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The solution photophysical properties of two conjugated dithienothiophene (DTT)-perylene bisimide (PBI)
systems—a polymer, poly {[V,N'-bis(2-decyl-tetradecyl)-3,4,9,10-perylene diimide-1,7-diyl]-alt-(dithieno[3,2-
b:2'3'-d]thiophene-2,6-diyl) }, and a small molecule, 1,7-bis(dithieno[3,2-b:2',3'-d]thiophene-2-yl)-N,N'-bis(2-
decyl-tetradecyl)-3,4,9,10-perylene diimide—in solution have been investigated. Strong quenching of the
fluorescence of the PBI moiety was observed in both DTT-PBI systems, suggesting the possibility of an
efficient intramolecular electron-transfer process. The kinetics of photoinduced electron transfer in the DTT-
PBI polymer and monomer in solutions were explored by femtosecond time-resolved transient absorption
spectra. It was found that both the rates of charge separation and charge recombination in the DTT-PBI
polymer were approximately double those in the small molecule. This indicates that electronic coupling plays

an important role in the electron-transfer process in a polymer system.

Introduction

Conjugated polymers are important materials for the fabrica-
tion of lightweight, low-cost, and large-area flexible ultrathin
optoelectronic devices because of their optical and electrical
properties combined with the possibility of tuning these proper-
ties through modulation of their molecular structures and their
ease of processing.!™® Since the discovery of photoinduced
electron transfer in composites of conducting polymers and
fullerene, an increasing number of polymers that incorporated
electron donor and/or electron acceptor moieties have been
reported.”” ! These donor—acceptor systems are constructed to
enable energy and electron transfer after excitation with light,
aiming at developing novel optoelectronic properties for ap-
plications in fields such as organic light-emitting diodes and
organic solar cells.!?™1

Especially in polymer solar cells, the efficiency of converting
absorbed photons into charges as well as the subsequent
transportation of these charges to the electrodes is strongly
dependent on the degree of mesoscopic ordering of donor and
acceptor moieties. In this context, covalently linked structures,
such as diblock polymers, copolymers, and double-cable
polymers, have been utilized to form a continuous network to
realize a higher degree of mesoscopic ordering and/or a lower
degree of phase separation and clustering at the molecular
scale.!s™!? Although the synthesis and performance of these
polymers incorporated in photovoltaic devices have been
extensively investigated, their photophysical properties have not
been fully explored and understood on short timescales.
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Figure 1. Structures of DTT-PBI monomer and polymer.

Perylene bisimide (PBI) dyes are among the most promising
molecular building blocks with photonic and electronic func-
tionality.” We have recently reported the properties of
donor—acceptor copolymers, based on alternating dithienothiophene
(DTT) and perylene bisimide (PBI) units, which exhibited high
electron mobility and afforded very good photovoltaic perfor-
mance, in bulk heterojunction devices in combination with
polythiophene-based donors.?! To gain further insight into the
photophysical processes in DTT-PBI materials and to investigate
the possibility of photocharge generation within these materials,
we report here on the use of femtosecond transient absorption
spectroscopy to probe the photoinduced electron-transfer process
in the DTT-PBI polymer and in a small-molecule model
(Figure 1).

Experimental Section

Steady-State Spectra Measurements. The steady-state
absorption spectra were measured on a Perkin-Elmer lambda
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35 spectrometer with a scanning speed of 480 nm/min and a
slit width of 1 nm. The steady-state fluorescence spectra were
acquired on a Hitachi F-4500 fluorescence spectrophotometer
using a right angle configuration. Slits were set to provide widths
of 5 nm for both the excitation and the emission monochro-
mators. Sample solutions were examined in rectangular quartz
cuvettes with a 1 cm path length. The fluorescence quantum
yields were determined with dilute solutions (A < 0.10) by the
comparative method using cresyl violet perchlorate as a standard
(0.53 in methanol).?? All measurements were carried out at room
temperature. Solvents for all measurements were of the highest
grade commercially available (Sigma-Aldrich) and used as
received.

Quantum Chemical Calculations. The optimized structures
and electron densities of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
of the DTT-PBI monomer and polymer were calculated by the
Gaussian 03 suite of programs,” by using the density functional
theory with the B3LYP/6-31G method.

Femtosecond Transient Absorption Measurements. A
Ti—sapphire femtosecond laser system provided laser pulses
for the femtosecond transient absorption measurements by using
the pump-probe technique, as described in detail in our previous
paper.>* A regenerative amplifier (Spectra Physics, Spitifire)
seeded with a mode-locked Ti—sapphire laser (Spectra Physics,
Tsunami) delivered laser pulses at 800 nm (120 fs, 1 kHz),
which were then divided into two components by using a beam
splitter. The major component was sent to an optical parametric
amplifier (Spectra Physics, OPA-800C) generating the pump
pulses (620 nm, 130 fs, 1 kHz). The white-light continuum,
generated by focusing the minor component into a sapphire
plate, was then divided into a probe beam and a reference beam.
The probe beam was overlapped with the pump beam at the
sample. The reference beam was used to eliminate the influence
of the laser beam fluctuations and subsequently enhance the
signal-to-noise ratio. The optical delay times between the pump
and probe beams were realized through a computer-controlled
motorized translation stage. A magic-angle (54.7°) scheme was
used in the pump-probe measurement to cancel out the orienta-
tion effects on the measured dynamics. The cross correlation
function between the pump and probe pulses were determined
to be about 150 fs full width at half-maximum (fwhm) by taking
advantage of the technique based on the nonresonant optical
Kerr effect. The transmitted light was detected by a liquid-
nitrogen cooled CCD (Spectrum One, CCD-3000). The samples
were irradiated at 620 nm with 0.2—1.0 uJ per pulse. The typical
optical density of the sample at the excitation wavelength is
0.2—0.6 per mm. Steady-state absorption spectra were carried
out before and after the transient absorption measurements to
confirm that there was no photodegradation of the samples.
Analysis of the kinetic data was performed both individually
and globally using a nonlinear least-squares fit to a general sum-
of-exponentials function with convolution of a Gaussian instru-
ment response function of 150 fs fwhm. In the power-dependent
experiments, all samples were excited by a laser pulse (400 nm,
130 fs), which was produced by the second harmonic generation
(SHG) of the fundamental lasers (800 nm, 120 fs) by using a
BBO crystal. The laser power was attenuated by a neutral
density filter.

Results and Discussion

Synthesis and Molecular Structural Modeling. The syn-
thesis and structural characterization of the DTT-PBI polymer,
poly{[N,N'-bis(2-decyl-tetradecyl)-3,4,9,10-perylene diimide-
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Figure 2. Optimized structures and the HOMOs (left) and LUMOs
(right) of a single repeat unit of the DTT-PBI polymer (top) and small
molecule (bottom) obtained by the density function method at the
B3LYP/6-31G level. The long alkyl chains were replaced by methyl
groups for simplicity during the optimizations and calculations.

1,7-diyl]-alt-(dithieno[3,2-b:2',3'-d|thiophene-2,6-diyl) }, have
been described previously.”! The weight-average molecular
weight (M,,) of the polymer was estimated to be 15 000 g/mol
with a polydispersity index of 1.5, from size exclusion chro-
matography (SEC) against polystyrene standards on a PL-GPC
model 210 chromatograph at 35 °C. The number-average degree
of polymerization was thus accordingly estimated to be ap-
proximately 8. The synthesis and characterization of the small-
molecule model, 1,7-bis(dithieno[3,2-b:2',3"-d]thiophene-2-yl)-
N,N'-bis(2-decyl-tetradecyl)-3,4,9,10-perylene diimide, will be
published separately elsewhere.

In order to get preliminary insights into the electronic
structures and interactions in the DTT-PBI polymer and the
model compound, computational studies were performed by the
density functional method at the B3LYP/6-31G level. Figure 2
shows the optimized structures and the HOMO and LUMO of
the two systems. According to the calculations, the bay-
substitutions introduced a twisting of the two naphthalene
subunits in the perylene core by 7.1° for a single repeat unit of
the polymer and 5.0° for the small molecule analogue. More-
over, the dihedral angles between the PBI moiety and the DTT
moiety in these systems were determined to be 65.6° for a single
repeat unit of the polymer and 55.9° for the small molecule
analogue. These results indicated that reduced planarity and
rigidity of the perylene cores were present in both systems.
Similar results have also been found in other bay-substituted
PBI dyes.?***25 The molecular orbital (MO) diagrams are also
very similar, indicating similar electron distribution in the two
systems. The HOMOs are delocalized over both DTT and PBI
moieties and can be regarded as out-of-phase combinations of
the local DTT and PBI HOMOs, while the LUMOs are very
similar to those of the unsubstituted PBI moiety.

Electrochemistry. The oxidation and reduction potentials of
the DTT-PBI polymer film and small molecule solution were
determined by cyclic voltammetry in BuyNPFs—CH;CN (vs
ferrocene), as shown in Figure 3 and Table 1. One oxidation
wave was observed in the cyclic voltammogram of the small
molecule at a half-wave potential of E,; = 0.84 V, while one
oxidation wave was found for the polymer at a peak potential
of Eo = 1.18 V. The DTT-PBI polymer and small molecule
exhibited almost the same two reduction potentials approxi-
mately at half-wave potentials of E.qy = —1.0 V and E.eqp =
—1.2 V. The oxidation seen for the small molecule can be
attributed to oxidation of the molecule itself. Thiophene
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Figure 3. Cyclic voltammograms for the small molecule in solution
and polymer film in CH;CN/0.1 M ["BuyN]*[PF¢]~ with ferrocenium/
ferrocene as an internal standard, at 50 mV/s.

TABLE 1: Redox Potentials of the DTT-PBI Polymer and
Small Molecule (V vs Ferrocene)*

polymer” small molecule”
onlc 1.18 0.84
Ered]d _097 _102
EredZd _119 _122

?Film in CH;CN/0.1 M ['BuN]T[PFs]~ versus ferrocenium/
ferrocene at 50 mV s~ '. ” Solution in CH,Cl,/0.1 M ["BusN]"[PF¢]™

versus ferrocenium/ferrocene at 50 mV s, ¢Peak potentials.

4 Half-wave potentials.

derivatives with o-H atoms have been extensively reported to
be easily oxidized and therefore further oligomerized and/or
polymerized.* The feature characterized by a peak potential of
0.51 V in the reduction scan can be attributed to a dimerization
or oligomerization product formed from the oxidized molecule.

Steady-State Absorption and Fluorescence Spectra. The
steady-state absorption spectra of the DTT-PBI monomer and
polymer in CHCI; are shown in Figure 4a. In contrast, the
unsubstituted PBIs, both small molecule and polymer, exhibit
two bands within the visible/near-IR with the low-energy band
(at 550—750 nm) being broad and more-or-less featureless,
while the higher energy band (at 400—500 nm) retains some
vibronic structure, at least in the small molecule. The features
of the low-energy band, together with support by the calculations
discussed above that show that the HOMO is largely localized
on the DTT groups and the LUMO on the PBI groups, suggest
a transition with considerable charge redistribution from the
DTT units to the PBI core. The insensitivity of both absorption
and emission spectra to solvent polarity indicate no dipolar
charge-transfer character to these transitions, suggesting that the
charge redistribution occurs in a quadrupolar fashion in both
the small molecule and the polymer (see the Supporting
Information). The retention of some vibronic structure in the
higher-energy band may indicate a PBI-centered transition (with
the loss of structure relative to an unsubstituted PBI being
potentially attributable to the twisting of the core from planarity,
as suggested by the calculations). A third band in the UV may
be attributable to DTT-centered transitions. These spectra are
qualitatively similar to those of the other 1,7-disubstituted PBIs
with electron-rich substituents including oligothienyls,?’*
p-(diphenylamino)phenyl,>”® and 4'-(diarylamino)-biphen-4-
ylethynyl,>”® while 1,7-disubstituted PBIs substituted with
weaker donors such as p-(alkoxy)phenyl and p-alkoxyphe-
nylethynyl,?’® in which both the HOMO and LUMO are largely
localized on the PDI core, typically exhibit one strong visible
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transition red-shifted from the parent PBI often retaining some
vibronic structure. Compared with the small molecule, the
maxima of both absorption bands of the polymer are red-shifted
due to the increase in conjugation length. However, the extent
of the red-shift is rather limited, suggesting that the effective
conjugation length in the polymer was not large. This is
consistent with the large twist angles calculated between the
DTT and PBI units limiting effective long-range conjugation
(vida supra).

Figure 4b shows the fluorescence spectra of the DTT-PBI
polymer and monomer upon excitation of the PBI moieties in
CHCl;. As with the low-energy absorption band, the emission
spectra are broad and exhibit reduced vibronic fine structure
relative to unsubstituted PBIs. As with the absorption spectra,
the polymer spectrum is only a little red-shifted compared to
that of the small molecule, suggesting a low effective conjuga-
tion length in the polymer. However, the relative intensities
between the 0—0 and O—1 subbands are different, the 0—0
subband for monomer and O—1 for polymer, respectively.
Moreover, the spacing between the two sub-bands is larger in
the monomer than that in the polymer.?®

The fluorescence quantum yields of unsubstituted PBI dyes
in different solvents have been reported to be close to unity,
independent of solvent polarity.?’ However, much lower fluo-
rescence quantum yields are observed on photoexcitation of the
DTT-PBI polymer and small molecule in solution, as shown in
Table 2, suggesting that channels for efficient nonradiative
decays are present both in the polymer and small molecule.
Moreover, the quantum yields decrease with increasing solvent
polarity and are lower for the polymer than the small molecule.
As can be seen from the absorption spectra in Figure 3a, the
energy level of the singlet excited state of the DTT moiety is
much higher than that of the PBI moiety in these systems, which
excludes the energy transfer from the DTT to the PBI moiety
upon excitation of the PBI moiety. This assumes that the low-
energy band is purely PBI-centered, whereas orbitals and
comparison to other compounds?’ suggests it has quadrupolar
DTT—PBI character. One factor contributing to this fluores-
cence quenching in the DTT-PBI polymer and small molecule
may be from an intramolecular electron-transfer process giving
a charge-separated species; this has been observed in several
other donor-substituted PBI systems?’ and is further supported
by transient absorption spectra (vide infra).

Femtosecond Transient Absorption Spectra. The possibility
of assigning the fluorescence quenching in these species to
formation of a charge-separated state as a result of electron
transfer were further directly confirmed by the solution femto-
second transient absorption spectra in the visible region.

DTT-PBI Small Molecule. When the DTT-PBI small
molecule was excited at 620 nm with a 130 fs laser pulse in
CHCl;, the femtosecond transient absorption spectra yielded two
positive absorption bands, with one centered at approximately
490 nm and the other centered at approximately 730 nm, as
shown in Figure 5. The band centered at approximately 730
nm was attributed to the characteristic absorption of the PBI"™
radical anion,?*?~3? further suggesting that a charge-separated
state is indeed produced from the excited state of the DTT-PBI
small molecule. Further analysis of the time profile of the
absorption at 730 nm revealed that a fast rise and a slow decay
component were involved with a time constant of 0.54 and 786
ps, respectively, as shown in Figure 6. The fast rise was
attributed to the charge separation (CS) process, while the
subsequent decay was ascribed to the charge recombination (CR)
process. The rate constants of charge separation (kcs) and charge
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Figure 4. Normalized steady-state (a) absorption spectra and (b) emission spectra of the DTT-PBI polymer and monomer in CHCl;. All the
concentrations are 2 x 107> mol/L, A, = 620 nm.

TABLE 2: Fluorescence Quantum Yields of DTT-PBI
Polymer and Monomer in Different Solvents (4., = 620 nm)

polymer small molecule
CHClL; (¢ = 4.9) 0.0096 0.021
CH.CL, (¢ = 9.14) 0.0047 0.013
EtOH (e = 25.7) 0.00074 0.00082
CH;0H (e = 32.7) 0.00041 0.00047
DMSO (e = 45) ~107° ~1073

recombination (kcg) in CHCl; were thus accordingly determined
as 1.9 x 10 and 1.3 x 10° s™!, respectively. This rapid charge
separation process is consistent with the almost complete
quenching of the PBI emission. The detailed temporal evolution
at 490 nm was identical with that at 730 nm, suggesting that
this absorption might arise from a corresponding radical cation
species, which would be expected to be principally localized
on the DTT units. The unsubstituted DTT"* radical cation has
previously been shown to absorb at 411 nm (with another feature
at 595 nm) in a freon matrix at 77 K, and it is possible that
this feature is red-shifted by extension of conjugation by the
attached PBI unit in the present compound.

The transient absorption data in the entire PBI'™ radical anion
absorption band between 650 and 750 nm were further globally
analyzed, as shown in Figure 7a. The 0.54-ps time component
showed a negative amplitude, suggesting the CS process, while
the component of 786 ps displayed a positive amplitude,
indicating the CR process. These results were consistent with
those of the individual analysis above. The rates of both CS
and CR in CHCI; are slower than those observed in CH,Cl,
(Table 3).

0.08 4

0.04 -4

AOD / a.u.

0.02
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Figure 5. Femtosecond transient absorption spectra of the DTT-PBI
monomer in CHCl; upon excitation at 620 nm with a 130 fs laser pulse

in different delay times as indicated in the spectra. The spectra near
620 nm due to laser scattering were deleted for clarity.

The free energy changes (—AG) of the radical ion pairs,
charge separation (—AGcs), and charge recombination (—AGcg)
were estimated using eqs 1—3.3

2

AG = e|Ey(D) = Egy(A)] = ——— =
s' DA
2
e
AGes = AG — Ey, @)
AGy = —AG 3)

The first oxidation potential of the donor (i.e., the DTT
moiety, E(D)) and the first reduction potential of the acceptor
(i.e., the PBI moiety, E.4(A)) were taken from the cyclic
voltammetry measurements in MeCN (&g = 36.6) described
above. The radius of the DTT radical cation rp was ap-
proximately estimated to be 3.64 A from the X-ray crystal-
lographic data of unsubstituted DTT.?* The radius of the PBI
radical anion r, was estimated to be 4.71 A based on the X-ray
crystallographic data of N,N'-dimethylperylene-3,4:9,10-tetra-
carboxylic-bisimide.3® (Wasielewski has suggested somewhat
larger radii are necessary to correctly model PBIs and their
associated solvation.’”) rp, was taken to be the distance between
the centers of the PBI and DTT moieties; a value of 7.17 A
was obtained from the structure optimized by a molecular
modeling at the B3LYP/6-31G level. Ey is the energy of the
relaxed lowest excited singlet state of the system and was taken
as 2.00 eV in CHCl; (¢, = 4.9). The estimated free energy
changes of photoexcited charge separation (AGcs) and charge
recombination (AGcg) in these dyads are listed in Table 3 and
suggest that these processes are exergonic in both CHCI; and
CH,Cl,. The driving force estimated for charge separation
(—AGcs) is larger in CH,Cl,, while that for charge recombina-
tion (AGcR) is larger in CHCl;. Accordingly, the observation
that the rates of charge separation and recombination are both
higher in CH,Cl, suggests that the charge separation process is
in the normal Marcus region, while charge recombination is in
the inverted region.’® This is in line with several other studies
of intramolecular charge separation and recombination with
driving forces of comparable orders of magnitude.* However,
this analysis should be treated with caution; the estimate of the
driving force assumes charge separation from an excited state
localized on one of the two components, whereas the orbitals
shown in Figure 2 and the absorption spectra are consistent with
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Figure 6. Time profiles of the transient absorption at 730 nm at (a) short and (b) long time windows. Fits are also shown as solid lines.
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Figure 7. Wavelength dependence of the partial amplitudes of the decay times obtained by global analysis of the femtosecond transient absorption

of the DTT-PBI monomer (a) and polymer (b) in CHCl;.

TABLE 3: Charge Separation and Charge Recombination Data for the DTT-PBI Polymer and Small Molecule in Different

Solvents
polymer small molecule
AGcs [eV]  AGer [eV] A [eV]  tcs [ps]  er [ps] AGces [eV] AGer [€V] A [eV]  7es [ps] 7w [ps]
CHC; (e = 4.9) —0.04 —1.96 0.40 1.71 867 —0.33 —1.67 0.40 2.65 1462
CH,Cl, (¢ = 9.14) —0.18 —1.82 0.52 0.33 333 —0.47 —1.53 0.52 0.54 786

some quadrupolar charge separation in the excited state, prior
to the “charge separation” process observed in the transient
spectra.

DTT-PBI Polymer. The femtosecond transient absorption
spectra of DTT-PBI polymer in CHCl; showed a very similar
pattern with that of the small molecule when the polymer was
excited at 620 nm with a 130 fs laser pulse, as shown in Figure
8. As in the small molecule, the band centered at approximately
730 nm was attributed to the characteristic absorption of the
PBI'™ radical anion; the fast rise and slow decay were character-
ized by time constants of 0.33 and 333 ps, respectively, as shown
in Figure 9, giving rate constants of charge separation (kcs) and
charge recombination (kcg) in CHCI; of 3.0 x 10'? and 3.0 x
10° s™!, respectively. The more rapid charge separation in the
polymer, compared to that in the small molecule, is consistent
with the stronger fluorescence quenching in the former system.
The detailed temporal evolution at 530 nm was revealed to be
identical with that at 730 nm; therefore, the band centered at
530 nm might be due to the absorption of a radical cation
species. However, it should be noted that this peak in the
polymer is considerably red-shifted as compared with that
assigned to DTT" in the small molecule or reported for
unsubstituted DTT"*. This perhaps suggests a cation probably
delocalized over a few units of the polymer rather than being
localized on one or two of the DTT'* units in the small
molecule.

The transient absorption data in the entire PBI"™ radical anion
absorption band between 650 and 750 nm were further globally
analyzed, as shown in Figure 7b. The 0.33-ps time component
showed a negative amplitude, suggesting the charge separation
(CS) process, while the component of 333 ps displayed a
positive amplitude, indicating the charge recombination (CR)

AOD /a.u.

550 650 700 750

Wavelength / nm

500

450

Figure 8. Femtosecond transient absorption spectra of the DTT-PBI
polymer in CHCI; upon excitation at 620 nm with a 130 fs laser pulse
in different delay times as indicated in the spectra. The portions of the
spectra near 620 nm, which are affected by laser scattering, were deleted
for clarity.
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Figure 10. Power-dependent decays of the transient absorption at 730 nm of DTT-PBI (a) monomer and (b) polymer upon excitation at 400 nm
with a 130 fs laser pulse in CHCl;. The decays were normalized to facilitate comparison.

process. These results were consistent with those of individual
analysis above.

As in the case of the small molecule, the time constants for
charge separation and charge recombination in CHCl; are slower
than those observed in CH,Cl, (Table 3), with comparison with
driving forces (Table 3, estimated in the same way as for the
monomer, with the same values of Ey, ra, rp, and rps) again
suggesting that charge separation and recombination processes
occur in normal and inverted Marcus regions, respectively.

In a given solvent, the estimated driving force for charge
separation (—AGcs) in the small molecule was about 0.6 eV
higher than that of the polymer, while that for charge recom-
bination (—AGcs) is approximately 0.6 eV lower. If the charge
separation and recombination processes are indeed in the normal
and inverted Marcus regimes, respectively, as suggested by the
solvent-dependent study and the method used to estimate driving
forces is applicable, then these differences in driving forces
between the small molecule and the polymer are apparently at
variance with the shorter time constants obtained for CS and
CR processes in the polymer.

One possible explanation for the faster dynamics in the
polymer might lie in biphoton and multiphoton processes that
have been reported to play a role when conjugated polymers
and some densely packed small molecules are excited at high
excitation intensity. These processes are reported to lead to an
increased rate of exciton quenching with the increase in
excitation intensity as a result of exciton annihilation.* In order
to examine whether the exciton annihilation process was present
in our systems, we carried out power-dependent experiments;
the results are shown in Figure 10. It can be seen that laser
intensity has little effect on the decay rates of the polymer and
the small molecule. Therefore, under the conditions of our
experiments, biphoton and multiphoton processes play no
significant role and cannot explain the faster dynamics in the
polymer.

Thus, the faster dynamics in the polymer are presumably due
to differences in donor—acceptor electronic coupling and/or
reorganization energy or, if the electronic coupling in these
systems is sufficiently strong that that the electron-transfer
reactions are adiabatic, to differences in the vibronic modes
within these systems. However, distinguishing between these
possibilities is beyond the scope of the current work.

Finally, we consider the implications of this study for the
use of polymers of this type in photovoltaic applications. The
rate constants for charge recombination are much slower than
those for charge separation both in the DTT-PBI polymer and
monomer (kcs/kcg > 1000). However, it should be noted that
there will be a barrier to dissociation of the intramolecular
charge-separated states we describe to give the free carriers
desirable in a photovoltaic device due to the electrostatic
interaction between cation and anion centers. This dissociation
must occur within the relatively short lifetime of the charge-
separated state. Indeed, it has recently been shown that, in films
of 1,7-di(arylethynyl)perylene diimides, intramolecular charge
separation hinders intermolecular charge separation, with the
intramolecular charge-separated state serving to accelerate the
decay of excited states to the ground state.?’”* Moreover, some
of the holes and electrons generated in different parts of the
DTT-PBI phase may anhilate one another en route to their
respective electrodes. Thus, the photoinduced intramolecular
charge separation in the polymer suggested by the present study
may explain why the incident-photon-conversion-efficiency
versus wavelength plot of a photovoltaic device based on a bulk
heterojunction formed between the DTT-PBI polymer and a
polythiophene derivative is close to the absorption spectrum of
the polythiophene, with little contribution from the lower energy
absorptions of the DTT-PBI material.?!* In these devices, the
main contribution to the photocurrent likely comes from
relatively long-lived polythiophene excitons,** which diffuse
to and dissociate at the polythiophene/DTT-PBI interface, with
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the DTT-PBI polymer functioning principally as an electron-
transport material.

Conclusions

In conclusion, we have investigated the properties of photo-
induced electron transfer in conjugated dithienothiophene and
perylene bisimide DTT-PBI polymer and monomer systems in
solutions. Transient absorption spectra were recorded to dem-
onstrate that both the rates of charge separation and charge
recombination in the polymer were faster than those in the
monomer, with these differences being perhaps attributable to
stronger donor—acceptor coupling in the former system. Charge
separation occurs on the time scale of 10! ps and is apparently
taking place in the normal Marcus region, while the lifetimes
of the charge separated states are in the range from 1072 to
1073 ps, with charge recombination apparently occurring in the
Marcus inverted region. The intramolecular charge separation
process in these materials may be related to the low contribution
to the photocurrent made by the polymer in bulk heterojunction
devices with a polythiophene derivative.
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