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a b s t r a c t

The photophysics of a homopolymer containing pendant phenoxy-benzothiadiazole-bis(thiophene)
(OPhBTDT2) moieties, a block copolymer containing both OPhBTDT2 and triphenylamine-based (TPA)
pendant units, and a benzothiadiazole model compound, were investigated using steady-state and time-
resolved photo-spectroscopic techniques, and quantum mechanical calculations. Electronic excitation of
the OPhBTDT2 chromophores leads to rapid intra-molecular charge re-distribution in the lowest unoc-
cupied molecular orbital resulting in substantially increased electron density on the BTD component. In
dilute fluid solution, the fluorescence lifetime of the OPhBTDT2 moieties in the block co-polymer was par-
tially quenched due to photo-oxidation of TPA. The triplet excited-state lifetime of the OPhBTDT2 groups
in the block co-polymer in solution was unaffected by the TPA moieties signifying that triplet excited-
state OPhBTDT2 groups do not oxidize the TPA moieties. In spin-cast films, the OPhBTDT2 singlet and
triplet excitons are shorter-lived than the corresponding excited states of the polymers or the OPhBTDT2
model compound in dilute solution, and the lifetimes are essentially independent of the presence of the
TPA groups in the block co-polymer. This quenching of OPhBTDT2 exciton lifetimes in the films suggests
efficient non-radiative energy migration to low-energy traps, possibly non-emissive OPhBTDT2 molecu-
lar aggregates. The complete quenching of fluorescence from OPhBTDT2 in a 1:1 blend of the OPhBTDT2

homoploymer and the electron acceptor [6,6]-phenyl C61 butyric acid methyl ester (PC61BM) is attributed
to efficient photo-induced reduction of PC61BM by OPhBTDT2 singlet excitons based on evidence for rad-
ical ion formation obtained from nanosecond transient absorbance measurements. The decay kinetics
of the absorbance by the resulting charge carriers is consistent with a slow, trap-limited bimolecular
recombination mechanism, so the low performance of photovoltaic devices produced using the blend is

exten
thought to be limited by

. Introduction

Organic photovoltaic (OPV) devices are currently an active
ocus of research among scientific and industrial researchers as
hey offer the potential of clean and sustainable energy genera-
ion from components that are inexpensive and easy to process.
ypical OPV cells consist of an active layer fabricated from a
lend of conjugated light-absorbing polymer as the electron donor
nd a fullerene derivative as the electron acceptor. The critical

harge-separating step occurs at the interface between donor and
cceptor via a photo-induced electron-transfer. The charges are
ubsequently transported in each homogenous phase to the corre-

∗ Corresponding author at: CSIRO Materials Science and Engineering, Private Bag
0, Clayton MDC, VIC 3168, Australia. Tel.: +61 03 9545 2565; fax: +61 03 9545 2589.

E-mail address: andrew.scully@csiro.au (A.D. Scully).

010-6030/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jphotochem.2011.03.026
sive phase separation and/or low hole mobility.
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

sponding electrodes. In order to achieve efficient charge separation
and collection, the interfacial area between the two materials needs
to be maximized while preserving the continuity of the pathways
for the generated charges through a bi-continuous network such as
a bulk hetero-junction (BHJ).

Such BHJ morphology is usually produced by blending the
donor and acceptor materials followed by a temperature or
solvent–vapour annealing step utilizing the thermodynamic driv-
ing force of complete phase separation. However, end-user devices
exposed to direct sunshine are expected to experience elevated
temperatures, which will induce morphological changes in their
active layer causing OPV device performance to deteriorate or
even fail over time. Approaches to stabilizing the active organic

layer include cross-linking, addition of additives and the use of
block copolymers. Block copolymers are particular attractive as
their morphology can be controlled simply by varying the block-
lengths. If built from suitable donor and acceptor building blocks

ghts reserved.
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ig. 1. (a) The energies of the first singlet excited-state and triplet excited-state to
ne-electron oxidation and reduction (HOMO and LUMO, respectively) energies, ca

hey can be used either as a single-component active layer or as
kind of ‘surfactant’ stabilizing the BHJ morphology of the blend

t the thermodynamic minimum. Results have been reported [1]
hat demonstrate the superior performance of block copolymer-

odified active layers.
The use of electro-active pendant monomers in combination

ith a living polymerization technique is an elegant approach to
btaining well-defined block-copolymers. For example, the end-
roups of regioregular poly-3-hexylthiophene (rr-P3HT) can be
asily chemically modified with a wide variety of end-groups
2]. This gives access to a large number of controlled polymer-
zation techniques such as ring-opening metathesis and living
ree-radical polymerizations [3–10]. Block copolymers consisting
f rr-P3HT and perylene diimide (PDI) pendant groups have been
sed as a compatibiliser in blends of rr-P3HT and PDI resulting in
nhanced OPV device performance [11]. Other electro-active pen-
ant polymers used in a similar way, include building blocks such
s triphenylamine (TPA), poly(phenylene vinylene) (PPV), and olig-
thiophenes [12–14].

Like PDI, benzothiadiazole (BTD) is also a strong electron-

cceptor and thus an attractive building block for electro-active
mall molecules and polymers applicable in the field of organic
hin film transistors, light emitting diodes, and photovoltaic devices
15–17]. We have previously designed and synthesized asymmetri-
r with the charge separated state energies (without Coulomb binding), and (b) the
ed for the investigated compounds.

cally substituted BTD-containing vinyl monomers and polymerized
them into homo-polymers and block co-polymers under the con-
trol of a reversible addition-fragmentation chain-transfer (RAFT)
agent [18]. The resulting polymers showed tuneable absorption and
emission spectra depending on their molecular architecture and
exhibited efficient energy and/or electron transfer between the two
pendants. The block copolymers also affected the morphology of
spin-cast films and displayed rectifying behaviour in organic pho-
tovoltaic devices upon mixing with PC61BM. In the present work,
the photo-physical properties of some of these materials (shown
in Scheme 1) were investigated and the results are discussed with
a particular emphasis on their potential use in OPV devices.

2. Experimental

2.1. Materials

The details of the procedures used for the preparation
of the model compounds 4-(5′-hexyl-2,2′-bithiophen-5-yl)-7-(4-
methoxyphenyl)-2,1,3-benzothiadiazole (MeOPhBTDT2) and the

polymers Poly(StOPhBTDT2), Poly(TPA), and Poly(StOPhBTDT2-b-
TPA) are reported elsewhere [18]. Triphenylamine (TPA) (Fluka)
and [6,6]-phenyl C61 butyric acid methyl ester (PC61BM) (Nano-C)
were used as received. Solvents used for absorption and fluores-
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Scheme 1. Structures of benzothiadiazole-containin

ence measurements were spectroscopic grade and solutions were
e-gassed by bubbling with argon or nitrogen for at least 5 min prior
o spectroscopic measurements, unless stated otherwise. Polymer
lms were prepared by spin-coating chloroform solutions of the
odel compounds or the polymers (10 mg/cm3) onto UV/ozone-

leaned glass slides at spin speeds in the range 1000–4000 rpm for
0 s.

.2. Steady-state photo-spectroscopy

UV–visible absorption spectra and steady-state photolumines-
ence spectra of solutions in 1 cm pathlength quartz cuvettes were
easured using a UV Cary 5E spectrophotometer and a Perkin

lmer LS50 luminescence spectrometer, respectively. The optical
ensity of solutions used for fluorescence measurements were

ess than 0.15 at the excitation wavelength. UV–visible absorption
pectra and steady-state photoluminescence spectra of spin-cast
lms were measured using a Shimadzu UV-1601 spectrophotome-
er and a Horiba Jobin Yvon Fluorolog-3 fluorimeter, respectively.
olutions and films were not de-oxygenated for these measure-
ents. Triplet-state energy levels were determined from total

uminescence spectra of solutions measured using a Perkin Elmer
S50 luminescence spectrometer fitted with the low-temperature
uminescence accessory for measurements at liquid nitrogen tem-
erature after one flash with a delay and a gate time of 50 ns and
.5 ms, respectively.

.3. Kinetic photo-spectroscopy

Time-resolved photoluminescence measurements were made
sing commercially available time-correlated single-photon count-

ng luminescence spectrometers (Edinburgh Instruments Ltd.,
LSP920 for degassed solutions; Horiba Jobin Yvon, Fluorocube for
lms in air). Both systems comprised a pulsed diode laser exci-
ation source operating at 467 nm (1 MHz repetition rate; ∼0.3 ns
nstrument response time), and the average excitation power for

easurements of photoluminescence from films was 80 �W cm−2.
hotoluminescence was detected using a grating monochromator.

Transient absorption spectroscopic (TAS) measurements of
olutions were made using a commercially available spectrometer
Edinburgh Instruments Ltd., LP920), coupled with a nanosecond
ulsed excimer laser (Lambda Physik, LPX105i) operating at 351 nm

nd 1 Hz repetition rate as the excitation source. The excitation
nergy per laser pulse at the sample was 0.9 mJ/cm2 and the laser
ulse-width was around 15 ns. All solutions used for transient
bsorption measurements had an optical density of ∼1 at 351 nm
el compound and electro-active pendant polymers.

and were de-oxygenated immediately prior to measurements by
bubbling with argon for around 10 min.

Transient absorption data of spin-cast films under nitrogen were
collected using a highly sensitive microsecond absorption system.
Data was collected using an excitation wavelength of 450 nm, with
laser pulse-width of 0.6 ns and pulse energy density in the range
45–75 �J cm−2 at 4 Hz repetition rate from a dye laser (Photon
Technology International Inc., GL-301) pumped by a nitrogen laser
(Photon Technology International Inc., GL-3300). Samples were
probed using a quartz halogen lamp (Bentham, IL1) with a stabilized
power supply (Bentham, 605). Probe light was detected by a silicon
photodiode and the signal subsequently amplified and passed by
electronic band-pass filters to improve signal to noise. Film sam-
ples were prepared in a nitrogen glove-box and maintained in an
anaerobic environment throughout the measurement.

2.4. Quantum mechanical calculations

All quantum chemical calculations were performed using the
B3LYP functional. The 6-31+G(d) basis set was used for calcula-
tion of the orbitals shown in Fig. 2. For all other calculations the
geometry optimizations the 6-31G(d) basis set was used without
consideration of solvation effects. The HOMO and LUMO energies
were calculated using the 6-311+G(d,p) basis set and solvation
effects were approximated using the polarizable conductor cal-
culation model (CPCM) [19]. Firstly, the neutral, singly oxidized,
and singly reduced molecules were optimized using the smaller
basis set. The resulting geometries were then used for energy cal-
culations using the larger basis set taking solvation effects into
account. This method has been shown to predict the redox prop-
erties of a large set of conjugated molecules in solution with good
reproducibility [20]. Excited singlet and triplet state energies were
calculated using time-dependent DFT (TD-DFT) using the same
basis set and functional as for the geometry optimizations, and
the non-equilibrium version [21] of CPCM, previously found to
reproduce the absorption spectra of large conjugated molecules in
solution [22]. To approximate the dielectric properties in the solid
films the solvent toluene was used (predefined in the Gaussian 03
software) with two dielectric parameters tweaked to simulate the
properties of the solid; ε∞ = 3.6 and ε = 4.5.

2.5. Energy level measurements
The methods used for Photoelectron Spectroscopy in Air (PESA)
and cyclic voltammetry measurements were the same as those
described previously [18].
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intra-molecular electronic re-distribution upon photo-excitation
of this molecule that is predicted by the quantum mechanical
calculations.
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ig. 2. Two of the calculated Kohn–Sham (KS) orbitals representing the (a) HOM
round-state geometry, calculated at B3LYP/6-31+G(d) level of DFT.

. Results and discussion

.1. Electronic characterisation

The energies of the highest-occupied molecular orbital (HOMO)
nd the lowest-unoccupied molecular orbital (LUMO) of the model
ompound MeOPhBTDT2 and triphenylamine (TPA) obtained from
yclic voltammetry measurements and from quantum mechani-
al calculations are given in Table 1. The energies of the triplet
xcited states of MeOPhBTDT2 and TPA were obtained from low-
emperature phosphorescence spectra and these are also given in
able 1. The energy values for these model compounds obtained
rom experiment and computation were found to be in satisfac-
ory agreement, and the energy-level diagram associated with the

odel compounds and PC61BM, based on the energies obtained
rom computation, is shown in Fig. 1. The concept underpinning
he design of the pendant polymers used in this work can be seen
rom this energy-level diagram which shows that in a 3-component
ystem comprising TPA, MeOPhBTDT2 and PC61BM, photo-induced
xcitation of an electron from the S0 state (HOMO) of MeOPhBTDT2
o its S1 state (LUMO) would, in principle, be expected to lead
o transfer of an electron from the LUMO of MeOPhBTDT2 to the
UMO of PC61BM, with a concomitant transfer of an electron from
he HOMO of TPA to the vacancy that develops in the HOMO of

eOPhBTDT2 upon photo-excitation.
The spatial distributions of electronic charge in the HOMO

nd the LUMO of MeOPhBTDT2 obtained from DFT quantum
echanical calculations are shown in Fig. 2 superposed on the

nergy-minimised molecular geometry for this molecule. Elec-
ron density in the HOMO is seen to be delocalised extensively
hroughout the conjugated region of the molecule, whereas elec-
ron density in the LUMO is transferred substantially away from
he bis-thiophene and phenoxy moieties towards the benzothia-
iazole moiety. This suggests that electronic photo-excitation of
eOPhBTDT2 is likely to result in a substantially higher electron

ensity in the vicinity of the benzothiadiazole moiety than else-
here in the molecule, assuming that the extent of any geometrical

e-arrangement that might occur on electronic excitation is negli-
ible.
.2. Steady-state photo-spectroscopic measurements

The UV–visible absorption spectrum of MeOPhBTDT2 in dilute
olution displays a band maximum at an energy that is signifi-
(b) LUMO for the model compound MeOPhBTDT2 super-posed on its optimised

cantly lower (i.e. longer wavelength) than the lowest energy band
maxima of its individual bis-thiophene [23], benzothiadiazole [24]
or phenoxy [25] chromophore sub-units. This is consistent with
the high degree of electronic delocalisation throughout the HOMO
of this molecule seen in Fig. 2. Although the UV–visible absorp-
tion spectrum of MeOPhBTDT2 in dilute solution is essentially
independent of the solvent, the wavelength of maximum pho-
toluminescence from MeOPhBTDT2 in solution displays a strong
dependence on the dielectric constant of the solvent, as shown in
Fig. 3. The good linear correlation obtained from analysis according
to the Lippert–Mataga model [26] (Fig. S1 in Supplementary Data) is
consistent with the emitting state possessing a substantially larger
dipole moment than the ground state. Using the slope of the line
of best-fit obtained from this analysis, and assuming an Onsager
cavity radius of 0.5 nm (i.e. a long molecular axis of 1 nm), the
change in dipole moment between the ground state (HOMO) and
the luminescent state (LUMO) is estimated to be around 9 Debye.
This marked increase in dipole moment of the emitting state (i.e.
the LUMO) of MeOPhBTDT2 is consistent with the high degree of
Fig. 3. Normalised UV–visible absorption spectra and photoluminescence (fluores-
cence) emission spectra (�ex = 470 nm) for MeOPhBTDT2 in solutions of (a) toluene
(black lines), (b) dichloromethane (blue lines) and (c) dimethylsulfoxide (red lines).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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Table 1
Electronic properties of the model compounds and polymers.

IPa (eV) EHOMO
b (eV) EHOMO,DFT

c (eV) ELUMO
b (eV) ELUMO,DFT

c (eV) Eg,singlet
d (eV) Eg,triplet

e (eV)

MeOPhBTDT2 −5.2 −5.4 −5.3 −3.0 −2.8 2.2 1.7
Poly(StOPhBTDT2) −5.4 −5.3 n.d.g −3.1 n.d. 2.2 n.d.
StOPhBTDT2-b-TPA −5.4 −5.3 n.d. −3.1 n.d. 2.2 n.d.
TPA −5.7 −5.4 −5.2 −1.9f −0.8 3.5 3.1
Poly(TPA) −5.6 −5.3 n.d. −1.9f n.d. 3.4 n.d.
PC61BM −6.0 −5.4h −6.1 −3.7 −3.5 1.7 1.6

a PESA measurement on spin-cast films.
b Calculated from cyclic voltammetry measurements of dichloromethane solutions.
c Calculated at B3LYP/6-31G(d)//B3LYP/6-311+G(d,p) level of DFT.
d Optical bandgap, calculated using low-energy onset of UV absorption of thin films.
e Energy gap, calculated using high-energy onset of phosphorescence from MeOPhBTDT2 and TPA in MeTHF solutions at 77 K. Value for PC61BM is based on the 0–0

transition at 798 nm in the phosphorescence spectrum of C60 in an organic glass matrix at 1.2 K (Ref. [50]).
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f Calculated using data from columns 3 and 7, where ELUMO = EHOMO + Eg.
g n.d. = not determined.
h Calculated using data from columns 5 and 7, where EHOMO = ELUMO − Eg,singlet.

The UV–visible absorption spectra and photoluminescence
pectra of poly(StOPhBTDT2) and StOPhBTDT2-b-TPA in dilute
olution display no appreciable difference to those measured for
eOPhBTDT2 in solution. The absorption spectra and photolumi-

escence spectra of spin-cast films of these polymers are similar
o those measured for a spin-cast film of MeOPhBTDT2 in that all
isplay a Stokes’ shift of about 6.14 × 103 cm−1 (0.76 eV), although
he wavelengths of maximum absorption and luminescence for the
olymer films are shifted by around 25 nm to longer wavelengths
ompared with the spectra of the MeOPhBTDT2 film (Fig. S2 in
upplementary Data). No evidence was found from the steady-state
pectra for the presence of discrete ground-state dimers or higher-
rder molecular aggregates of the OPhBTDT2 chromophores in
lms of the model compound or the polymers.

.3. Kinetic photo-spectroscopic measurements of dilute solutions

.3.1. Photoluminescence decay
The decay of photoluminescence (fluorescence) from dilute

hloroform solutions of MeOPhBTDT2, poly(StOPhBTDT2) and
tOPhBTDT2-b-TPA is shown in Fig. 4 and in each case was found
o be independent of the presence of dissolved oxygen. The rate of
uorescence decay from the electronically excited MeOPhBTDT2

hromophore is significantly faster for the StOPhBTDT2-b-TPA
lock co-polymer than for either the model compound or the
omopolymer. Since the HOMO–LUMO band-gap energy of the TPA
oiety substantially exceeds that of MeOPhBTDT2, the extent of
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ig. 4. Fluorescence decay of de-oxygenated chloroform solutions of: (a)
eOPhBTDT2, (b) poly(StOPhBTDT2), and (c) StOPhBTDT2-b-TPA. �ex = 466 nm;

em = 610 nm. IRF = instrument response function.
quenching due to electronic energy transfer from the emitting state
of electronically excited MeOPhBTDT2 to TPA can be assumed to
be negligible. Therefore, the increased rate of photoluminescence
decay observed in the case of StOPhBTDT2-b-TPA is attributed to
the photo-induced oxidation of TPA by the electronically excited
MeOPhBTDT2 molecule since, as shown in the energy-level dia-
gram in Fig. 1, the HOMO energy of TPA is essentially iso-energetic
with that of MeOPhBTDT2, implying that electron transfer from
the HOMO of TPA to the vacancy in the HOMO of the electronically
excited MeOPhBTDT2 molecule is energetically feasible.

The photoluminescence decay time for MeOPhBTDT2 in dilute
chloroform is 7.6 ns and the absolute photoluminescence quan-
tum yield was measured to be 0.74 ± 0.06. This indicates that the
upper limit for the quantum yield of intersystem crossing to the
triplet excited-state of the OPhBTDT2 chromophore is 0.26 and that
the rate constant for this process is no greater than 3.4 × 107 s−1.
The absence of a detectable rise-time in the decay curves indicates
that the rate constant for the intra-molecular charge re-distribution
from the initially excited state to the emitting state is >1010 s−1.

3.3.2. Transient absorption spectroscopy
The transient absorption spectrum of MeOPhBTDT2 in dilute

chloroform solution (∼50 �mol dm−3), measured 1 �s after laser
excitation, is shown in Fig. 5. The absence of any appreciable

change in spectral features with time after excitation (Fig. S3 in
Supplementary Data) indicates that this spectrum is associated
with absorbance by a single transient species. Furthermore, as
found for the ground-state absorption spectrum of MeOPhBTDT2,
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Fig. 5. Transient absorption spectra of de-oxygenated chloroform solutions
recorded at 1 �s after excitation by the laser pulse: (a) MeOPhBTDT2
(gate width = 6.5 �s), (b) StOPhBTDT2-b-TPA (gate width = 3.5 �s), and (c)
poly(StOPhBTDT2) (gate width = 3.5 �s).�pump = 351 nm.
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Fig. 6. Decay of transient absorbance of de-oxygenated chloroform solutions of: (a)
MeOPhBTDT2, (b) poly(StOPhBTDT2) and (c) StOPhBTDT2-b-TPA.�pump = 351 nm;
M. Häussler et al. / Journal of Photochemistry a

he absorption spectrum of the transient species is distinctly
ifferent from the absorption spectra reported for the triplet
xcited-state [27,28] associated with the bis-thiophene chro-
ophore sub-unit of this molecule or its radical cation [28,29]

r the absorption spectrum of the radical anion of a closely
elated benzothiadiazole derivative [30], and attempts to mea-
ure absorption by the triplet excited-state of anisole have been
ruitless [31,32]. This lack of correlation indicates that the tran-
ient absorbance is unlikely to be associated with either an excited
tate localised on a chromophore sub-unit of the molecule or a
witterionic species that would result from formal excited-state
ntra-molecular electron-transfer. Therefore, the transient absorp-
ion observed for MeOPhBTDT2 in solution is assigned to electronic
xcitation of a molecular triplet excited-state of the OPhBTDT2
hromophore.

The decay of the transient absorbance at 750 nm for a chloroform
olution of MeOPhBTDT2 is shown in Fig. 6. This decay was analysed
sing Eq. (1), and the analysis results are summarised in Table 2.

(OD)t = A1e−k1t (1)

The good fit to the decay of the transient absorbance using this
xponential function provides further evidence that the transient
bsorbance originates from a single transient species and indicates
hat quenching by triplet–triplet annihilation (TTA) [33] can be
egarded as negligible under the conditions used for this measure-
ent.
The transient absorption spectra measured for chloroform solu-

ions of poly(StOPhBTDT2) and StOPhBTDT2-b-TPA are shown in
ig. 5. Again, the lack of a spectral change with time after excitation
Figs. S4 and S5 in Supplementary Data) is consistent with the exis-
ence of a single transient absorbing species and, like MeOPhBTDT2,
his transient absorbance is attributed to a molecular excita-
ion of the OPhBTDT2 chromophores in these polymers, namely
he excited triplet-state. However, as seen in Fig. 6, the decay
imes of the transient absorption for both poly(StOPhBTDT2) and
tOPhBTDT2-b-TPA are substantially faster than for MeOPhBTDT2
nd, unlike the case of the model compound, satisfactory fits of
he decay curves measured for the polymers in solution could
ot be obtained by analysis using Eq. (1) (Figs. S6 and S7 in
upplementary Data). The TPA chromophores in StOPhBTDT2-
-TPA absorb very little of the excitation radiation at 351 nm.
herefore, the extent of formation of transient absorbing species
uch as the triplet excited-state of TPA or radical cations of TPA upon
irect excitation of this component of the block copolymer can be
onsidered to be negligible and unlikely to be the reason for the
bserved non-exponential decay kinetics for the block co-polymer.

Since the pendant OPhBTDT2 chromophores in
oly(StOPhBTDT2) and StOPhBTDT2-b-TPA are fixed to the poly-
er backbone, the local concentrations of these chromophores

n chloroform solution might be expected to be markedly higher
han that of the model compound MeOPhBTDT2 for a given bulk
oncentration of chromophore, especially if coiling of the polymer
hains occurs in chloroform. Consequently, the local concentra-
ion of triplet excited-states of the OPhBTDT2 chromophores in
oly(StOPhBTDT2) and StOPhBTDT2-b-TPA formed on electronic
hoto-excitation could be significantly higher for the polymers
han for the model compound. At sufficiently high local concen-
rations of triplet excited-states of the OPhBTDT2 moieties in
oly(StOPhBTDT2) and StOPhBTDT2-b-TPA it is conceivable that
TA may occur, resulting in quenching of the lifetime of the triplet
xcited-state. The lack of spectral evidence for the existence of
ultiple transient absorbing species and the non-exponentiality
ound in the transient absorption decays for the polymers in
olution are consistent with the occurrence of TTA.

It has been demonstrated [34] that a statistical approach to
escribe triplet-state decay kinetics in the presence of TTA which
�probe = 750 nm. Solid lines are the best fits using Eq. (1) or Eq. (2), and associated
values of the fitting parameters are given in Table 2. Note that the ordinate values
are plotted using a logarithmic scale.

considers the decay of triplet excitation in ensembles of closed
domains (e.g. non-interacting polymer chains, micelles, or nanopar-
ticles) leads to an expression involving a series of exponential terms
where, to a good approximation, only the first two terms are of sig-
nificance (Eq. (2)). In contrast with the standard approach to the
description of triplet-state decay in the presence of TTA, which

is applicable in cases where the rate of bimolecular annihilation
is much slower than the intrinsic decay rate, the mathematical
expression arising from the statistical approach is valid for domains
with small dimensions and large TTA rate constants. Accordingly, in
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Table 2
Best-fit transient absorbance decay parameters in de-oxygenated chloroform solution or spin-cast films.

Sample A1 k1 A2 ˇ 〈k〉a

×10+3 ×10−5 s ×10+3 ×10−5 s ×10−5 s

Solution MeOPhBTDT2b 7.0 ± 0.1 0.31 ± 0.02 – – 0.31
Poly(StOPhBTDT2)c 3.3 ± 0.8 0.66 ± 0.03 4.6 ± 0.6 5.9 ± 1.4 3.7
StOPhBTDT2-b-TPAc 3.0 ± 0.3 0.59 ± 0.05 3.0 ± 0.3 5.3 ± 2.2 3.0

Spin-cast films Poly(StOPhBTDT2)c 2.5 ± 0.1 0.98 ± 0.01 1.7 ± 0.1 3.7 ± 0.1 2.1
StOPhBTDT2-b-TPAc 2.5 ± 0.1 0.50 ± 0.01 1.5 ± 0.1 3.6 ± 0.1 1.7

a Calculated according to: 〈k〉 = k1ˇ , where f = A1ˇ and f = 1 − f .
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b Best-fit parameters obtained using Eq. (1).
c Best-fit parameters obtained using Eq. (2).

he presence of TTA, the transient absorption decay kinetics of the
riplet excited-state species formed on electronic photo-excitation
f poly(StOPhBTDT2) and StOPhBTDT2-b-TPA in solution should, to
good approximation, be described by Eq. (2), where ˇ = k2 + 2k1.

(OD)t = A1e−k1t + A2e−ˇt (2)

The decay of transient absorbance at 750 nm of
oly(StOPhBTDT2) and StOPhBTDT2-b-TPA in chloroform
ere found to be described well by Eq. (2) (Figs. S6 and S7 in

upplementary Data) and the analysis results are summarised in
able 2. The more slowly decaying component is assigned to the
nquenched decay of the triplet excited-state of the OPhBTDT2
hromophore. Since this component accounts for around 90% of
he transient absorption signal, the decay of the majority of the
riplet excited-state species is not affected by quenching due to
TA, indicating that most domains contain only a single excitation
nder the experimental conditions used in the present work.

The transient absorption decay rates for StOPhBTDT2-b-TPA are
ssentially the same as for poly(StOPhBTDT2) indicating that the
resence of the TPA block in StOPhBTDT2-b-TPA has little effect
n the lifetime of the OPhBTDT2 triplet excited-state. This result
ndicates that, unlike the singlet excited-state of the OPhBTDT2
hromophores in StOPhBTDT2-b-TPA, in chloroform solution the
riplet excited-state of these chromophores do not participate in
n electron-transfer reaction with the pendant TPA moieties in the
lock co-polymer. The result also implies that the presence of the
PA units in the block co-polymer have little impact on the pre-
erred conformation of the polymer chains in chloroform.
.4. Kinetic photo-spectroscopic measurements of pristine films

The photoluminescence decay curves presented in Fig. 7
ndicate that the lifetime of the fluorescent state of the

ig. 7. Fluorescence decay of pristine films of: (a) MeOPhBTDT2, (b)
oly(StOPhBTDT2), and (c) StOPhBTDT2-b-TPA. �ex = 467 nm; �em = 650 nm.

RF = instrument response function.
OPhBTDT2 chromophore in pristine films of poly(StOPhBTDT2)
and StOPhBTDT2-b-TPA is essentially the same as for the model
compound MeOPhBTDT2. The possibility of formation of electron-
ically excited TPA chromophores in the StOPhBTDT2-b-TPA film
due to direct absorption of the excitation light can be disregarded
because the absorption by the TPA units at this wavelength is
negligibly small relative to absorption by the OPhBTDT2 chro-
mophores. A comparison of the photoluminescence decay curves
for MeOPhBTDT2 shown in Figs. 4 and 7 reveals a markedly faster
fluorescence decay rate for the pristine film compared with dilute
solution. A decrease in fluorescence lifetime of chromophores in
highly concentrated solid-state films compared with dilute solution
has been reported [35,36] for a wide variety of chromophores and
is usually attributed to quenching arising from diffusion of singlet
excitons to energy traps such as molecular aggregates of the chro-
mophores having lower optical band-gap than the un-associated
chromophore and which are either weakly or non-luminescent.
Although no clear evidence for absorption or emission by molecular
aggregates of the OPhBTDT2 moieties was found in the steady-
state spectra, and despite the relatively small degree of overlap
between the absorption and fluorescence spectra of the OPhBTDT2
chromophores, exciton migration within the ensemble of closely
spaced OPhBTDT2 chromophores is presumed to occur with suffi-
cient efficiency to result in some trapping of energy by molecular
aggregates of OPhBTDT2 chromophores, even at relatively low trap
concentrations.

The absence of any substantial difference in the rate of photo-
luminescence decay from the StOPhBTDT2-b-TPA film compared
with films of poly(StOPhBTDT2) or MeOPhBTDT2 is in contrast
with the distinct quenching of the fluorescence lifetime observed
for StOPhBTDT2-b-TPA in solution. This lack of enhanced quench-
ing for the StOPhBTDT2-b-TPA film suggests that the fluorescence
decay kinetics is dominated by the same processes as for films of
poly(StOPhBTDT2) or MeOPhBTDT2, namely trapping of diffusing
singlet excitons by molecular aggregates, with little contribution
from the photo-oxidation of the TPA moieties by electronically
excited OPhBTDT2 observed in dilute solution. It is possible
that the slightly longer-lived photoluminescence observed for
the StOPhBTDT2-b-TPA film might be the result of the pendant
TPA moieties acting as diluents for the OPhBTDT2 chromophores,
thereby lowering their propensity to form molecular aggregates.

The decay of the transient absorption at 750 nm by pristine
films of poly(StOPhBTDT2) and StOPhBTDT2-b-TPA is shown in
Fig. 8. The transient absorption decay in each case is not mono-
exponential, but was found to be described satisfactorily by the
bi-exponential function shown in Eq. (2) and the best-fit param-
eter values are summarised in Table 2. It is assumed that, as
was the case for the polymers in dilute solution, the sole tran-
sient absorbing species in these films is the triplet excited-state

of the OPhBTDT2 chromophores, and that the non-exponentiality
of the transient absorption decay is not the result of absorption
by multiple transient species. A significant increase in the decay
rate of the transient absorption at 750 nm was observed when
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also occur as a result of photo-reduction of PC61BM. The absence
of detectable fluorescence from OPhBTDT2 singlet excitons in the
blend implies a value of at least around 1010 s−1 for the magni-
ig. 8. Decay of transient absorbance of pristine films of (a) poly(StOPhBTDT2) and (
q. (2), and associated parameter values given in Table 2. (For interpretation of the
rticle.)

he measurement was conducted with the sample exposed to air,
hich provides further strong evidence that the transient absorb-

ng species are OPhBTDT2 chromophore triplet excitons. As seen
rom the data in Table 2, the mean decay rate, <k>, of the tran-
ient absorption by the StOPhBTDT2-b-TPA film is not enhanced
ompared with the poly(StOPhBTDT2) film indicating that the pen-
ant TPA moieties do not quench the triplet excited-state of the
PhBTDT2 chromophores, as was also found for StOPhBTDT2-b-
PA in dilute chloroform solution.

The magnitude of the rate constant for uni-molecular decay of
he triplet excited-state, k1, obtained for the poly(StOPhBTDT2) film
s significantly larger than for this polymer in dilute solution (see
able 2), whereas this value is expected to be invariant based on
he physical model used for the derivation of Eq. (2). This sug-
ests that Eq. (2) might not provide a valid physical description of
he triplet-state decay kinetics for these highly concentrated solid-
tate film systems. Furthermore, the smaller magnitude of the mean
ecay constant, 〈k〉, of the excited triplet-state of OPhBTDT2 chro-
ophores observed for the poly(StOPhBTDT2) film compared with

his polymer in dilute solution is not consistent with the expec-
ation that TTA should occur with greater efficiency at the higher

olecular densities in the films. Consequently, the mean rate con-
tants for decay of transient absorption for the homopolymer film
re thought to be associated with trapping of triplet exciton energy
n the molecularly dense film rather than TTA. The smaller magni-
ude of k1 (i.e. slower uni-molecular decay of the triplet excitons)
btained for the StOPhBTDT2-b-TPA film compared with that for
he poly(StOPhBTDT2) film provides further support for the above-

entioned idea that the TPA moieties might act as diluents for the
PhBTDT2 chromophores in the film, thereby reducing both the
oncentration of ground-state molecular aggregate traps and also
he distance over which triplet excitons can diffuse.

.5. Kinetic photo-spectroscopic measurements of blend films
ontaining PC61BM

The results of kinetic photoluminescence and transient absorp-
ion measurements of the pristine film of StOPhBTDT2-b-TPA
escribed above indicate that the presence of the pendant TPA
oieties is unlikely to provide significant additional benefit in

erms of hole transport from the electronically excited OPhBTDT2
hromophores in an OPV device. Consequently, subsequent inves-
igation of polymer blends comprising PC61BM focused on the
se of the homopolymer. The decay of photoluminescence from
pristine film of poly(StOPhBTDT2), a film comprising a blend of
oly(StOPhBTDT2) and PC61BM (50%, w/w), and a pristine film of

C61BM are shown in Fig. 9. The fluorescence decay kinetics for the
lend was found to be essentially identical to that of a pristine film
f PC61BM indicating effectively complete quenching of the photo-
uminescence from OPhBTDT2 singlet excitons by the PC61BM.
PhBTDT2-b-TPA.�pump = 450 nm; �probe = 750 nm. Blue solid lines are best-fits using
nces to color in this figure legend, the reader is referred to the web version of the

As seen from the data in Table 1, the calculated HOMO–LUMO
band-gap energy for PC61BM is slightly larger than that of the
OPhBTDT2 chromophore, so quenching of the luminescence from
the OPhBTDT2 chromophores as a result of non-radiative electronic
energy transfer from OPhBTDT2 singlet excitons to ground-state
PC61BM is not expected to be highly efficient. If it is assumed
that: (i) the complete quenching of OPhBTDT2 fluorescence implies
an energy transfer efficiency of close to 100%, (ii) the fluores-
cence quantum efficiency for the OPhBTDT2 singlet excitons in the
film is around 40% that of MeOPhBTDT2 in dilute solution (based
on the shorter fluorescence lifetime measured for the pristine
MeOPHBTDT2 film), and (iii) the magnitude of the extinction coef-
ficient of OPhBTDT2 chromophores (Fig. S8 in Supplementary Data)
is around 20 times that of PC61BM at the excitation wavelength of
467 nm, the steady-state PC61BM fluorescence intensity detected
from the film comprising the blend would be expected to be
around 43% of that of a pristine film of PC61BM absorbing a sim-
ilar fraction of excitation light. However, the steady-state PC61BM
fluorescence detected from the blend film is only around 15%
that of a pristine film of PC61BM absorbing a comparable frac-
tion of the excitation light. This result indicates that essentially
all of the PC61BM fluorescence from the blend film arises due
to direct excitation of PC61BM chromophores rather than from
non-radiative electronic energy transfer for the OPhBTDT2 singlet
excitons.

Quenching of fluorescence from OPhBTDT2 singlet excitons may
Fig. 9. Fluorescence decay of films of: (a) poly(StOPhBTDT2), (b) PC61BM and
(c) a blend comprising poly(StOPhBTDT2) and PC61BM (50 wt%). �ex = 467 nm;
�em = 650 nm. IRF = instrument response function.
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rising a blend of poly(StOPhBTDT2) and PC61BM (50 wt%).�pump = 450 nm. The line
f best-fit for the decay of absorbance at 1070 nm was calculated using Eq. (3). See
ext for details of analysis of data at 750 nm.

ude of the rate constant of electron transfer from the OPhBTDT2
hromophores to PC61BM molecules, which is sufficiently fast to
reclude formation of OPhBTDT2 triplet excitons via intersystem
rossing from the corresponding singlet excitons.

The absorption spectrum of the PC61BM radical anion extends
ver wavelengths ranging from about 850 nm to 1200 nm with a
aximum absorption reported to lie at 1020 nm [37], compared
ith the C60 radical anion which displays an absorption maximum

t 1070 nm [38,39]. Absorption in this wavelength range by PC61BM
riplet excitons is negligibly small [40], and so the transient absorp-
ion signal detected at 1070 nm (Fig. 10(a)) is attributed to PC61BM
adical anions. The decay of the transient absorption at 1070 nm
isplays an initial fast phase that dominates the time evolution of
he transient absorption decay for about 10 �s after excitation. This
nitial rapid decay is followed by a second phase that decays much

ore slowly, extending into the millisecond timescale. The lack of
hange in the absorption decay dynamics observed when the sam-
le was exposed to air provides further evidence that the absorbing
pecies is most likely to be PC61BM radical anions rather than triplet
xcitons. The slower phase of the decay at 1070 nm (>10 �s) was
nalysed using the power term in the expression shown in Eq. (3)
hich has been used to describe bimolecular recombination kinet-

cs in several other polymer/PC61BM blend systems [41–44]. This
unction was found to provide a good fit to the decay profile, with
he recovered values for the mono-exponential decay time (k−1)
nd ˛ from this analysis being 4.3 �s and 0.22, respectively.

(OD)t = Ae−kt + Bt−˛ (3)

The decay of the transient absorption at 1070 nm is, there-
ore, ascribed to bimolecular recombination of the PC61BM radical
nions with OPhBTDT2 polarons in which the fast decaying phase
s associated with bimolecular recombination of free charge car-
iers generated when the density of photo-generated polarons
xceeds the density of local states, and the slower decaying phase
riginates from bimolecular recombination of charges after ther-
al activation out of an exponential distribution of localised

trapped) states [41–44]. The magnitude of ˛ found for this blend
f poly(StOPhBTDT2) and PC61BM is at the lower end of the
ange of values reported [37,41,42,44,45] for other amorphous

olymer/PC61BM blends, suggesting that the traps in this blend are
elatively deep. Relaxation of photo-generated polymer polarons
nto these localised trap states is expected to slow the rate of
imolecular recombination in a functioning OPV device which is
otobiology A: Chemistry 220 (2011) 102–112

desirable for efficient charge-carrier collection by the electrodes.
However, the efficiency of charge collection will also be determined
by other factors such as the extent to which continuous charge per-
colation pathways exist in the blend and intrinsic charge mobility
of the blend components.

The absorption spectrum of the triplet excited-state of fullerene
derivatives extends over the wavelength range 600–900 nm with
maximum absorption occurring typically around 700–750 nm
[46,47]. The absorption maximum for PC61BM triplet excitons in
solid films is reported to occur at around 720 nm [40]. Since the
extent of formation of OPhBTDT2 triplet excitons can be assumed
to be negligible, and the absorption at 750 nm by PC61BM radi-
cal anions is vanishingly small, the transient absorption at 750 nm
measured for the film (Fig. 10(b)) is attributed to PC61BM triplet
excitons and/or OPhBTDT2 polarons. If PC61BM triplet excitons are
formed exclusively via intersystem crossing from the PC61BM sin-
glet excitons formed by direct excitation, then the decay would be
expected to be mono-exponential having a decay time of around
11 �s [40,48], in the absence of other effects. Alternatively, if
PC61BM triplet excitons are formed in sufficiently high concentra-
tions to result in TTA, then the function shown in Eq. (2) might
be expected to provide a good description of the decay kinetics.
The decay of transient absorbance at 750 nm shown in Fig. 10(b)
is not mono-exponential, and could not be described successfully
using the bi-exponential function shown in Eq. (2). Evidence that
a significant portion of the absorbance at this wavelength arises
due to species other than PC61BM triplet excitons comes from: (i)
the inability of these functions to describe adequately the decay of
absorbance at 750 nm, (ii) the presence of a very long-lived decay
phase, and (iii) the lack of a detectable effect of oxygen (air) on the
kinetics of the transient absorption decay at 750 nm.

As was the case for the decay of the PC61BM radical anions, the
decay profile at 750 nm is seen to be dominated by a rapid phase
that extends up until around 10 �s after excitation, after which a
second much slower decay phase becomes evident. This long-lived
phase, extending into the millisecond time-range, suggests that the
transient absorbing species is involved in the recombination of rad-
ical ion-pairs. However, analysis of the decay using the function
shown in Eq. (3) also failed to provide a satisfactory fit, providing
further evidence that the absorption signal probably arises from
multiple transient species.

A good fit to the data was obtained by using an empirical equa-
tion comprising a sum of two exponential terms and a power term
(Fig. 10(b)), with the recovered exponential decay times being
0.5 �s and 4.5 �s, and the value for ˛ being 0.28. The magnitudes
of the longer exponential decay time and ˛ are in good agreement
with the values of the parameters obtained from analysis of the
decay at 1070 nm using Eq. (3). This finding supports the hypothe-
sis that the species predominantly responsible for the absorbance at
750 nm decays as a result of the recombination of radical ion-pairs.
The lack of effect of oxygen (air) on the kinetics of the transient
absorption decay at 750 nm (as was also found at 1070 nm) sug-
gests that the species most likely to be primarily responsible for
the absorbance at 750 nm is OPhBTDT2 polarons.

The origin of the more rapidly decaying component (0.5 �s life-
time) seen in Fig. 10(b) is unclear at present, but is tentatively
ascribed to absorption by PC61BM triplet excitons. The lifetime is
significantly shorter than the lifetime of 11 �s reported [40] for
PC61BM triplet excitons in a blended film comprising the con-
jugated polymer poly(9,9-dioctylfluorene-alt-benzothiadiazole)
(F8BT) and PC61BM (50 wt%), although the lifetime of PC61BM
triplet excitons has been shown to decrease with increasing

PC61BM concentration in spin-cast films [48] which was attributed
to the effects of PC61BM clustering and fullerene–fullerene inter-
actions. The much shorter lifetime obtained in the present work
would be consistent with quenching of the PC61BM triplet exci-
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ons if extensive separation of the PC61BM and poly(StOPhBTDT2)
hases occurs in the blend film, and the absence of a measur-
ble effect of oxygen on the lifetime of this short-lived component
ould be the result of concentration quenching effects dominat-
ng the overall decay mechanism. It is estimated that the PC61BM

olecules in the 1:1 poly(StOPhBTDT2)/PC61BM blended film
bsorb around 5% of the excitation light at 450 nm, so intersystem
rossing from the PC61BM singlet excitons formed upon direct exci-
ation is one pathway for the formation of PC61BM triplet excitons.
lternatively, geminate recombination of radical ion-pair triplet
tates is another possible source for the formation of PC61BM triplet
xcitons [41].

An OPV device consisting of a blend of poly(StOPhBTDT2) and
C61BM (80%, w/w) was fabricated and analysed using the same
ethodology as described previously [18]. While the open-circuit

oltage, which reflects the difference between the ionization poten-
ial of the donor and the electron affinity of the acceptor, of this
evice was high (0.65 V), the photo-current generated in the active

ayer, as measured by the power conversion efficiency (PCE), was
elatively low (0.10%) despite the presence of the relatively slow
imolecular recombination pathway described above. It is possible
hat the low PCE value might arise due to extensive phase separa-
ion resulting in a paucity of charge percolation pathways which
ould also contribute to the low fill factor (0.27) found for this
evice. Low hole mobility in the poly(StOPhBTDT2) phase might
lso be a contributing factor. Recent work on block copolymer sys-
ems suggests that their major benefits to OPV are as modifiers
or morphology and as stabilizers of multi-component mixtures
11,49], and work is currently underway to explore this pathway
or our pendant polymers.

. Conclusions

Electronic excitation of pendant OPhBTDT2 moieties in the poly-
ers studied in this work leads to rapid electronic re-distribution

n the LUMO resulting in a substantial shift in electron density to
he benzothiadiazole component. In fluid solution, the fluorescence
ifetime of this partially charge-transferred singlet excited-state of
he OPhBTDT2 moiety is only partly quenched by the presence of
he TPA groups in the block co-polymer, indicating photo-oxidation
f TPA groups occurs to only a limited extent. In contrast, the life-
ime of the triplet excited-state of the OPhBTDT2 groups in the
lock co-polymer remains completely unaffected by the presence
f the TPA moieties, signifying that the triplet excited-state of the
PhBTDT2 groups do not participate in photo-oxidation of the pen-
ant TPA units.

In spin-cast pristine films of the polymers, the decay of both the
PhBTDT2 singlet and triplet excitons is faster than for the corre-

ponding excited-states of these polymers in dilute solution or for
he model compound, and the presence of the TPA groups in the co-
olymer has essentially no affect on these decay times. Therefore,
he quenching of the OPhBTDT2 singlet and triplet excitons in the
olid films is attributed to the presence of low-energy traps, pos-
ibly low concentrations of molecular aggregates of the OPhBTDT2
oieties, although no spectral evidence was found for their exis-

ence. The absence of an affect by the TPA groups on the decay
imes of the OPhBTDT2 singlet and triplet excitons is consistent
ith the migration of electronic energy to the non-emissive traps

eing much more efficient than the photo-induced oxidation of the
PA groups.

The extensive quenching of photoluminescence from the

omopolymer containing pendant OPhBTDT2 groups in a blended
lm containing 50% (w/w) of the electron acceptor PC61BM is
ttributed to photo-induced reduction of PC61BM by the OPhBTDT2
inglet excitons. Evidence for the formation of the associated charge

[
[
[
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carriers was obtained from nanosecond transient absorbance mea-
surements, and analysis of the decay kinetics of the transient
absorbance signals of these species indicates a substantial contribu-
tion to bimolecular recombination by slow thermal activation out of
an exponential distribution of localised (trapped) states. Evidence
was also obtained from the transient absorption measurements
suggesting extensive phase separation in the blended film. The per-
formance of OPV devices based on this blend delivered low PCE,
despite the slow bimolecular charge recombination, which may be
the result of substantial phase separation and possibly low mobility
of holes in the homopolymer phase.
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