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Photoinduced absorption spectroscopy is used to study the intersystem crossing in a blend consisting
of the fluorene-based conjugated polymers polys9,98-dioctylfluorene-co-benzothiadiazoled sF8BTd and
poly(9,98-dioctylfluorene-co-bis-N,N8-s4-butylphenyld-bis-N,N8-phenyl-1,4-phenylene-diamine) sPFBd. The
intersystem crossing efficiency is found to be,10 times higher in F8BT:PFB than in F8BT alone. We attribute
this effect to enhanced increased intersystem crossing in the charge-separated states formed at the polymer/
polymer heterojunctions in the blend. Applying an electric field dissociates these states and thus reduces the
rate of triplet state formation. We also perform time-dependent density functional theory quantum chemical
calculations to determine theT1→Tn absorption cross section and to estimate the triplet yield.
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I. INTRODUCTION

Polyfluorene materials are a class of conjugated polymers
that have received recent attention due to their attractive
properties for use as the active layer in thin-film devices such
as light-emitting diodes1 sLEDsd and transistors.2 Further-
more, depositing binary mixturessblendsd of polyfluorene
materials from common solution has proved to produce sys-
tems with good operating characteristics both in photovoltaic
applications3,4 and in LEDs.5

Recent work5,6 has highlighted the importance of
interfacial states in polyfluorene blends, including blends
of polys9,98-dioctylfluorene-co-benzothiadiazoled sF8BTd
and poly(9,98-dioctylfluorene-co-bis-N,N8-s4-butylphenyld-
bis-N,N8-phenyl-1,4-phenylene-diamine) sPFBd. It was
shown that photoexcited singlet excitons will diffuse to a
F8BT:PFB polymer interface and undergo interfacial elec-
tron transfer to form a geminate electron-hole pair. This
geminate pair may either relax to an exciplex state or may
undergo charge separation. Exciplexes are neutral excited
states with a significant charge-transfer character and are
much longer-lived than singlet excitons. Thermally excited
energy transfer to reform the F8BT singlet exciton is an im-
portant decay channel for exciplexes.6

Triplet excitons represent another important class of exci-
tations in conjugated polymers. Photoexcitation produces
predominantly singlet excitons, and typically only a small
fraction of these undergo intersystem crossingsISCd to form
the lower-energy triplet exciton. In systems which contain
heavy atomsseither deliberately7 or accidentally8d, ISC may
proceed directly via spin-orbit coupling. In most conjugated
polymers, however, spin-orbit coupling is very weak, and the
mechanisms for ISC are not well established. One possibility
is that the formation of charge-separated states may be nec-
essary before ISC can occur. In LEDs, however, triplet exci-
tons may be formed directly by electron-hole recombination,
and triplet exciton formation can represent an important limit
to device efficiency. Recent work suggests that the probabil-
ity of triplet exciton formation in polymer LEDs may be

significantly less than the statistical value of 75%.7,9,10 The
mechanism of exciton formation via charge-separated states
is therefore of intense interest.

In this paper we examine the formation and decay of trip-
let excitons in blends of F8BT and PFB using photoinduced
absorption spectroscopy. We will show that the yield of trip-
let excitons is significantly increased in the blend system as
compared with the constituent polymers. Furthermore, we
perform theoretical calculations of the F8BTT1→Tn absorp-
tion cross section in order to estimate the ISC efficiency.
Finally we will discuss this result in the context of the
charge-separated states which are known to form at the
polymer/polymer heterojunctions in these blends.

II. EXPERIMENTAL METHODS

Photoinduced absorption spectroscopysPIAd detects long-
lived excited states formed after photoexcitation. These
states are detected by measuring the small changes in infra-
red optical absorptions in response to modulated laser exci-
tation above the energy gap. Triplet excitons show a charac-
teristic absorption to a higher-lying triplet statesT1→Tnd,
typically around 1.5 eV. Additional absorptions due to
charges produced as a result of charge separation at the in-
terface may also be present. Singlet excitons, exciplexes, and
other fast-decaying states are too short-lived to be detected in
this quasi-steady-state technique.

Our experimental setup has been described elsewhere.11

Excitation was provided by an argon-ion laser at 488 nm,
modulated with a mechanical chopper wheel at 63 Hz
and attenuated with a continuous optical density wheel. A
150-W halogen lamp produced a wideband probe beam. De-
tection was provided by a monochromator and Sisvisibled
and cooled InSbsIRd photodiodes. Changes in transmission
were detected by a lock-in amplifier referenced to the modu-
lation frequency and were normalized to the unmodulated
transmission at each wavelength. All samples were measured
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in a continuous flow helium cryostat under a low-pressure
helium atmosphere.

Blend films were prepared by spinning from common
chloroform solution onto Spectrosil IR quartz substrates. All
preparation was carried out under an anhydrous nitrogen at-
mosphere. Films spin coated from chloroform have a fine
scale of phase separation, and exciton diffusion to internal
interfaces is therefore efficient.12

In order to investigate the effect of an electric field on
triplet exciton formation in blend films, PIA measurements
were also performed on planar device structures with a blend
film sandwiched between electrodes. Semitransparent blend
devices were prepared as reported by Dhootet al.9 The ac-
tive polymer layersapproximately 200 nm thickd was spun
on a glass substrate with a thin gold layer acting as the an-
ode. A thin calcium electrode was subsequently evaporated
onto the polymer layer and capped with a thin layer of gold.
The electrodes were approximately 20 nm in thickness.

Triplet excitons have no dipole-allowed transition to the
ground state and hence decay nonradiatively. In conjugated
polymers, triplets have been shown to undergo both mono-
molecular and bimolecular decay processes,13 the bimolecu-
lar decay being attributed to triplet-triplet annihilation. These
recombination processes may be probed by studying the de-
pendence of the induced absorption on the excitation inten-
sity.

We consider the rate equation for the population of triplet
excitons,

dn

dt
= gstd −

n

t
− bn2, s1d

where gstd is the triplet generation rate,n is the number
density of triplet excitons,t is the monomolecular lifetime,
andb the bimolecular recombination constant.

In our experiment the pump beam was modulated with a
mechanical chopper. Adapting the treatment of Westerlinget
al.,14 we model this approximately by the first two terms of a
Fourier series,

gstd =
gG

2
f1 + cossvtdg, s2d

where sp /4dG represents the unmodulated rate of photon
absorption per unit volume andg is the quantum efficiency
of triplet production via ISC. In this treatment we neglect
any contribution to triplet generation from bimolecular pro-
cess such as recombination of nongeminate charges. The as-
sumption that bimolecular triplet generation processes are
unimportant is justified by the good fit of our experimental
data to this model.

Assuming thatn is a constant throughout the film, the
fractional change in transmission of the probe beam is given
by

DT

T
= − nsd, s3d

whered is the film thickness ands is theT1→Tn absorption
cross section. Expressions for the in-phasesXd and out-of-
phasesYd signal recorded on the lock-in amplifier may be
found by solving Eqs.s1d and s2d for the Fourier terms os-
cillating at frequencyv,

SDT

T
D

X
= − SgGt

2
DS v1t

sv1td2 + svtd2Dsd, s4d

SDT

T
D

Y
= SgGt

2
DS vt

sv1td2 + svtd2Dsd, s5d

where

v1t = S t

tB
DÎ−

1

2
fsvtBd2 − stB/td2 − 2g +

1

2
ÎfsvtBd2 + stB/td2 + 2g2 − 2

and

tB =
1

ÎgGb
.

At high laser intensities theY-channel signal saturates.14

This saturation allows a straightforward determination of the
bimolecular recombination constantb, provided the absorp-
tion cross sections is known:

b =
vsd

sDT/TdY,sats2 +Î2d
. s6d

The remaining parameterst andg may be fitted from a plot
of induced absorption against the absorbed laser intensity. In
this treatment we have neglected the spatial variation ofn
within the film; however, we still obtain good fits to our data.

Theoretical calculation of theT1→Tn absorption cross
section in PPV and F8BT was carried out as follows: DFT
calculations of the lowest triplet stateT1 were performed
using Becke’s three-parameter hybrid functional B3LYP
sRefs. 15 and 16d within the unrestricted formalism and a
6-31G basis set.17,18 The calculation of theT1→Tn absorp-
tion spectra was carried out at the time-dependent density
functional theorysTD-DFTd level.19,20All calculations were
performed using theGAUSSIAN 98 srevision A.11d suite of
programs.21
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III. RESULTS AND DISCUSSION

Figure 1 shows the PIA spectra for films of pristine F8BT
and PFB and a 1:1 blend of F8BT:PFB measured at 10 K.
The spectra have been normalized for ease of comparison but
it should be noted that the F8BT:PFB blend showed an ab-
sorption approximately 10 times stronger than either of the
pristine polymers.

All the materials show a broad absorption, F8BT and
F8BT:PFB peaking close to 1.5 eV and PFB at 1.35 eV.T1
→Tn transitions in this energy range are typical for conju-
gated polymers, and hence we assign these absorptions to the
triplet state. We also note that the spectrum presented here
for F8BT is the same as that of Dhootet al.10 for F8BT
spin-coated from xylene solution and is also spectrally simi-
lar to that recorded for polys9,98-dihexylfluorene-
co-benzothiadiazoled sF6BTd by Westerlinget al.14 The trip-
let absorption in PFB shows two peaks, at 1.35 eV and
1.83 eV. These show identical recombination kinetics as de-
termined from frequency and intensity dependences of the
absorption signalsnot shownd. They therefore appear to arise
from the same triplet exciton species. Similarly, the shoul-
ders at 2.25 eV and 1 eV in the F8BT and F8BT:PFB spectra
show identical recombination kinetics to the main peak. If
any absorptions due to photogenerated charges are present in
the F8BT:PFB spectrum, they are obscured by the much
stronger triplet absorption.

The triplet absorption in F8BT:PFB is spectrally very
similar to that in F8BT and is unchanged if the excitation
wavelength is changed to the UV so as to excite the PFB in
addition to the F8BT. This suggests that efficient energy
transfer from PFB to F8BT takes place in the blend. This is
consistent with a lower triplet energy in F8BT, as expected
from the lower energy gap in F8BTs2.32 eV compared with
2.84 eV in PFBd given that the exchange energy in conju-
gated polymers is usually insensitive to their chemical
structure.22

Figure 2 shows the strength of the induced absorp-
tion measured at the triplet peak of 1.5 eV for films with
blend ratios of 1:1, 5:1, 10:1, 25:1, 50:1, 100:1, and 100:0
F8BT:PFB. The absorbed excitation intensity is 25 mW cm−2

in each case. It is clearly seen that addition of PFB to the
polymer blend strongly increases the magnitude of the triplet
absorption. All the films show similar spectral shapes.

In order to assess whether the increased triplet absorption
in the blend films is due to a change in the ISC efficiency or
due to a change in triplet lifetime, theX- and Y-channel
absorptions at 1.5 eV were measured as a function of the
absorbed intensity, as shown for several illustrative blend
ratios in Fig. 3. The solid lines are logarithmic least-squares
fits using Eqs.s4d ands5d. Figure 3 shows a reduction in the
gradient of theX-channel absorption and a saturation of the
Y-channel absorption at around 75 mW cm−2 of absorbed in-
tensity, as the system moves into a regime dominated by
bimolecular kinetics. The fits to Eqs.s4d and s5d are good,
but not perfect; theX-channel saturates more strongly than
predicted, and theY-channel saturation is not complete. We
believe that this deviation may be due to the approximations
made in deriving Eqs.s4d ands5d, in particular the neglect of
higher Fourier components in the square-wave excitation and
the neglect of variation of the excitation intensity through the
thickness of the film. Both these effects may play a role at
higher excitation intensities when the system is in a nonlin-
ear regime.

In order to extract the intersystem crossing efficiencyg
for the blend films we require knowledge of theT1→Tn
absorption cross section. The value for F8BT is not well
established but we note that in previous work cross sections
between 10−16 cm2 and 1.5310−15 cm2 have been estimated
for other conjugated polymers.9,23,24 To resolve this uncer-
tainty we performed quantum chemical calculations to deter-
mine the absorption cross section.

The T1→Tn absorption spectra of F8BT oligomers rang-
ing in size from one to four units were simulated on the basis
of the excitation energies and transition dipole moments, as
computed at the TD-DFT level on the basis of the relaxedT1
geometries. The dynamical polarizabilitya was calculated

FIG. 1. Photoinduced absorption spectra of films of F8BT
scirclesd, PFB sdotted lined, and a 1:1 blend of F8BT:PFBstri-
anglesd at 10 K. The spectra have been normalized to their central
absorption peaks. Excitation for the F8BT and F8BT:PFB materials
was 75 mW cm−2 at 488 nm and for PFB was 280 mW cm−2 mul-
tiline UV excitation s351 nm and 364 nmd.

FIG. 2. Magnitude of the triplet induced absorption at 1.5 eV
under 25 mW cm−2 of laser excitation for various blend ratios
F8BT:PFB.
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assuming Lorentzian line shapes with half width at half
maximum sHWHM or aLd values of 0.125 eVswhich best
fits the experimental line widthd. Absorption cross sectionss
were then calculated from

s =
v

c«0
kImsadl, s7d

wherev is the incoming frequency,c the speed of light,«0
the permittivity of vacuumslocal field factors are neglectedd,
and kImsadl is the imaginary part of the dynamical polariz-
ability averaged over the three spatial directions.

As an example, the simulated transient absorption spec-
trum for a triplet exciton on a representative F8BT oligomer,
sF8BTd3, is compared to that for a phenylenevinylene oligo-
mer of similar physical length,sOPVd5, in Fig. 4. sT1→Tn

absorption spectra for PV oligomers, which were previously
reported,25 were kindly provided by Dr. A. Pogantsch.d Fig-
ure 4 shows that whilesOPVd5 has a single strong resonance
located at,1.6 eV, at least three optical featuressreferred to
as I, II, and III in Fig. 4d can be identified forsF8BTd3.
Importantly, the cross section for the mainT1→Tn absorp-

tion peak for sOPVd5 greatly exceeds that of any of the
sF8BTd3 triplet-state absorptions. The inset to Fig. 4 shows
that the cross section of band II in F8BT oligomers exhibits
a weak chain-length dependence in comparison to the main
transient absorption in oligophenylenevinylenes.

These results can be rationalized from a detailed analysis
of the triplet excited-state wave functions. In the case of the
F8BT oligomers, this analysis indicates thatsad the lowest
triplet stateT1 is mostly localized on a single BT subunit,sbd
the final triplet state reached upon excitation into band I is
formed by one-electron excitations between molecular orbit-
als sMO’sd that are almost completely localized on BT sub-
units, scd band II arises from excitations involving occupied
and unoccupied MO’s that extend over neighboring F8 and
BT subunits, andsdd band III is formed by charge-transfer
excitations from delocalized occupied MO’s with large con-
tributions on F8 units to empty MO’s confined on BT units.
It thus appears that the relatively small cross sections calcu-
lated for representative F8BT oligomers result from the
weaker electronic interactions between monomers in the
F8BT copolymer scompared to the interunit interactions
in OPVd. This leads to molecular orbitals and excited-state
wave functions that areless delocalizedand aredistribution
of the T1 absorption cross section among several higher-
lying triplet excited states with different nature and localiza-
tion.

The simulated triplet spectrum in Fig. 4 compares well to
the measured spectrum in Fig. 1. In particular, the experi-
mental spectrum shows a weak shoulder at,1 eV, a main
band at,1.5 eV, and an additional feature superimposed on
ground-state bleaching at,2.5 eV, which we assign to the
calculated bands I, II, and III, respectively. The calculated
cross section amounts to,2310−16 cm2 at ,1.3 eV sband
II d for sF8BTd3 fcompared to,10−15 cm2 at ,1.6 eV for
sOPVd5g. Note that sid because of the weak chain-length

FIG. 3. Intensity dependence of the induced absorption at
1.5 eV for F8BTscirclesd, F8BT:PFB 25:1ssquaresd, and 1:1stri-
anglesd. The X channel is shown insad and theY channel insbd.
Solid lines are fits to Eqs.s4d ands5d. The blends show a crossover
from monomolecular kinetics to bimolecular kinetics at around
75 mW cm−2, indicated by a square root dependence of theX chan-
nel and saturation of theY channel.

FIG. 4. Simulated theoreticalT1→Tn absorption spectra of
sF8BTd3 ssolid lined andsOPVd3 sdashed lined oligomers. The inset
shows the evolution of the absorption cross sectionsACSd depend-
ing upon the oligomers’ physical lengthsband II in the case of
F8BT oligomersd; the numbers beside the calculated points indicate
the number of subunits.
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dependence, the cross section obtained for the F8BT trimer
should be close to the polymer value andsii d the results
reported here for oligophenylenevinylenes are consistent
with those reported previously from a combined experimen-
tal and theoretical investigation of alkoxy-substituted PPV
derivativesfof order 10−15 cm2 sRef. 9dg.

Most importantly, our calculations indicate that theT1
→Tn absorption cross sections aresignificantly smallerin
F8BT compared to PPV. Sinces has not yet been experi-
mentally measured in F8BT, we adopt the theoretical value
of 2310−16 cm2 as the cross section for the 1.5-eV peak in
the experimental system.

With the theoretical value for the cross section estab-
lished, the ISC efficiencyg, triplet monomolecular lifetime
t, and bimolecular recombination constantb may be ex-
tracted from the intensity dependences for each blend ratio.
These are listed in Table I. For comparison, the PFB triplet
absorption, measured at its peaks1.35 eVd, is also included
sassuming a similar cross section to F8BTd. We additionally
note that we have used the same value of the cross section
for each blend ratio. This is justified by the lack of large
spectral changes as the blend ratio is changed, suggesting
that the same absorbing species is present in each blend.

Table I shows that the ISC efficiencyg increases strongly
as the ratio of PFB is increased in the F8BT:PFB blend.g
increases from 0.019 in pure F8BT to a maximum of 0.24 in
the 5:1 blend. We note that the absolute value ofg which we
extract is inversely proportional to the value ofs used.
Hence, if the true value ofs is larger than the predicted
value of 2310−16 cm2, our value ofg will be an overesti-
mate. However, any error in the cross section will affect each
blend equally, and hence our results unambiguously demon-
strate a strong increase in ISC efficiency in the F8BT:PFB
blend as compared to the pristine polymer.

Table I additionally shows that as PFB is added to the
blend, the monomolecular lifetimet increases from around
1 ms in pure F8BT to a maximum of 3.75 ms in the 5:1
blend. The bimolecular recombination constantb drops from
1.72310−15 cm3 s−1 in F8BT to a minimum of 2.28
310−16 cm3 s−1 in the 10:1 blend. In the blends, the F8BT

chains on which the triplet exciton resides are increasingly
separated from each other. Triplet interchain movement is
therefore impeded and the triplet mobility decreased, thus
decreasing the rate of triplet-triplet annihilationb. Reduced
triplet mobility also explains the observed increase in mono-
molecular lifetimet, due to the decrease in the rate of exci-
ton quenching at impurity or defect sites.

We hypothesize that the enhanced ISC seen in the blends
is mediated by the interfacial species which are known to be
formed on photoexcitation in these systems. The populations
and dynamics of these states are highly sensitive to electric
fields,6 and we have therefore measured PIA in semitranspar-
ent device structures under applied electric fields. Figure 5
shows the field dependence of the magnitude of the PIA peak
at 1.5 eV in a F8BT:PFB 1:1 blend device. The device was
operated at 150 K and excited with an intensity of
,300 mW cm−2 at 488 nm. The data are plotted as the frac-
tional change in triplet absorption at an applied fieldE as
compared to that under no applied fieldfsDTE−DT0d /DT0g.
The effect of the electrical field on the PIA spectrum was
measured by exciting the device with an unmodulated laser
and modulating the field between zero and −0.1 V nm−1. The
change in transmission measured by the lock-in amplifier
was then normalized by the unmodulated transmission at
each wavelength, to produce the spectrum shown in the inset
to Fig. 5.

Figure 5 shows that the effect of the field is to reduce the
intensity of the triplet absorption. At fields less than
0.08 V nm−1 this effect is symmetric about zero bias, despite
the fact that the current through the device was highly asym-
metric, being very much higher under forward bias. There is
an asymmetry at very high forward biases where the current
through the device was very highs.5 mAd. This indicates
that any quenching of the triplet by interaction with charges
is only significant at high forward biases. No reduction in the
intensity of triplet absorption is seen in control devices fab-
ricated with F8BT alone, indicating that the field has no

TABLE I. g sintersystem crossing quantum efficiencyd, t
smonomolecular lifetimed, andb sbimolecular recombination con-
stantd for F8BT, PFB, and a range of F8BT:PFB blend films. These
parameters were obtained from fitting Eqs.s4d ands5d to the inten-
sity dependence of the triplet induced absorption.

Material g t smsd b scm3 s−1d

F8BT 0.019 0.981 1.72310−15

F8BT:PFB 100:1 0.047 1.30 7.74310−16

F8BT:PFB 50:1 0.053 1.58 7.24310−16

F8BT:PFB 25:1 0.082 1.68 4.34310−16

F8BT:PFB 10:1 0.124 2.75 2.28310−16

F8BT:PFB 5:1 0.240 3.75 4.00310−16

F8BT:PFB 1:1 0.200 2.07 3.60310−16

PFB 0.034 8.35 7.93310−16
FIG. 5. Field-induced quenching of the photoinduced triplet ab-

sorption at 1.5 eV in an F8BT:PFB device at 150 Kscirclesd. The
data are plotted as the relative change in absorption at each applied
field. The solid line is a fit to an Onsager recombination process, as
described in the text. The inset shows the field-modulated-induced
absorption spectrum, under an applied field of −0.1 V nm−1 and
laser intensity of,300 mW cm−2.
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effect on the tightly bound triplet excitons once formed.
Morteani et al. have shown that the effect of an electric

field in F8BT:PFB blends is to dissociate the geminate
charge pairs formed after charge transfer at the hetero-
junction.6 Exciplexes are formed by relaxation of these
charge pairs, and hence the electric field suppresses the for-
mation of exciplexes. The reduction in triplet population
seen in Fig. 5 follows a similar field dependence to that seen
for exciplexes. At low fields it fits well to an Onsager model
for charge pair separation with a permittivity of 3.4 and an
initial geminate charge separation of 3.0 nm, similar to the
values reported by Morteaniet al.6 The inset to Fig. 5 shows
a quenching of the PIA signal across most of the spectrum,
but a small enhancement below about 1.4 eV. This is consis-
tent with an absorption at low energies due to long-lived
charges which are produced on dissociation of geminate
charge pairs.

We propose that the enhanced ISC seen in the blends
takes place in the charge-separated states formed after photo-
induced charge transfer, either in the geminate charge pair or
in the exciplex itself. Both these states have much smaller
electron-hole wave function overlap than the intrachain sin-
glet exciton and hence have a small exchange energy, con-
sistent with more rapid ISC. After ISC takes place, the ex-
cited state then has the opportunity to relax further to form
an intrachain triplet exciton by an exothermic process. Since
the charge-separated state can in principle also undergo fur-
ther ISC back to the singlet state, the yield of triplet excitons
depends on the ISC rate and on the relaxation rates for sin-
glet and triplet charge-separated states to form singlet and
triplet excitons, respectively.

As the amount of PFB in the F8BT:PFB blend increases,
the probability that a singlet exciton reaches an interface and
therefore can undergo interface-mediated ISC increases,
leading to an overall enhanced ISC efficiency as observed.
An electric field acts to dissociate the geminate charge pairs,
thus reducing the probability that ISC will take place.

The high value ofg recorded in the F8BT:PFB blend
would imply that triplet formation is a significant nonradia-
tive loss mechanism for the decay of photoexcited singlet
excitons and that the low photoluminescence efficiency of
F8BT:PFBf16% compared to 55% in pure F8BTsRef. 4dg is
in part due to enhanced ISC, in addition to charge separation
at the polymer interfaces. However, further experimental
work is required to confirm the value ofs in these systems
before a fully quantitative picture can be obtained. We note
that triplet formation provides a possible loss mechanism in
polymer photovoltaic devices, since tightly bound intrachain
triplet excitons are not likely to be dissociated into charges.
F8BT:PFB blends show promising performance in photovol-
taic devices, with short-circuit quantum efficiencies in excess
of 20%,26 but to improve these efficiencies further, triplet
formation is a loss mechanism which must be taken into
account.

Exciplex-moderated ISC has been previously studied
in several organic exciplex systems in nonpolar solv-
ents. These include anthracene/anilines,27,28 trans-stilbene/
trialkylamine,29 1,4-dicyanonaphthalene/methoxy- and
methyl-substituted benzenes,30 and pyrene/tertiary amines.31

Another polymer system which exhibits exciplex forma-

tion is the blend of F8BT with poly(9,9-dioctylfuorene-
co-N-s4-butylphenylddiphenylamine) sF8BT:TFBd. Unlike
F8BT:PFB, this system produces highly efficient LEDs.5 We
have performed PIA measurements on a 1:1 F8BT:TFB
blend as a function of incident intensity, and this system also
yielded an enhanced ISC efficiencyg of 0.09 at 10 K, again
usings=2310−16 cm2. This value ofg, which is consider-
ably smaller than that in F8BT:PFB, places an absolute upper
limit of 91% on the singlet fraction in F8BT:TFB LEDs. This
value is certainly consistent with the high LED efficiencies
which are observedshowever, a direct comparison is not pos-
sible due to the very different temperatures involvedd. The
singlet fraction in the LED may in fact be lower due to
direct formation of triplet charge-separated states by recom-
bination; however, we note that it has proved difficult to
detect triplet excitons from their absorptions in F8BT:TFB
LEDs.10

Since our measurements rely on photoexcitation, they do
not provide direct information about the population of triplet
excitons in working LEDs. However, they do provide useful
information about the spin dynamics of the charge-separated
states which are a precursor to exciton formation in LEDs.
Two criteria are required to achieve a singlet fraction of more
than 25% in an LED. First, the rate of formation of singlet
excitons from charge pairs must be larger than the rate of
formation of triplet excitons. Second, the spin state of the
charge pairs must be efficiently mixed in order to provide a
steady supply of charge pairs able to form singlet excitons.
Our measurements provide evidence for a measurable ISC
rate in the charge-separated states which are a precursor to
exciton formation in polymer blend LEDs. They therefore
show that mixing of the spin state of coulombically bound
charge pairs is possible, consistent with high singlet frac-
tions.

IV. CONCLUSION

We have shown that ISC in F8BT:PFB blends is approxi-
mately 10 times more efficient than that in F8BT alone, lead-
ing to an increased triplet exciton population after photoex-
citation in the blend system. Furthermore, we have
calculated theT1→Tn absorption cross section to establish
an estimate of the ISC efficiency. We attribute the enhanced
efficiency to enhanced ISC in the charge-separated states
formed at the F8BT:PFB interface. Application of an electric
field acts to dissociate these charge-separated states before
ISC can occur, thus reducing the population of triplet exci-
tons. Intersystem crossing within charge-separated pairs is an
important process determining LED efficiency but further
experimental work is required to clarify the effect in a device
architecture.
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