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Investigation of photoexcitations of conjugated polymer/fullerene
composites embedded in conventional polymers
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A promising approach to improve the processability of semiconducting polymers is their
incorporation into host matrices formed by conventional polymers such as polyethylene~PE! or
polystyrene~PS!. We have characterized the linear optical properties of several guest–host systems
by absorption and luminescence measurements and probed the excited states by photoinduced
absorption measurements~PIA! and light induced electron spin resonance~LESR!. The interesting
photophysics of conjugated polymer/fullerene donor–acceptor system, showing an ultrafast
photoinduced electron transfer and a metastable charge separation in the pristine state, has been
investigated in such composites where the photoactive components are further embedded into a
conventional polymer matrix. The composition of the blend and the relative concentration of the
components are found to strongly influence the photoinduced interaction between the conjugated
polymer and the fullerenes~C60 and functionalized fullerenes!. Photoinduced electron transfer
between a soluble polyphenylenevinylene~PPV! derivative and C60 is observed in a system with PS
as host when the concentration of the both electroactive components is 33%. In diluted composites
with PS as matrix we find strong luminescence quenching of the PPV derivative but no electron
transfer upon adding C60. Dominant photoexcitations in these PS systems are triplet states as
follows from intensity dependencies and lifetime measurements. In diluted systems with PE as
matrix neither charge transfer nor luminescence quenching has been observed. ©1998 American
Institute of Physics.@S0021-9606~98!51827-2#
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I. INTRODUCTION

The utilization of the strong photoluminescence of co
jugated polymers for light emitting devices resulted in e
phasized research in this class of materials that combine
electronic and optical properties of semiconductors and m
als with the attractive mechanical properties as well as p
cessing properties of polymers.1–4 But also polymer system
exhibiting photoinduced electron and/or energy transfer fi
more and more attraction in the scientific community due
the possibility to utilize these systems for solar ene
conversion.5 The characterization of C60 as an electron ac
ceptor capable of accepting as many as six electrons6 candi-
dates it as the acceptor in blends with conjugated polym
as good photoexcited electron donors. A wide class of th
conjugated polymers and oligomers show a photoindu
electron transfer from the excited state of the conjuga
polymer onto the buckminsterfullerene, C60.

7,8 The stabiliza-
tion of the charge separated state in the conjugated poly
is assumed to result from the stability and delocalization
the positive polaron on the conjugated polymer backbo

a!Corresponding author: Christoph Josef Brabec, Institute of Chemis
Physical Chemistry, Johannes Kepler University Linz, Austria, Altenbe
erstr. 69, A-4040 Linz, Austria/Europe. Electronic mail: christop
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Additionally, the excellent acceptor properties of C60 due to
structural relaxation of the fullerene following the photoe
citation is assumed to help forming long living charges
these composites. The forward electron transfer to C60 occurs
faster than in 1 ps thereby strongly quenching the photo
minescence as well as triplet exciton formation of the con
gated polymer.9 This implies, that this process is efficientl
competing with the dipole-allowed radiative emission as w
as other nonradiative channels. However, the successful
efficient charge separation is influenced by a number of l
iting factors. Generally, the ionization potential of the e
cited state of the donor (I D* ), the electron affinity of the C60

(AC60
) and the Coulomb attraction of the separated radic

(UC) including the polarization effects should match the fo
lowing inequality:

I D2AC60
2UC,0. ~1!

Studies by Janssenet al.10 pointed out, that Eq.~1! is a nec-
essary but not sufficient condition. Some other factors m
inhibit the charge transfer such as a potential barrier prev
ing the separation of the photoexcited electron–hole pai
the morphology of the blend preventing the overlap of t
donor and acceptor excited state wave functions due to
large intermolecular spacings.

y/
-

5 © 1998 American Institute of Physics
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Photoinduced charge transfer phenomena describe
Marcus11,12 showed, that the rate of the forward as well
the back electron transfer depends on the polarity of the
rounding matrix. Recently, increasing emphasis in resea
of conjugated polymers is placed on the engineering
processing of the conjugated polymer in blends and comp
ites with conventional polymers.13–16 In these blends con
ventional polymers with excellent optical and mechani
properties like polymetamethylacrylate~PMMA!, polysty-
rene ~PS!, polyethylene~PE!, polyvinylchloride ~PVC!, or
polycarbonate~PC! can be used as host matrices. The gue
host approach is a sound method to improve the sample q
ity to enable the investigation of one dimensional systems
the following reasons:

~1! In free standing films of these blends, the highly dilut
conjugated polymer, which may be compared to so
solutions, shows less interchain interaction compared
pure films.

~2! Macroscopic ordering and orientation of the conjuga
polymer can be performed by mechanical uniax
stretching of the host polymer.

~3! In polymer blends the conjugated polymers are encap
lated in a highly stable host polymer, which protects t
conjugated polymer against environmental influences

In this work we report results of quasi-steady-state p
toexcitation spectroscopy on conjugated polymer/fullere
composites blended in conventional host polymers. A sc
matic picture of the morphology of such composites is giv
in Fig. 1. The spectroscopical methods used are phot
duced absorption spectroscopy~PIA! in the UV/VIS and
near infrared as well as light induced electron spin resona
~LESR!. The conjugated polymer is in all cases poly@2-
methoxy, 5-(28-ethyl-hexyloxy)-p-phenylene vinylene#,
hereafter referred to as~MEH-PPV!. Three different
fullerenes have been used as electron acceptors,
nonsubstituted C60 and two solubilized fullerenes
PC61BCR ~@5,6#-Phenyl-C61-Butyric acid CholesteRyl! and
PC61BM~Phenyl!C61B~utoxy!M~ethoxy!.17 The structure of
the compounds is shown in Fig. 2. The conventional h
polymers are either PE or PS. In each case we have stu
the conjugated polymer and the fullerene alone in the ma
to investigate the influence of the host on the electroopt
properties of the guest components.

We show that the choice of the host polymer and

FIG. 1. Schematic draw of the conjugated polymer~—full line!/fullerene
@full circle ~d!# embedded in a conventional polymer host matrix@dashed
line ~--!#.
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concentration of the embedded components strongly in
ence the dominant photoexcitation. Surprisingly, in dilut
PS systems we observe luminescence quenching bu
photoinduced electron transfer upon adding C60.

II. EXPERIMENT

MEH-PPV has been provided by the UNIAX Corpor
tion, Santa Barbara. The synthesis is described in
literature.18 Films of MEH-PPV in PE~1 wt % MEH-PPV in
UHMW-PE! have been prepared by gel processing as
scribed elsewhere.19,20 Highly oriented films have been pro
duced by mechanical stretching in a stress–strain rheom
at 110–120 °C alternatively to a route, where films a
stretched by hand over a hot pin. The stretch ratio is appr
mately 10. In the same way the PE/MEH-PPV/fullere
films have been produced. As preliminary investigatio
showed, PE and C60 have a very low miscibility. Therefore
we use a special soluble C60 derivative. The weight ratio of
PC61BCR to MEH-PPV is 2:1.

For the PS blends we have used a Hoechst PS N168.
pure reference systems~either MEH-PPV or C60 in PS! have
been prepared by mixing MEH-PPV or C60 ~2 wt %! with PS
in toluene. After 24 h of mixing free standing films hav
been produced by drop casting on clean microscope sl
and drying under nitrogen flow. The PS/MEH-PPV/C60 films
have been prepared in various concentrations. For the
sorption, luminescence and PIA measurements in the U
VIS following composites have been investigate
PS:MEH-PPV:C605100:2:2,100:2:6, 100:2:10. These, with
respect to the electroactive componentsdiluted samplesare
subsequently referred to aslow, intermediate and highC60

composite.
Composites with equal weight ratios~1:1:1! of

PS:MEH-PPV:C60 have been investigated by LESR me
surements. Photoinduced FTIR and again LESR meas
ments have also been performed on a composite with e

FIG. 2. Chemical structure of MEH-PPV, PC61BCR, and PC61BM.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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weight ratios of PS, MEH-PPV, and a highly solub
fullerene, the PC61BM. Samples from these concentration
hereafter referred to asconcentrated samples, have been pre-
pared from appr. 1 wt % solutions ino-dichlorobenzene
~ODCB! ~for the C60 composite! or xylene~for the PC61BM
sample!.

The absorption spectra are measured on a Hitachi
VIS spectrometer. For taking luminescence spectra sam
have been placed in an evacuated liquid nitrogen bath
ostat. The chopped 488 nm beam of a argon laser serve
pump source. Luminescence is then measured with a m
chromator and a Si photodiode by a lock-in amplifier. T
PIA measurements are made in a two beam technique
chopped argon–ion laser beam is used to generate pho
cited states in the sample, which are detected by analy
the change in transmission of a white light tungsten halo
lamp. Transmission is measured using a lock-in ampli
with a monochromator and a Si detector. In all cases the
standing films have been placed between two sapphire
strates and mounted to a cold finger of the liquid nitrog
cryostat.

LESR measurements are performed on Bruker EM
spectrometer with a 200 MHz broadband bridge with an A1

laser~488 nm, 70 mW! as a pump. Samples were placed in
rectangular high Q cavity with a 50% grid for illumination
Samples for LESR investigations have been prepared
mm Wilmad EPR tubes from solutions with concentratio
as described above. After pouring approximately 0.2 ml
polymer solution into the ESR tube the solvent was eva
rated in inert atmosphere. After complete drying of the film
on the inner side of the tubes samples were covered with
thin film. The tubes are evacuated up to 1025 Torr and
sealed.

Infrared activated vibrational~IRAV ! spectra are studied
on a Bruker IFS 66S spectrometer with a liquid nitrog
cooled MCT detector. Samples are prepared by drop cas
from polymer solution on pressed KBr pellets. After evap
ration of the solvent in a nitrogen flow box, the pellets a
mounted on the cold finger of an evacuated liquid nitrog
bath cryostat with ZnSe windows. The vacuum for all me
surements was better than 1026 Torr. The samples are illu
minated through a 90° geometry quartz window of the c
ostat with 20 mW/cm2 of 488 nm line of an Ar1 laser.
Spectra are recorded by 200 accumulations of 10 dark an
illuminated cycles, to increase the signal to noise ratio.

III. RESULTS

Before the presentation of the experimental results
the MEH-PPV/fullerene guest in the PE or PS host mat
we briefly summarize the spectroscopic results of p
MEH-PPV/C60 blends, where photoinduced electron trans
reactions are well studied.4 A dominant peak in PIA mea
surements at 1.34 eV in pure MEH-PPV films is attributed
triplet–triplet absorption. In addition, several new featu
are observed in composites with C60: a peak around 1.4 eV
a distinct shoulder at 1.18 eV, and a plateau from 1.5 t
eV. Absorption detected magnetic resonance measureme21

show, that the peak around 1.34 eV in pure MEH-PPV a
MEH-PPV/C60 have different natures, being associated w
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triplet states in pristine MEH-PPV films and to spin-1
2 po-

larons in the mixed films.10 In addition to the changes in th
PIA spectrum, the photoluminescence of MEH-PPV
strongly quenched upon addition of C60. Photoinduced elec-
tron transfer is manifested by appearance of two LESR
nals with g factors slightly smaller and larger than two7

These lines are attributed to the C60
2 radical and the positive

polaron on the polymer, respectively.

A. PE composites

Figure 3 shows the absorption spectra of the compos
The onset of absorption for MEH-PPV is observed at 2.1
and the maximum of absorption is at 2.45 eV. These val
are comparable to the literature.22 Compared to the PS
samples, in samples with PE as a host the absorption m
mum of MEH-PPV is slightly blueshifted. A second pea
around 3.7 eV is attributed to fullerene absorption. A furth
absorption peak from MEH-PPV cannot be seen in th
absorption spectra, as the high energy region of the spe
are dominated by the strong fullerene absorption. The r
tive intensity of the peak heights in the absorption spec
allows one to estimate the ratio of fullerene content in
single samples. All absorption data shown here are taken
free standing films produced by drop casting from solutio
yielding films with different thicknesses.

Figure 4 shows the luminescence spectra of the pris
PE/MEH-PPV gel and of a composite with PE/MEH-PP
PC61BCR, the latter has been stretched by approximately
times. Utilizing the enhanced solubility of PC61BCR com-
pared to C60 it was possible to make gels with higher optic

FIG. 3. Absorption data of PE/MEH-PPV/PC61BCR and PS/MEH-PPV
composites with different concentrations of C60 at room temperature. Spec
tra have been recorded from free standing films. The notation of the cu
is: empty squares~h! PE/MEH-PPV PC61BCR, full circles ~d! PS/MEH-
PPV, full squares~j! PS/MEH-PPV/low C60 and full triangles~m! PS/
MEH-PPV/high C60.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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quality. Measurement data are normalized according to
different film thicknesses calculated from the absorpt
spectrum. One can see clearly, that addition of up to 2 w
of fullerenes to the PE/MEH-PPV gel does not quench
luminescence of MEH-PPV. Both spectra show similar
bronic structures. The redshift of 0,05 eV of the sample w
PC61BCR compared to the pure sample may be explained
the higher orientation due to the stretching and is in acc
dance with the literature.16

The PIA spectra of the both samples are shown in Fig
Spectra have been corrected for their different optical de
ties ~OD! via Eq. ~2!

2
DT

Tcorrected
5

2DT

T

12102OD~488 nm!
. ~2!

Pumping with higher intensities of up to 200 mW do
not result in spectral changes. The dominant feature in b
spectra, with and without PC61BCR is a PIA peak at 1.37 eV
This peak with a low energy onset at 1.2 eV is rather bro
and reveals a highly asymmetric shape to the high ene
side. Intensity dependence measurements of the sample
PC61BCR, shown in the inset of Fig. 5, can be fitted be
with a scaling exponent ofa50.53, which indicates a relax
ation mechanism dominated by bimolecular behavior, sim
to unblended MEH-PPV films.23 In spite of the bimolecular
nature, the peak has been generally accepted to arise
triplet–triplet absorption.9,10 Frequency dependent measur
ments have been performed by increasing the chopp
speed and yield a lifetime of the 1.37 eV peak 0.7 ms.
creasing the weight ratio of fullerenes relative to MEH-PP

FIG. 4. Luminescence data of PE/MEH-PPV composites with@hollow
squares~h!# and without@full circles ~d!# PC61BCR at 80 K and 1025 Torr.
The weight ratio between MEH-PPV and PC61BCR is 1:2. For the oriented
sample the 488 nm pump beam is parallel to the stretch direction.
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~4:1 instead of 2:1! further deteriorates the film quality an
results in inhomogeneous gels. Even the highly solu
PC61BCR tends to phase segregate from PE, so that incr
ing the amount of fullerenes only leads to enhanced clus
ing.

B. Diluted PS composites

1. Absorption and luminescence data

Absorption data of PS/MEH-PPV/C60 composites with
various concentrations have already been presented in Fi
One can see how the C60 absorption peak grows with in
creasing amount of fullerenes, indicating that C60 shows less
tendency to form clusters in PS compared to PE. Howe
comparing the fullerene weight percentage of the low and
high C60 sample in the solution~factor of 5! to the ratio of
the absorption peaks in the films~appr. factor of 3!, one can
see that not all of the fullerene molecules mixed into t
solution contribute to the absorption in the film. The heig
of the fullerene absorption peak shows saturation upon
creasing the amount of C60, indicating that PS and C60 are no
longer fully miscible at higher fullerene concentrations. T
onset of MEH-PPV absorption is at 2.1 eV. The MEH-PP
maximium of the film without fullerene is at 2.45 eV, whil
the films with low and high C60 concentration have thei
maximum at 2.25 eV. Although the films differ only in th
fullerene concentration, their optical density for the MEH
PPV absorption is different. Free standing films from co
pounds with C60 are thicker than comparable compoun
without C60.

FIG. 5. 2DT/T of PE/MEH-PPV composites with@hollow squares~h!#
and without@full circles ~d!# PC61BCR at 80 K and 1025 Torr. The weight
ratio between MEH-PPV and PC61BCR is 1:2. For the oriented sample th
488 nm pump beam is parallel to the stretch direction, the probe bea
unpolarized. The inset shows the scaling behavior of the 1.41 eV pea
the pump intensity. Nonlinear fitting with a power lawy5a* xa gives a
scaling exponenta50,53.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The luminescence spectra of free standing PS/ME
PPV/C60 films are shown in Fig. 6. The intensities have be
corrected for the different amount of absorbed light due
different film thickness by comparison of the MEH-PPV a
sorption peaks. The figure shows the luminescence for
pure PS/MEH-PPV system as well as for the low and h
C60 sample. The most important finding is the quenching
luminescence upon addition of C60. In the low C60 sample,
containing approximately equal weight amount of C60 and
MEH-PPV, luminescence is quenched by a factor of
while in the high C60 composite luminescence is quench
nearly completely. Luminescence spectrum of the PS/ME
PPV composite has a main peak at 2.05 eV and two w
shoulders, one very weak at 1.9 eV and one around 2.15
Alternation in the vibronic fine structure is well known fo
blends of conjugated polymers and conventio
polymers.24–26 The luminescence maxima of the low C60

component at 2.18 eV is blueshifted by 0.12 eV compare
the pure PS/MEH-PPV component.

2. Quasi-steady-state photoinduced absorption

The photoexcited states of the diluted PS composites
their dependencies on the lifetime as well as on pump in
sity are investigated by PIA measurements and presente
Figs. 7–10. All spectra are corrected due to the differ
absorption of the films studied according to Eq.~2!. Figure 7
shows2DT/T for the two reference systems PS/MEH-PP
as well as PS/C60. The dominant photoinduced feature of th
PS/MEH-PPV sample is a peak at 1.41 eV. This peak ha
sharp low energy onset at 1.35 eV and decays asymm
cally at the high energy side. The photoinduced spectr

FIG. 6. Luminescence measurements of PS/MEH-PPV samples with d
ent concentrations of C60 at 80 K and 1025 Torr. The notation of the curves
is: hollow squares~h! PS/MEH-PPV, hollow circles~s! PS/MEH-PPV/low
C60 ~scaled 50 times! and hollow triangles~n! PS/MEH-PPV/high C60

~scaled 200 times!.
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after correction for luminescence, changes the sign aro
1.9 eV indicating phonon assisted bleaching. Intensity dep
dence measurements, shown in Fig. 8~a!, can be best fitted
with a scaling exponent ofa50.56. This implies a decay
behavior dominated by bimolecular relaxation, confirmed
saturation behavior for pump powers higher than 300 m
Frequency dependence studies fitted by a bimolecular de
model yield a relaxation time of 0.6 ms@Fig. 8~b!#. Although
the bimolecular relaxation behavior, it is generally accep
to identify this peak at 1.41 eV as the MEH-PPV tripl
peak.22 The PIA PS/C60 spectrum~see Fig. 7! again is domi-
nated by one single peak, located at 1.63 eV. Figures.~a!
and 8~b! show frequency and intensity dependencies of t
peak. The scaling exponent of the pump intensity is cal
lated witha50.97, which gives rise to the assumption of
monomolecular dominated decay behavior. The relaxa
time fitted by a monomolecular decay model is found to
1.1 ms. We therefore identify the 1.63 eV peak as the60

triplet peak.27

Figure 9 shows the results for PS/MEH-PPV/C60 com-
posites with three different C60 concentrations. PIA measure
ments of the low C60 sample plotted in Fig. 9 show a broa
structureless peak between 1.4 and 1.7 eV with a maxim
around 1.51 eV. When the concentration of C60 in the sample
is increased~intermediate C60 sample!, 2DT/T changes its
shape. A new peak arises at 1.63 eV while the old pea
1.51 eV of the low C60 sample is quenched and remains a
weak shoulder. Further increasing of the C60 concentration
~high C60 sample! contributes directly to the 1.63 eV pea
Figure 10 shows the intensity dependence of low C60 peak at
five different energy positions. The scaling exponents, de
mined by fitting of the curves range betweena50.5 anda

r-FIG. 7. 2DT/T for PS/MEH-PPV@full squares~j!# and PS/C60 @hollow
circles~s!# composite at 80 K and 1025 Torr. The energetic position of the
PS/MEH-PPV peak is at 1.41 eV, the peak of the PS/C60 system is at 1.63
eV.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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50.63. This low scaling exponent implies a bimolecular d
cay mechanism. From frequency dependence measurem
we estimate the relaxation time around 1 ms.

Figure 11 shows the PIA spectrum of the composite w
the intermediate fullerene concentration, once pumped w
488 nm and once pumped in the UV with 354 nm. At a pum
energy of 488 nm two spectral features can be seen, one
at 1.63 eV and a low energy shoulder for which deconvo
tion of this spectrum delivers 1.41 eV. Upon pumping w
354 nm only the peak at 1.63 eV remains. In Fig. 11
relative intensities of the PIA bands for different excitatio
appear to be different. However, correction of2DT/T ac-
cording to Eq.~2! for the different absorption at the differen
pump energies yields no enhancement of the triplet–tri
PIA absorptions in this figure.

FIG. 8. Intensity~a! and frequency~b! dependence of the 1.41 eV MEH
PPV peak of the PS/MEH-PPV system@full squares~j!# and the 1.63 eV
C60 peak of the PS/C60 system@hollow circles~s!#. Nonlinear fitting of the
intensity dependencies with a power lawy5a* xa gives a scaling exponen
a50,56 for the MEH-PPV peak anda50.97 for the C60 peak. Fitting of the
MEH-PPV peak with a bimolecular decay model yields a relaxation time
0.6 ms while a fit with a monomolecular model for the C60 peak gives a
relaxation time of 1.1 ms.
Downloaded 05 Jul 2001 to 140.78.3.1. Redistribution subject to AIP 
-
nts

h
th
p
ak
-

e

t

C. Concentrated PS composites

1. LESR measurements

To exclude dark background signals from long livin
radicals and from permanent radicals due to sample imp

f

FIG. 9. 2DT/T for PS/MEH-PPV samples with low@crosses (x)#, interme-
diate @hollow circles~s!# and high C60 @full squares~j!# concentration at
80 K and 1025 Torr. The energetic position of the peaks are 1.51 eV for
low concentrated system and 1.63 eV for the intermediate and high con
trated system.

FIG. 10. Intensity dependence of the low C60 sample peak at five differen
positions from 1.4–1.7 eV. Lines are nonlinear fits with a power lawy
5a* xa. The following data have been calculated: 1.4 eV@full karo ~l!#,
a50.50, 1.47 eV@full circles ~d!#, a50.54, 1.5 eV@full down triangles
~.!#, a50.57, 1.61 eV@full squares~j!#, a50.63, 1.69 eV@full up tri-
angles~m!#, a50.62
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ties, LESR measurements presented here have been
formed in the following way. Samples have been coo
down to working temperature carefully avoiding any illum
nation. ESR measurement under this condition is referre

FIG. 11. 2DT/T for PS/MEH-PPV samples with intermediate C60 pumped
at 488 nm@full circles ~d!# and at 354 nm@full karo ~l!# at 80 K and
1025 Torr. For better comparison the two reference systems, PS/MEH-
@hollow circles~s!# and PS/C60 @hollow triangles~n!# are included.

FIG. 12. LESR spectrum@full circles ~d!# of the concentrated
PS/MEH-PPV/C60 compound with equal weight ratios. The line represe
data after smoothing by a Savitzky Golay filter. LESR spectrum is recor
at 100 K and 1024 Torr as the difference between the illuminated signal a
the signal after switching off the light. Illumination is provided through
50% grid by 70 mW of the 488 nm line of an Ar1 laser. Micorwave power
is 2 mW. Prior to illumination samples are heated up to room temperatu
relax long living radicals and cooled down to 100 K.
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as dark signal. To separate different contributions to E
signals we subsequently performed two ESR measureme
‘‘light on’’ and ‘‘light off.’’ It should be mentioned, that
switching off the light does not result in the reappearance
the dark ESR signal, rather a persistent ESR signal rema
Therefore, all spectra are corrected by subtraction of the l
off spectrum from the light on spectrum. Only the differen
spectrum between them is interpreted as the prompt LE
signal.

Dark ESR spectrum for the sample PS/MEH-PPV/C60

with equal weight ratios, recorded at 100 K, does not sh
radical features. Under illumination two detailed features c
be seen: one signal atg51.9997 and another signal atg
52.0023. After subtraction of the light off spectrum from th
illuminated one two signals atg51.9997 andg52.0023
with DHpp51.7 G ~where DHpp is the peak to peak line
width! and DHpp53.5 G, respectively, are seen and pr
sented in Fig. 12. The presence of two lines is more clea
seen after integration of the LESR spectrum~Fig. 13!. The
integrated LESR spectrum shows two peaks with differ
areas. The area under the peaks corresponds to the numb
photogenerated paramagnetic radicals. However, diffe
radical species may show different saturation behav
Therefore, comparison of the number of photogenera
radicals can only be done, when both ESR signals are
saturated. Saturation behavior of LESR signals for cha
transfer systems is discussed more detailed by Dyako
et al.28

Figure 14 shows the LESR spectrum for a composite
the same concentration as described above, only C60 has
been exchanged by the better soluble PC61BM. Again, the
first dark measurement after cooling the evacuated tube f

V

d

to

FIG. 13. Integral of LESR spectrum@full line ~2!# of the concentrated
PS/MEH-PPV/C60 compound presented in Fig. 12. Evaluation of the sign
yields two peaks, one at low magnetic fields with ag value of g52.0023
and one at higher fields with ag value ofg51.9997. Signals are interprete
as MEH-PPV1 polaron and C60

2 anion, respectively.
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room temperature to 100 K does not reveal radical featu
Spectrum consists of two photogenerated signals, the
field signal atg51.9997 with a linewidthDHpp51.4 G and
the low field signal atg52.0023 with a linewidthDHpp

53.5 G. LESR signals are more intense compared to
sample with C60 instead of the PC61BM. Saturation analysis
confirms the finding that the two different peaks belong
different species of light induced radicals. Integration of t
LESR spectrum~Fig. 15! shows two peaks. The second i
tegral of the LESR curve shows that the two different spec
of radicals are photogenerated with equal amount.

Reversibility of the photoinduced generation of radic
is demonstrated by the possibility of annealing at tempe
tures higher than 200 K. Subsequent LESR measurem
cycles of heating to 290 K, cooling down to 100 K, illum
nation with light, switching light off and heating up aga
yield identical results.

2. Photoinduced IRAV measurements

The IRAV spectrum of the PS/MEH-PPV/PC61BM with
equal weight ratios is shown in Fig. 16~a! together with the
spectrum for a composite without PC61BM ~PS/MEH-PPV
with equal weight ratios!. Figure 16~b! zooms out the low
energy part of the spectrum. The spectrum of the compo
with PC61BM clearly reveals a subgap electronic absorpt
band at 0.36 eV and a strong enhancement~by more than an
order of magnitude! of the infrared active vibrational mode
compared to the spectrum of the composite with
fullerene. The value for the subgap electronic absorpt
band has been reported earlier for pristine MEH-PPV.29 Ad-
ditional strong IRAV bands are seen at 0.18 and at 0.13

FIG. 14. LESR spectrum @full line ~2!# of the concentrated
PS/MEH-PPV/PC61BM compound with equal weight ratios. LESR spectru
is recorded under identical conditions as the PS/MEH-PPV/C60 sample as
the difference between the illuminated signal and the signal after switc
off the light. Microwave power is 0.2 mW.
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In order to check the influence of the host matrix PS
the photoexcited states of the MEH-PPV/PC61BM composite
we also recorded a spectrum of the electroactive compo
without the PS host matrix. Figure 17~a! shows the IRAV
spectrum of a MEH-PPV/PC61BM compound ~right axis
scale! with equal weight ratios in comparison to th
PS/MEH-PPV/PC61BM mixture ~left axis scale!. All main
spectral features of these two compounds are very sim
only the weight distribution of the IRAV bands is slightl
different. The spectrum of the compound without PS is e
hanced approximately five times. Figure 17~b! shows the low
energy part of the spectra.

IV. DISCUSSION

A. PE composites

In the PE:MEH-PPV:PC61BCR5100:1:2highly diluted
gel no influence on the electronic structure of MEH-PPV d
to the fullerene is detected. Luminescence is not quenc
and no photoexcited charged states can be detected by s
state PIA. The dominant photoexcitation in the PE/ME
PPV and PE/MEH-PPV/PC61BCR system, a triplet peak a
1.41 eV, is identical with results found for pristine MEH
PPV, which is manifested by intensity dependence and l
time studies. In the free standing films we observe stro
clustering of C60. Film quality can be slightly improved by
exchanging C60 with the better soluble PC61BCR. The small
amount of solvent that is purged from the gel in the ea
stage of forming a free standing film, is deep violet color
in the case of C60 and brown colored for the PC61BCR com-
posite. From gel processing it is well known, that conjuga

g

FIG. 15. Integral of LESR spectrum@full line ~2!# of the concentrated
PS/MEH-PPV/PC61BM compound presented in Fig. 14. Evaluation of th
signal yields two peaks at identicalg values as for the PS/MEH-PPV/C60

sample atg52.0023 and atg51.9997. Therefore peaks are interpreted
MEH-PPV1 polaron and PC61BM2 anion, respectively.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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polymers with a high molar mass form an interpenetrat
network with PE.19,30 This technique improves the miscibi
ity even for less compatible polymers. For small molecu
like fullerenes the formation of an interpenetrating netwo
is not possible. Therefore, we conclude that the morphol
of our PE composites can be compared to an interpenetra
network formed between PE and MEH-PPV with clusters
fullerenes in the spacings. The dimensionless interaction
rameter for PE (d'9.6) and C60 (d'8.1), calculated by
Flory–Huggins ~F–H! theory for polymer mixtures afte

FIG. 16. Photoinduced IRAV spectrum of the PS/MEH-PPV/PC61BM com-
posite and of the compound without PC61BM over the full region~a! and
more detailed in the low energy region~b!. Addition of PC61BM enhances
IRAV features by more than ten times.
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Hoy’s table31 gives x12'0.38, a value indicating the low
compatibility. Furthermore, CP-MAS NMR studies on th
compounds estimate the average distance between PE
C60 molecules larger than 1.5 nm.32 In the highly diluted
PE/MEH-PPV/C60 gel, the absence of any observable effe
of fullerene on the photophysics of MEH-PPV in our studi
is interpreted as a morphological effect of phase segrega
The same results are seen in PE/MEH-PPV/PC61BCR gels.
However, we want to stress that these findings are only v
for highly diluted PE gels. Studies on higher concentra

FIG. 17. Photoinduced IRAV spectrum of the PS/MEH-PPV/PC61BM com-
posite~multiplied by a factor of 5! and of the compound without PS over th
full region ~a! and more detailed in the low energy region~b!. Addition of
PS lowers IRAV features by approximately six times.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1194 J. Chem. Phys., Vol. 109, No. 3, 15 July 1998 Brabec et al.
gels have been impossible due to deteriorating film qua
From all these findings we conclude, that PE gels are
suitable as matrix for fullerenes.

B. Diluted PS composites

Comparison of the F–H interaction parameter of PSd
'9.0) with C60 gives an interaction parameterx12'0.13.
The lower value indicates the higher compatibility of PS
C60 compared to PE. This assumption is manifested by
high optical quality of the films, where no fullerene aggr
gates can be detected with the unaided eye. Due to this m
homogeneous distribution of the fullerenes we can exp
higher statistical probability for MEH-PPV–C60 contacts in
the PS matrix.

In all composites with PS as matrix we find strong lum
nescence quenching of the conjugated polymer upon ad
C60, in contrast to the results for composites using PE
matrix. Higher concentrations of C60 result in stronger lumi-
nescence quenching as it is known MEH-PPV/C60 samples.
The PIA features of the reference systems, PS/MEH-P
and PS/C60, are identified as the triplet photoexcited states
the pure components, which is manifested by lifetime a
intensity dependencies. We therefore conclude, that PS
fills all conditions of an ideal host matrix. At low concentr
tions it forms homogeneous composites with MEH-PPV
well as C60 but does not directly influence the electro-optic
properties of the embedded guest components.

To investigate the influence of C60 on the photoexcited
states of PS/MEH-PPV, we studied three differently conc
trated PS/MEH-PPV/C60 composites. While the concentra
tion of MEH-PPV in PS is always kept at 2 wt %, the C60

concentrations are varied from 2 to 6 and 10 wt %. Th
systems are referred to as low, intermediate and high60

samples.
For all PS/MEH-PPV/C60 composites we find photoex

cited states dominated by triplet excitations. This is found
intensity dependence~Fig. 10! and lifetime studies for the
broad 1.51 eV peak of the low C60 sample as well as for the
1.63 eV peaks of the intermediate and high C60 samples~Fig.
9!. However, the nature of the triplets in the three sample
different.

Comparison of the lifetime and the intensity depende
of the 1.63 eV peak in the PS/C60 reference system with th
1.63 eV photoexcitation in the high C60 sample leads to the
conclusion, that the dominant photoexcitation in the P
MEH-PPV/high C60 system is the C60 triplet peak. The
change of position and spectral shape of the low and in
mediate C60 photoexcitations in comparison to the referen
systems do not allow straightforward identification. Conv
lution studies show, that the spectrum of the intermediate60

sample can be reconstructed by linear addition of the re
ence spectra PS/C60 and PS/MEH-PPV~blueshifted by 0.02
eV!. This strongly implies, that the photoexcitation spectru
of the PS/MEH-PPV/intermediate C60 composite is domi-
nated by the superposition of the 1.63 eV C60 triplet peak and
by the MEH-PPV triplet peak at 1.43 eV. PIA data at tw
different pump energies@488 and 354 nm~Fig. 11!# clearly
favors the model with two superposed peaks. Absorpt
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correction of the UV pumped spectrum via Eq.~2! shows,
that the relative intensities of the two triplet peaks are id
tical for both pump energies.

The spectrum of the low C60 sample, a broad peak lo
cated at 1.51 eV, cannot be constructed by superpositio
the reference spectra. Studies at five different energetic
sitions of this PIA band~Fig. 10! reveal that the low energy
side ~MEH-PPV side! is dominated by bimolecular relax
ation behavior, while the high energy side~C60 side! is a
superposition of bimolecular as well as monomolecular
havior. However, from these data alone we cannot concl
whether this peak is one broad triplet complex~or triplet
pair! or rather a superposition of energy shifted MEH-PP
and C60 triplet peaks. Janssenet al.33 showed that dilute so-
lutions of poly~3-alkylthiophene! and C60 can exhibit a triplet
energy transfer from the conjugated polymer to the fullere
In our studies we do not find a sensitization of the C60 triplet
due to MEH-PPV excitations.

LESR spectra for none of the diluted PS composites
well as the reference systems~MEH-PPV in PS or C60 in PS!
show photoinduced radicals in detectable quantities. T
quenching of photoluminescence is a clear indication of
excited state interaction between MEH-PPV/C60 in PS matri-
ces even in these dilute concentrations. However, clear
dence of photoinduced electron transfer and charge sep
tion from conjugated polymers onto C60 is not observed in
our PIA and LESR studies on these dilute PS composi
Also, a triplet sensitization is ruled out. The dissipation
the luminescence energy is proposed to be due to nonra
tive relaxations.

C. Concentrated PS composites

From percolation theory of polymer blends34 it is well
known, that physical properties of the guest molecule sh
an onset at volume fractions larger than some critical va
For instance, for a three dimensional network of conduct
globular aggregates in an insulating matrix classical perc
tion theory predicts a threshold for conductivity at a volum
fraction '17%. This is in agreement with results obtain
for composites of poly~3-alkylthiophene! in polystyrene13

and for other conducting polymer composites.35 This thresh-
old can be remarkedly reduced by morphology optimizat
of the composite with the help of interpenetrating network19

to values as low as 0.3%.36 The strong quenching of lumi
nescence reported by Moritaet al.37 for mixtures of conju-
gated polymers with different molar ratios of fulleren
clearly shows, that the percolation threshold for photo
duced electron transfer in these systems is below the the
ical prediction of 17%.

From percolation theory it is expected, that the PS s
tems investigated in this work should show photoinduc
electron transfer if the concentration of the donor–accep
component exceeds some threshold. However, the cri
threshold concentration for the occurrence of photoindu
electron transfer in three component systems is still
known. Therefore, we designed the concentrated PS com
ite, where the concentrations of the single electroactive co
ponents are clearly over 17%, the classical polymer–sm
particle percolation threshold.
license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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LESR spectra of conjugated polymer/fullerene mixtu
~Figs. 12–15! unambiguously prove the occurrence of pho
induced electron transfer in the concentrated PS compos
After correction for metastable, trapped radicals, the LE
spectrum of the concentrated PS/MEH-PPV/C60 sample~Fig.
12! clearly shows two photoinduced radicals. Saturat
analysis28 proves, that these radicals belong to different s
cies. According to the literature21 these excitations are iden
tified as a polaron on the polymer chain and aC60

2 anion.
Figure 14 shows the response of the concentrated PS sa
when C60 is exchanged by PC61BM. Again, two photogener-
ated radicals are observed, at exactly the sameg values as
before with C60. Only the intensity of the signals for th
PC61BM sample increases considerably, indicating that el
tron transfer is happening with higher efficiencies. This is
accordance with earlier findings for photovoltaic device38

where PC61BM is better mixing into a polymer matrix. All
these findings for electron transfer are confirmed by the
hancement of photoinduced IRAV bands upon increasing
concentration of PC61BM seen in Figs. 16 and 17.

V. SUMMARY

Spectroscopic studies of MEH-PPV–fullerene blen
embedded into conventional polymer matrices show unu
photoexcitation features compared to pure MEH-PP
fullerene blends. Depending on the choice of the host m
rial and on the concentration of the photoactive guest co
ponents the nature of the photoexcited species is change
composites with PS as matrix we find strong luminesce
quenching of the conjugated polymer upon adding sm
amounts of C60 (,1 wt %), in contrast to a system using P
as matrix. Furthermore, in diluted PE gels we do not find a
signs of interaction between the fullerene–conjugated p
mer components. Spectroscopic studies on PE gels
higher concentrations of the electroactive components
limited by the poor optical quality of these compound
Dominant photoexcitations in PS systems with diluted el
troactive components are triplet states, but not electron tr
fer. Only in PS composites with high loading of both, MEH
PPV and fullerenes, photoinduced electron transfer occ
Thus the choice of the host material and the concentratio
the electroactive guest materials are the critical parame
controlling the interfacial contacts of these composites
the resulting photophysics.
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