a motor driver (Photon Technology
International MD-5020). The excitation wavelength was 530 nm
(for PDI reference and 1–3) and 420 nm (for HPBT refer-
ence).

Density-functional theory (DFT) calculations were performed on
a COMPAQ DS20E computer. Geometry optimizations were carried
out using the Becke3LYP functional and 6-311G basis set, with the
unrestricted Hartree–Fock (UHF) formalism and as implemented in
the Gaussian 09 programs Rev. A.02. Graphical outputs of the com-
putational results were generated with the Gauss View software
program (ver. 5) developed by Semichem, Inc.

Electrochemical measurements were performed on an ALS630B
electrochemical analyzer in deaerated benzonitrile containing
tetra-n-butylammonium hexafluorophosphate (TBAPF6; 0.10 M) as
supporting electrolyte at 298 K. A conventional three-electrode
cell was used with a platinum working electrode (surface area of
0.3 mm2) and a platinum wire as the counter electrode. The Pt
working electrode was routinely polished with BAS polishing alu-
mina suspension and rinsed with acetone before use. The measured
potentials were recorded with respect to SCE reference electrode.
All electrochemical measurements were carried out under an atmo-
spheric pressure of argon.

Femtosecond transient absorption spectroscopy experiments
were conducted using an ultrafast source: Integra-C (Quantronix
Corp.), an optical parametric amplifier: TOPAS (Light Conversion
Ltd.) and a commercially available optical detection system: Helios
provided by Ultrafast Systems LLC. The source for the pump and
probe pulses were derived from the fundamental output of Integra-
C (780 nm, 2 mJ/pulse and fwhm = 130 fs) at a repetition rate of
1 kHz. 75% of the fundamental output of the laser was introduced
into TOPAS which has optical frequency mixers resulting in tun-
able range from 285 nm to 1660 nm, while the rest of the output
was used for white light generation. Typically, 2500 excitation
pulses were averaged for 5 s to obtain the transient spectrum at
a set delay time. Kinetic traces at appropriate wavelengths were
assembled from the time-resolved spectral data. All measurements
were conducted at 298 K. The transient spectra were recorded using
fresh solutions in each laser excitation. For nanosecond transient
absorption measurements, deaerated solutions of the compounds
were excited by a Panther OPO equipped with a Nd:YAG laser

(Continuum, SLII-10, 4–6 ns fwhm) with a power of 10–15 mJ per
pulse. The photochemical reactions were monitored by continuous
exposure to a Xe lamp (150 W) as a probe light and a photo-
multiplier tube (Hamamatsu 2949) as a detector. Solutions were

in deaerated benzonitrile. Scan rate = 50 mV/s.
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ig. 4. Steady-state absorption spectra of the studied compounds 1–5 (6.89 �M) in
enzonitrile.

eoxygenated by argon purging for 15 min prior to the measure-
ents.

. Results and discussion

.1. Characterization

The thermal properties of compounds 1–3 were character-
zed by thermogravimetric analysis (TGA) and differential scanning
alorimetry (DSC). TGA measurements revealed good thermal sta-
ility, where the decomposition temperatures were found to be
89–391 ◦C. In DSC thermograms, 1 and 2 exhibited a distinct
rystalline-isotropic transition at 140 and 117 ◦C, respectively. The
rystallization temperatures of 1 and 2 were also observed at 1 1 1
nd 87 ◦C, respectively, during the cooling cycle. In contrast, 3 did
ot show a crystalline melting temperature, but it did show a
lass transition temperature at 75 ◦C only, indicating its amorphous
ature.
.2. Computational studies

In the studied molecule 1, HPBT and PDI are connected with the
exible linker that facilitate conformation variations in terms of

ig. 5. (Left) Emission spectra of 1–3 and the reference compound 4 in benzonitrile (6
eference compound 4.
Photobiology A: Chemistry 218 (2011) 17–25

distances and relative orientations between the donor and accep-
tor entities in solution. To identify the most probable conformation
of the compound 1 in solution, the structural energy minimiza-
tion using density functional methods (DFT) at the B3LYP/6-311G
level. Among the possible conformations, the optimized structure
(Fig. 2a) showed that the center-to-center distance (dCC) between
the PDI and HPBT is 25.55 Å, while the edge-to-edge distance was
found to be 12.06 Å.

The energies and electronic wave function distributions for the
frontier molecular orbitals (MOs) clearly demonstrate predomi-
nant contributions of the HPBT in the highest occupied molecular
orbital (HOMO) and those of the PDI entity in the lowest unoccu-
pied molecular orbital (LUMO) (Fig. 2b), validating the preferred
photoinduced electron transfer direction from HPBT to PDI yield-
ing the radical–ion pair (HPBT•+–PDI•−). The absence of HOMO
and LUMO over the PDI and HPBT, respectively, indicating weak
charge-transfer interactions between the HPBT and PDI entities in
the ground state.

3.3. Electrochemical studies

Cyclic voltammetry (CV) and differential pulse voltamme-
try (DPV) measurements were performed as a means to clarify
electrochemical properties of 1–3 and the references. 4 and 5
(Fig. 3 and Figs. S1 and S2 in the Supporting Information). All
measurements were carried out in benzonitrile containing tetra-n-
butylammonium hexafluorophosphate (TBAPF6; 0.10 M) at room
temperature. The first reduction potentials (Ered) of PDI were
recorded at −672, −688 and −688 mV vs SCE for 1, 2 and 3, respec-
tively. Scanning to positive potentials, the HPBT moiety undergoes
one-electron oxidation (Eox) at 740, 752 and 736 mV vs SCE. The
driving forces of the electron-transfer process, �GET, can be esti-
mated from the Eq. (1) [60]:

�GET = Eox − Ered − �E00 + �Gs (1)

where �E00, Eox and Ered are the excitation energy, oxidation poten-
tial of HPBT and reduction potential of PDI, respectively. �Gs refers
to the static Coulomb energy, calculated by using the “dielectric
continuum model” [61] according to Eq. (2):

�Gs = e2 · ε0 · εs · dcc (2)

4�

The center-to-center distance, dCC, was calculated for the opti-
mized structure in Fig. 2 to be 27.72 Å. The symbols ε0 and εs

represent vacuum permittivity and dielectric constant of solvent
used for photochemical and electrochemical studies, respectively.

.89 mM); �ex = 410 nm. (Right) Emission spectra of 1 in different solvents and the
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Fig. 6. Emission spectra of 1–5 in PhCN (left

rom Eq. (2), the Coulombic term depending on the solvent polarity
nd donor–acceptor distance and tends to become negligibly small
hen distance becomes larger and in polar solvents. The −�GET

alues via the singlet excited PDI (2.34 eV) in benzonitrile were
stimated to be 0.87, 0.84, 0.86 eV for 1, 2 and 3, respectively. By
hanging the solvents to o-dichlorobenzene (DCB) and dimethyl-
ormamide (DMF), the −�GET values of 1 via the singlet excited
DI were found to be 0.79 and 0.93, respectively. In general, the
egative �GET values suggest that the electron transfer via the sin-
let excited PDI are thermodynamically feasible in polar and less
olar solvents.

The −�GET values via the singlet excited HPBT (2.56 eV) were
lso estimated to be 1.09, 1.06, 1.07 eV for 1, 2 and 3, respec-
ively. However, the energy transfers from the singlet excited HPBT
2.56 eV) to that of PDI (2.34 eV) is anticipated as will describe in
he forthcoming sections.
.4. Steady-state absorption studies

Steady-state absorption spectra of the 1–3 molecules along
ith those of the reference compounds perylenediimide (PDI) and

Fig. 7. Femtosecond transient absorption spectra of HPBT 4 in d
1 in different solvents (right); �ex = 525 nm.

oligothiophene (HPBT) in benzonitrile at room temperature are
depicted in Fig. 4. The solution of PDI 5 showed the lowest energy
absorption band at 530 nm with two vibronic bands at 490 and
463 nm. These features remain almost identical in the compounds
1–3, where the 530 nm band originating from the PDI blocks shifts
to red only by 1 nm relative to that of the reference compound PDI.
The reference compound HPBT 4 has a broad absorption band with
a maximum at 424 nm, corresponding to the p–p* transition of the
conjugated oligothiophene backbone in solution. The absorption
spectrum of the 1 can be reconstructed by a summation from those
of the reference compounds PDI and HPBT with a 1:1 ratio. This is a
clear evidence for weak electronic interactions between HPBT and
PDI. In other words, the electron donor and acceptor retain their
separate electronic structural entities in the 1–3 molecules.

3.5. Photophysical studies of the covalently linked HPBT–PDIn
The photophysical behavior of 1–3 was first investigated using
steady-state fluorescence in benzonitrile. By exciting the HPBT
entity with 410 nm excitation light, the broad emission of the sin-
glet excited HPBT was observed at 528 nm (Fig. 5), of which the

eaerated benzonitrile after the laser excitation at 430 nm.
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Fig. 8. Femtosecond transient absorption spectra of 1 i

uantum yield was evaluated as 0.18. In case of 1–3, the emission
ccurs exclusively from the PDI (539 and 580 nm) even though the
xcitation light (�ex = 410 nm) is absorbed primarily by the HPBT
omponent. This observation is indicative of efficient ENT from the
inglet excited HPBT (2.56 eV) to that of PDI (2.34 eV). The fluores-
ence intensities of the formed PDI were found to decrease upon
ncreasing the number of PDI units. By changing the solvent to
-dichlorobenzene and dimethylformamide, same features were
bserved as that in benzonitrile. The only difference is that the
mission of the formed singlet PDI decreases with increasing the
olarity of solvents.

It is readily observed that the emission spectrum of HPBT and
he absorption spectrum of PDI are favorably overlapped, which
nables efficient Förster energy transfer (Fig. S3 in the Support-
ng Information). Excitation spectra of HPBT–PDIn, recorded by
xing the emission monochromator to the PDI emission maxi-
um in the range of 540 nm, revealed spectrum with the HPBT

bsorption (Fig. S4 in the Supporting Information). This observa-
ion confirms that the observed PDI emission is a result of singlet
NT from the HPBT entity to PDI.

The intense emission band of the reference compound PDI
�ex = 525 nm) shows two vibronic features (at 540 and 580 nm)
hat are mirror images of its absorption spectrum [15–25,62]. When
he PDI moiety of 1–3 is selectively excited (�ex = 525 nm), the flu-
rescence intensity of the PDI entity showed significant quenching
ompared to that of PDI 5 (Fig. 6, left). The quantum-yields of the
inglet excited PDI were evaluated as 0.13 (1), 0.06 (2) and 0.05 (3),
hich is significantly lower compared with that of 5 (0.88). Because

he singlet state of PDI is lower than that of HPBT, energy transfer
rom HPBT to PDI cannot occur in the 1–3 when the PDI is selec-
ively excited. Thus, it is indicated that ET from HPBT to the singlet
xcited PDI occurred in 1–3.

In the case of 1–3, the PDI emission bands are quenched by ca.
0% (1), 82% (2) and 95% (3) compared with the emission inten-
ity of PDI 5. Basically, the fluorescence quenching of the singlet

DI of 1–3 is due to the electron transfer from HPBT to the singlet
DI. The higher quenching of 2 and 3 compared to 1 may ratio-
alize by existing different conformations with different distances
etween the HPBT and PDI entities. The finding that the quenching
f HPBT–1PDIn* increases with increasing the polarities of solvent
rated benzonitrile after the laser excitation at 430 nm.

also indicates the electron-transfer character of the quenching pro-
cess of the singlet excited PDI (Fig. 6, right) [63].

The fluorescence lifetime measurements track the above con-
siderations in a more quantitative way, giving kinetic data of the
electron transfer processes in polar benzonitrile. The fluorescence
decay-profiles of the singlet excited PDI of the investigated com-
pounds 1–3 showed substantial quenching of the fluorescence
lifetimes (3.12 ns (1), 2.66 ns (2) and 2.55 ns (3)) compared to that of
PDI reference 5 (6.00 ns). Based on the short lifetimes, the rates (kET)
and quantum yields (˚ET) for the electron transfer processes were
evaluated as 1.54 × 108 s−1 and 0.48 (1), 2.09 × 108 s−1 and 0.56 (2),
and 2.25 × 108 s−1 and 0.57 (3) [64]. By changing the solvent to o-
dichlorobenzene and dimethylformamide, the kET and ˚ET values
of 1 were estimated as 2.08 × 108 and 0.55 (DMF), and 1.43 × 108

and 0.46 (DCB). From these values, it can be pointed out that the
kET became faster with an increase in the solvent polarity.

Upon exciting the HPBT entity, the singlet excited HPBT 5
revealed a mono-exponential decay with a lifetime of 2.00 ns in
benzonitrile. It was difficult to follow the energy transfer from the
singlet HPBT to PDI of 1–3 because the decays of the singlet HPBT
are too fast to be detected by our instrument limitation.

For this, we performed the femtosecond laser measurements by
using 430 nm laser excitation to examine the photoinduced singlet-
singlet energy-transfer processes from the singlet excited HPBT to
PDI of 1–3. Photons at this wavelength exclusively pump the HPBT
component, but not the PDI due to the low extinction coefficient of
PDI at this wavelength. The transient spectra of HPBT 4 showed
broad absorption in the visible and NIR region that assigned to
the singlet excited state of HPBT, which decayed with a first-order
rate constant of 8.3 × 108 s−1 (Fig. 7). At 2300 ps, one can notice
the formation of a new absorption band at 690 nm that assigned
to the triplet state of the triplet HPBT, as we will describe in the
forthcoming sections. When turning to 1–3, the singlet HPBT gen-
erated immediately after the laser excitation donates its singlet
energy to PDI (Fig. 8 and Fig. S5 in the Supporting Information).

The ENT process is confirmed by the formation of the singlet PDI
at 530 nm within 50 ps after the laser excitation, which agrees
with the initial decay of the singlet HPBT. The decay rates of the
singlet excited HPBT of 1–3 were found to be 3.00 × 1010 s−1 (1),
3.80 × 1010 s−1 (2), and 2.60 × 1010 s−1 (3), which are much faster
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ig. 9. Energy level diagram of HPBT–PDI in benzonitrile via the singlet excited HPBT
nd PDI.

han that of 4 (6.0 × 108 s−1). From these values, the kENT from the
inglet excited HPBT to PDI were found to be 2.95 × 1010 s−1 (1),
.75 × 1010 s−1 (2), and 2.55 × 1010 s−1 (3). Based on the (kENT), the
uantum yields of the energy-transfer (˚ENT) were determined
o be 0.98, 0.99 and 0.98 for 1, 2 and 3, respectively. It is worth

ention that these values are slower than the kENT values of the
eported pentathiophene-perylene with a long flexible alkyl linker
5T-(CH2)6-PDI) (kENT = 1.0 × 1012 s−1) [55].

After the energy transfer is completed, electron transfer from
PBT to the singlet PDI becomes possible. At 2300 ps, one could
otice absorption bands at 716, 760 and 950 nm that assigned
o the formation of the PDI radical anion by comparison with
he spectrum produced by the one-electron reduction of PDI with

etrakis(dimethylamino)ethylene (Fig. S6 in the Supporting Infor-

ation).
By using the experimentally obtained kENT, an effective

nteraction radius between the electron-donating HPBT and
lectron-accepting PDI can be calculated [17,65–67]. It is known

ig. 10. (Left) Nanosecond transient spectra of HPBT 4 (0.03 mM) in the presence of PDI
ecay–time profiles of the triplet HPBT at 700 nm with changing the concentrations of PD
Photobiology A: Chemistry 218 (2011) 17–25 23

that the kENT depends on the extent of spectral overlap of the emis-
sion spectrum of the donor with the absorption spectrum of the
acceptor, the quantum yield of the donor, the relative orientation of
the donor and acceptor transition dipoles, and the distance between
the donor and acceptor molecules [66]. Because we think that there
is a Förster type energy transfer, the distance between donor (D)
and acceptor (A) plays an important role. The kENT from a donor to
acceptor is given by Eq. (3)

kENT = �D
−1 ·

(
R0

r

)6
(3)

where �D is fluorescence lifetime of HPBT 5, r is the distance
between donor and acceptor, and R0 is the Förster distance (the
distance at which energy transfer is 50% efficient and is typically
in the range of 20–60 Å.). To calculate the Förster distance, R0, the
simplified Eq. (4) can be used

R6
0 = 8.79 × 1023 · k2 · n−4 · ˚D · J(�) (4)

where k2 is the orientation factor, and generally assumed as 2/3 in
calculations, n is the refractive index of the medium, ˚D is the quan-
tum yield of the donor in the absence of acceptor, and J(�) is the
overlap integral calculated from the acceptor absorption spectrum
and the fluorescence spectrum of the donor, with the total intensity
normalized to unity. Once R0 is calculated from these experimen-
tally known values, the distance between donor and acceptor can be
easily obtained. Knowing the values of R0 (44.77 Å), �D (2 ns), and
J(�) (4.15 × 1015 M−1 cm−1 nm4), the donor–acceptor distance (r)
can be calculated by using Eq. (1) as 22.2 Å. This value is in an agree-
ment with that estimated from the optimized structure (Fig. 2). The
long r may explain the slower kET and kENT values of the examined
compounds compared with the reported pentathiophene-perylene
with a flexible alkyl linker (5T-(CH2)6-PDI) (kENT = ∼1012 s−1 and
kET = ∼1011 s−1) [55]. The fast kENT and kET values in (5T-(CH2)6-PDI)
were rationalized by the folded structure (r = 5.3 Å).

The complementary nanosecond transient spectra of 1–3
obtained by 430 nm laser excitation in benzonitrile showed
no characteristic absorption bands of the radical–ion pairs
(Fig. S7 in the Supporting Information). This observation indicates

that the charge-recombination between HPBT and PDI is rapid
to be detecting in the microsecond time region. The absence of the
characteristic absorption bands of the triplet HPBT or triplet PDI
indicates that the radical–ion pairs recombined to populate the
ground state.

5 (0.05 mM) in deaerated benzonitrile after the laser excitation at 430 nm. (Right)
I in deaerated benzonitrile.
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ig. 11. Intermolecular reactions between HPBT and PDI in the studied solvents
�ex = 430 nm).

Fig. 9 shows the energy-level diagram summarizing the
bserved intramolecular events of HPBT–PDIn. Upon photo-
rradiation of 1–3 by 430 nm laser excitation, the singlet excited
PBT decayed by energy transfer to populate the singlet PDI.
he efficient energy transfer is followed by electron transfers
rom HPBT to the singlet excited PDI to form the radical–ion pair
PBT•+–PDI•−. Finally, the radical–ion pair relaxes to its ground

tate, because formation of the triplet excited PDI is not efficient
or 1–3.

.6. Photochemical reaction between HPBT and PDI

Nanosecond laser flash photolysis of HPBT 4 (0.03 mM)
ith 430 nm laser light in deaerated benzonitrile produced the

ransient absorption spectra in the vis/NIR region with a max-
mum at 700 nm that corresponds to the triplet excited HPBT
Fig. S8 in the Supporting Information), which populated via
he intersystem crossing process from the singlet excited HPBT.
he decay of the triplet-excited state of HPBT was found to be
.0 × 104 s−1. By photoexcitation of HPBT (0.03 mM) in the pres-
nce of PDI (0.03–0.10 mM) in argon-saturated benzonitrile using
30 nm laser photolysis, the transient spectra exhibit the charac-
eristic band of triplet-excited state of HPBT (3HPBT*) at 700 nm.

ith the decay of 3HPBT*, the concomitant rise at 510 nm was
bserved that corresponds to the triplet excited PDI (Fig. 10 and
igs. S9 and S10 in the Supporting Information). The decay rate of
he triplet HPBT was found to be 1.9 × 105 s−1, which is comparable
o the formation of triplet PDI (1.8 × 105 s−1). These observations
uggest the triplet–triplet energy-transfer process from the HPBT
o PDI. We find through phosphorescence measurements that the
nergy level of the triplet HPBT lies at 1.77 eV (Fig. S11 in the Sup-
orting Information), well lower the triplet PDI (1.16 eV) [62]. It
hould be noted here that the radical species of both HPBT and PDI
re not detected via the triplet excited HPBT, indicating the absence
f electron-transfer reactions in such combination.

The effects of the concentrations of PDIs on the kinetic behavior
f transient species are studied (Fig. 10). It is evident that the decay-

ates of triplet HPBT are significantly increased with increasing
PDI]. Form the analysis of the data in terms of the single expo-
ential decays, the rate constant of the energy-transfer process
as estimated to be 2.0 × 109 M−1 s−1. It should be mentioned here

[

[

[
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that such energy transfer from the triplet excited HPBT to PDI was
suppressed in oxygen-saturated solution, owing to energy transfer
from 3HPBT* to the low-lying triplet oxygen. The intermolecular
reactions between HPBT and PDI in the presence and absence of
oxygen can be summarized as in Fig. 11.

By changing the solvent to toluene and o-dichlorobenzene, the
obtained nanosecond transient spectra by 430 nm laser excita-
tion of the HPBT/PDI mixture are similar to that of benzonitrile
(Figs. S12 and S13 in the Supporting Information). The kENT values
were found to be 3.2 × 109 M−1 s−1 (TN) and 1.7 × 109 M−1 s−1 (o-
DCB). The finding that the quenching rates of the triplet excited
HPBT increase with the decrease of the refractive index (ε = 1.496
(TN), 1.528 (PhCN), 1.55 (o-DCB)) confirming the occurrence of
energy transfer from the triplet HPBT to the triplet PDI.

4. Conclusion

Photoinduced intramolecular energy- and electron-transfer
processes of donor-�-acceptor molecules bearing the cruciform p-
type HPBT molecule with one, two and four entities of PDI forming
HPBT–PDIn (n = 1, 2 and 4) have been studied in this paper. The
absorption of HPBT covers the wavelength region where absorption
of PDI has minima. When the HPBT moiety was selectively excited
by 430 nm laser light, efficient energy transfer from the singlet
excited HPBT to PDI was clearly observed indicating that HPBT acts
as an antenna of the ET system. The steady-state emission, compu-
tational, electrochemical, fluorescence lifetime and femtosecond
transient absorption studies showed the electron transfer from
HPBT to the singlet excited PDI. The slow rates of energy-transfer
and electron-transfer processes can be attributed to the longer dis-
tance between PDI and HPBT entities (∼22 Å). The photochemical
behavior of mixture system of HPBT and PDI showed different fea-
tures compared with that of the HPBT–PDIn connected systems. The
nanosecond studies showed the energy transfer from the triplet
excited HPBT to the low-lying triplet PDI.
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