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Time-resolved measurements of photoinduced electron transfer from polyfluorene to C60

Qing-Hua Xu, Daniel Moses,* and Alan J. Heeger
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~Received 23 December 2003; revised manuscript received 8 April 2003; published 27 June 2003!

The excited state dynamics of polyfluorene and the dynamics of the photoinduced electron transfer from
polyfluorene to a C60 derivative have been studied with time-resolved pump-probe measurements at low
excitation density. Using the stimulated emission and photoinduced absorption spectra, the decay of the neutral
excited state and the growth of the ionic excited state have been time resolved; the photoinduced charge
transfer reaction occurs with a characteristic time constant of approximately 3 ps.
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I. INTRODUCTION

Advances in ultrafast spectroscopic techniques1,2 have en-
abled the study of photoinduced processes in semiconduc
~p-conjugated! polymers in real time.3 Ultrafast studies, us-
ing laser pulses with wavelengths in the spectral range f
the ultraviolet-visible to the midinfrared, have contributed
the understanding of the underlying photophysics of t
class of electronic polymers.3–7

Ultrafast photoinduced electron transfer from poly~phe-
nylene vinylene! ~PPV! and its soluble derivatives to C60 and
its derivatives has been reported.8,9 The ultrafast charge
transfer and the associated high quantum efficiency
charge separation provide a pathway for the developmen
high efficiency photodetectors and photovoltaic cells fab
cated fromp-conjugated polymers.10 Moreover, since C60
and its derivatives stabilize the charge separation by ph
induced electron transfer, the study of such polymer/C60 mix-
tures creates an opportunity to probe the nature of the p
toexcitations in semiconducting polymers.

In this work, the excited state dynamics of polyfluore
~PFO! and the dynamics of the photoinduced electron tra
fer from PFO to a C60 derivative have been studied wit
time-resolved pump-probe experiments carried out un
low excitation intensity. As high efficiency blue-emitting m
terials, the polyfluorenes are promising for use in full-co
displays.11 Moreover, copolymers of PFO are the only fami
of conjugated polymers that emit colors spanning the en
visible spectrum.11

We report here ultrafast measurements of the phot
duced transient absorption spectra of a blend of polyfluor
with a C60 derivative. Both the decay of the neutral excit
state and the growth of the ionic, charge-separated state
been time resolved. The photoinduced charge transfer r
tion occurs with a time constant of approximately 3 ps.

II. DETAILS OF THE EXPERIMENT

The ultrafast pump-probe experiments were perform
using a Spectral-Physics amplified Ti:sapphire system to
duce 150 fs~full-width at half-maximum! pulses with a cen-
ter wavelength of 800 nm at a repetition rate of 1 kHz. T
800-nm beam was split into two parts. The stronger be
was frequency-doubled through a nonlinear~BBO! crystal to
generate the 400-nm pump beam. The weaker beam wa
0163-1829/2003/67~24!/245417~5!/$20.00 67 2454
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cused onto a 1-mm sapphire plate to generate the white
continuum which was also split, with one beam serving
the probe beam and the other serving as the reference b
The probe was delayed with respect to the pump by
computer-controlled translation stage. The 400-nm pu
was focused onto the sample with a beam size of;500mm.
The probe beam was focused onto the same spot but w
smaller size to make certain that only the photoexcited
gion was probed. The signal was detected using a sili
photodiode and a lock-in amplifier after passing through
Oriel tunable bandpass filter~for 400–700 nm! or an inter-
ference filter~for 750 and 850 nm! to select the detection
wavelength. Except for measurements of the pump flue
dependence, the pump beam was attenuated to;10 mJ/cm2,
well below the onset of bimolecular~fluence dependent! pro-
cesses which are observed at fluence levels levels gre
than 25mJ/cm2. For all experiments, consecutive measu
ments at the same spot were carried out, and reproduc
results were obtained; there was no observable optical d
age during the measurements.

The poly~9,9-dioctylfluorene! ~PFO! sample was pur-
chased from American Dye Source, Inc.~ADS129BE!. Sev-
eral sources of PFO were examined. Care was taken
choose material with no indication of undesired green flu
renone emission between 2.2 and 2.4 eV.12 The steady state
spectra of the PFO films used in this study~cast from chlo-
roform! are characteristic of the best available PFO.

The C60 derivative, 1-(3-methoxycarbonyl)-propyl-
1-phenyl@6,6#C61 ~PCBM! was obtained from Professo
Fred Wudl ~UCLA!. All films ~both pristine PFO and the
PFO/C60 blend! were prepared by spin-casting on quartz su
strates from chloroform solution~10 mg/ml!, with an optical
density of;1.2 at the absorption maximum. To prevent a
gregation, the solution was heated to 65 °C for 10 min a
then cooled to approximately room temperature before s
casting. The spin-cast films were subsequently baked for
at 60 °C to remove any residual solvent. Using a dry/glo
box filled with nitrogen, the sample was loaded into
vacuum chamber which was subsequently kept under a
namic vacuum (,1025 mbar) during the experiment.

In these initial experiments, a PFO/C60 blend contain
17% weight/weight C60 was chosen to study the electro
transfer dynamics. At this concentration, the absorption
400 nm is dominated by the PFO. Thus we can be confid
that we are pumping into thep-p* transition of the PFO
©2003 The American Physical Society17-1
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with subsequent electron transfer to the C60 derivative. Based
on the earlier work on MEH-PPV/C60,13 the underlying
photo-physics can be properly characterized at this inter
diate concentration. A more thorough investigation of t
concentration dependence will be carried out in future st
ies.

III. RESULTS AND DISCUSSION

A. Steady state measurements

After addition of the PCBM, the absorption spectrum
the PFO/PCBM blend is a superposition of the absorpt
spectra of the two components; no new absorption featur
observed~Fig. 1!. However, the strong fluorescence of t
pristine PFO film is quenched by a factor of;28 in the
blend with 17% weight ratio of PCBM. The quenching su
gests efficient photoinduced electron transfer between
cited PFO macromolecules and the C60 derivative. Based on
the energy levels of the two species, efficient photoindu
electron transfer is expected. The energies of the top of
p-band and the bottom of thep* band of PFO are sketche
in Fig. 1 along with the highest occupied molecular orbi

FIG. 1. ~a! Absorption and fluorescence spectra of PFO~gray
solid lines! and 17% wt ratio PFO/C60 blend ~black dot-dashed
lines!. The dotted line is the absorption spectrum of the C60 deriva-
tive. The absorption and emission spectra of the pristine PFO fi
were normalized. The emission spectrum of the blend was resc
to account for the small difference of the absorption maximum
direct visualization of the quenching effect. The molecular struct
of the PFO and PCBM are shown in the inset.~b! Schematic energy
diagram of thep andp* bands of PFO and the LUMO and HOMO
levels of C60. The energy level values are with respect to t
vacuum level.
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~HOMO! and lowest unoccupied molecular orbital~LUMO!
of C60.14,15 Based upon these energies, it is energetica
favorable for electron transfer from the excited state of P
to the LUMO of C60. On the other hand, since the HOMO o
C60 is lower in energy than the top of thep band of PFO, the
hole will remain on the semiconducting polymer. During t
electron transfer process, energy can be conserved by
moting the hole left behind to a higher energy state with
the p band.16

B. Wavelength dependent measurements
of the pristine PFO film

The excited state dynamics of conjugated polymers ty
cally exhibit a strong dependence on the pump fluence.17,18

When the pump fluence increases, nonlinear processes~bi-
molecular exciton-exciton annihilation, etc.! cause the ex-
cited state to decay faster. In our earlier experiments on p
fluorene, a strong dependence on the pump fluence
observed.19 Moreover, since previous studies on polyfluore
by other research groups were also carried out at relativ
high excitation densities,4,5,20 nonlinear processes were typ
cally dominant. We found that nonlinear fluence depend
decay occurs at pump fluence greater than 25mJ/cm2. Thus
to to avoid the complication of such bimolecular process
we used a pump fluence of 10mJ/cm2 to study the photo-
induced electron transfer process.

Three major features in the visible to near infrared reg
are typically observed in transient absorption studies
polyfluorene:4,5,20a stimulated emission~SE! band on the red
side of the absorption spectrum~SE region, 420–500 nm!, a
photoinduced absorption~PA! band on the red side of the S
region, peaking at;600 nm (PA2) and a second photo
induced absorption band in the near-infrared~IR! with a peak
at ;800 nm (PA1). In earlier publications,4,5,20 PA1 and SE
were characterized as having similar dynamics. As a re
the authors attributed both to neutral excitons. Howev
since PA2 exhibited somewhat faster decay dynamics th
those of the SE and PA1, the former was assumed to be
different origin; PA2 was attributed to charge separat
pairs.5,20 Note, however, that Kraabelet al.4 reported oppo-
site results; the decay of PA2 was slower than that of the SE
and PA1.

We carried out a series of single wavelength measu
ments within the visible spectral region. The photoinduc
transient spectra at time delays of 0.5 and 50 ps, respectiv
are reconstructed in Fig. 2~a!. The data are similar to thos
reported in earlier publications~similar spectral features
were observed! ~Refs. 4, 5, and 20!: stimulated emission on
the red side of the absorption spectrum~SE! and photoin-
duced absorption from the visible into the near-IR (PA2 and
PA1). The photoinduced transient spectra at 0.5 and 50
after excitation are quite similar@Fig. 2~a!#, except the am-
plitude is reduced.

Figure 2~b! displays several single wavelength measu
ments with the wavelengths selected to represent the dyn
ics of the three different regions. The PA1 band has a peak a
800 nm. Since our measurements at 750 and 850 nm sho
identical decay behavior, the data at 750 nm is chosen
represent the dynamics of the PA1 band. The decay profiles
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for wavelength at 560, 580, and 600 nm showed no obs
able difference. Thus, the 580-nm data were selected to
resent the dynamics of the PA2 band. After normalization,
the dynamics in the three different regions show no sign
cant difference~within the experimental error! at low excita-
tion density. In the earlier studies of polyfuorene, the de
of PA2 was usually observed to be faster than those of P1
and SE region.20 As noted, however, the opposite result h
also been reported.4 Different experimental conditions, suc
as excitation density or sample quality, must be respons
for such inconsistencies.

At 540 or 530 nm, the decay becomes slightly faster@Fig.
2~b!#. If these wavelengths were chosen to represent the
namics of PA2 , the data would be consistent with those r
ported previously.5,20 Note, however, that because 540 or 5
nm are close to the isosbestic point~;515 nm! of the posi-
tive stimulated emission and negative photoinduced abs
tion, the differences might arise from a subtle crossover
fect associated with the evolutions of the two differe
spectral regions. Following pulsed photoexcitation, the fl
rescence or stimulated emission spectra usually shift to
red in the picosecond time scale due to excitation migra
from short conjugation segments to long conjugation s
ments and geometric relaxation processes.21–23 For wave-
lengths on the red edge of the fluorescence spectrum,
time-dependent shift will result in a gradual increase of
stimulated emission signal before it decays. This well-kno

FIG. 2. Photoinduced dynamics in pristine PFO~a! photoin-
duced transient spectra at 0.5 and 50 ps delay times.~b! Decay
dynamics at four different detection wavelengths: 480, 540, 5
and 750 nm.
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phenomenon21–23was also observed in our experiments. Th
evolution of the positive stimulated emission contributi
has the effect of making the overall negative signal appea
decay more rapidly.

C. Wavelength dependent measurements
in PFOÕPCBM blends

The pump-probe experiments were carried out on
PFO/PCBM blends under the same experimental conditio
The transient spectra at different time delays were rec
structed~Fig. 3!. Although the transient spectrum shape
0.5 ps is quite similar to that of the corresponding pristi
PFO film, the transient spectrum in the blend decays m
faster than that in the pristine PFO film. The amplitude at
ps is only;1/3 of that at 0.5-ps-time delay, with no signifi
cant change in the spectral shape. However at longer d
times, e.g., 50 ps, the entire transient spectrum is domin
by photoinduced absorption.

Figure 4 shows the single wavelength measurements
the same four detection wavelengths used to obtain the
in Fig. 2~b!. The corresponding data obtained from the pr
tine film are also included in Fig. 4 for comparison. At a
four wavelengths, the decay in the blend is much faster t
in the pristine film, consistent with ultrafast electron trans
from the PFO excited state to C60 ~the photoinduced electron
transfer eliminates the initially created species!. The signals
in the blend start to decay immediately and quickly relax
a negative, wavelength dependent level, which is the spe
signature of the photoinduced absorption of the charge s
rated state~see Fig. 4!. After subtraction of the photoinduce
absorption characteristic of the charge separated state at
wavelength and normalization of the curves, the decay p
files from the blend with C60 at the four wavelengths, 480
540, 580, and 750 nm, show essentially identical de
~Fig. 5!.

The electron transfer~ET! rate can be extracted by fittin
the decay of the stimulated emission~or photoinduced ab-
sorption!. At 480 nm, the decay toward the negative offset

,

FIG. 3. Photoinduced transient spectra of PFO/PCBM blend
0.5-ps ~open circles!, 3.0-ps ~open triangles! and 50-ps ~solid
squares! time delays. Note that the 50-ps data are multiplied b
factor of 5 for the convenience of comparison. Several single wa
lengths are indicated with arrows.
7-3
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not a simple exponential; it can be approximated as a
exponential function with time constants of 1.2 ps~63.7%!
and 5.9 ps~36.3%!. The apparent distribution of time con
stants may correspond to a range of ET rates associated
different distances between the excited PFO donors and
C60 acceptors. The overall decay time is approximately 3
compared with the overall decay rate of 78 ps in the prist
film. This significantly faster decay is consistent with t
observation of fluorescence quenching by a factor of
proximately 28.

The negative photoinuced absorption at longer times c
responds to the transient absorption of the charge-sepa
state. Its decay, i.e., the back electron transfer process,

FIG. 4. Wavelength dependent decay dynamics in a PFO/PC
blend~solid circles!: 480 nm~a!, 540 nm~b!, 580 nm~c!, and 750
nm ~d!. The corresponding dynamics in the pristine film~open tri-
angles! is also plotted in the same curve for comparison.

FIG. 5. Demonstration of ultrafast electron transfer and cha
generation in the PFO/PCBM blend: pump-probe measuremen
different detection wavelengths: 480 nm~open triangles!, 515 nm
~solid circles!, 540 nm~open circles!, 580 nm~open squares!, and
750 nm~open stars!. After subtraction of the long time offset cha
acteristic of the charge separated state, the 480-, 540-, 580-,
750-nm data were normalized.
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not be resolved within the time scale of our experiments. T
lifetime of the charge-separated state in MEH-PPV/C60 blend
has been determined to be on the time scale ofms.14,24

A comparison of the decay dynamics in the PFO/C60
blend and pristine PFO film at identical wavelengths~Fig. 4!
shows that the electron transfer rate is faster than any c
peting process. As a result, the charge separation efficie
should be close to unity in the PFO/C60 blend. At long delay
times, e.g., 50 ps after the electron transfer process has
ished, all the initially created excitations will be transform
into the charge separated state; i.e., electrons in the LU
of PCBM (C60

2 ) and positive polarons (P1) in the PFO.
However, the absorption of C60

2 has been reported to be at 1
eV ~1100 nm!,25 and will not, therefore, contribute to th
spectrum in Fig. 4. Thus, the absorption resulting from
positive polarons in PFO spans the spectral region from
to 680 nm.

It can also be seen from Fig. 3 that after charge sep
tion, the absorption of the charge-separated state is at
five times weaker than the initial photoinduced absorption
the PA2 region~e.g., 0.5 ps!, suggesting that photogenerate
carriers make a relatively minor contribution to the photo
duced absorption in the pristine PFO film.

The electron transfer process can also be visualized
the growth of the PA from the charge transferred state
probing at the isosbestic point, 515 nm, where the SE
photoinduced absorption of the pristine PFO cancel one
other~at 515 nm there is a significant contribution to the P
from the charge separated state!. Thus, an increase in PA i
expected at this wavelength with the evolution of the cha
transferred state.

As shown in Fig. 5, this is exactly what was observed
the experiments. The solid curve in Fig. 5 is the increa
predicted from the decays at the other wavelengths, ass
ing a photoinduced charge transfer reaction with specieA
~the excited neutral PFO! evolving into speciesB ~the charge
transferred state!. The decays at 480, 540, 580, and 750 n
exactly match the rise of the charge-separated state abs
tion at 515 nm. As in MEH-PPV/C60 blends,17 the PA char-
acteristic of the charge separated state is metastable; the
charge transfer cannot be resolved within the time scale
our experiments; charge separation is stabilized by the e
tron transfer to C60.

The electron transfer rate from PFO to C60 is significantly
slower than in the MEH-PPV/C60 system,9,14 although it is
energetically more favorable~more exothermic! in PFO/C60
@Fig 1~b!#. Such a behavior is predicted from Marcus theo
for electron transfer and referred to as the ‘‘invert
region.’’ 26 A similar ‘‘slowing’’ of the ET rate has been pre
viously reported by Janssenet al. in their study of photo-
induced electron transfer from MEH-PPV to different ele
tron acceptors.27

The similar decay dynamics of the three spectral featu
observed for pristine PFO suggests that a single initial e
tation, the neutral exciton, is responsible for the stimula
emission and photoinduced absorption at low excitation d
sities. This tentative conclusion is consistent with rec
photoinduced absorption studies of PFO by Cadbyet al.;28

they did not observe the infrared active vibrational mod
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which are the unambiguous signature of free carriers.6,7,29

Note, however, that the ratio of the excitonic and char
separated contributions might vary with the excitation d
sity since it has been reported that the contribution of
charge-separated state can be greatly enhanced at highe
citation density.5 Under the low excitation density used in th
measurements reported here, the initial excitation appea
be a neutral exciton.

IV. SUMMARY

We have reported the results of time-resolved meas
ments on the excited state dynamics of polyfluorene and
photoinduced electron transfer reaction of polyfluorene w
a C60 derivative~PCBM!. With 17% PCBM by weight in the
PFO/PCBM blend, the electron transfer process is found
be biphasic, with a fast component of 1.2 ps and a s
component of 5.9 ps. The electron transfer stabilizes
charge generation and allows the absorption spectrum o
charge-separated~ionic! state to be determined. In th
charge-separated state, photoinduced absorption is obse

*Author to whom correspondence should be addressed. Emai
dress: moses@ipos.ucsb.edu

1G. R. Fleming,Chemical Applications of Ultrafast Spectroscop
~Oxford University, New York, 1986!.
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C60 derivative is still faster than any competing process.
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