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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 polyetiABner
polystyrengPS. 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 measuremen®lA) and light induced electron spin resonafitESR). 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 fullerenefCqy and functionalized fullerengsPhotoinduced electron transfer
between a soluble polyphenylenevinylegfV) derivative and &, 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 dg& 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 observ&898@merican
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I. INTRODUCTION Additionally, the excellent acceptor properties of,@ue to
structural relaxation of the fullerene following the photoex-
citation is assumed to help forming long living charges in
Qese composites. The forward electron transfergpo€curs
raster than in 1 ps thereby strongly quenching the photolu-
minescence as well as triplet exciton formation of the conju-
gated polymef. This implies, that this process is efficiently

The utilization of the strong photoluminescence of con-
jugated polymers for light emitting devices resulted in em-
phasized research in this class of materials that combines t
electronic and optical properties of semiconductors and me
als with the attractive mechanical properties as well as pro

cessing properties of polymets? But also polymer systems . . . s -
g prop oy poy y Fompeting with the dipole-allowed radiative emission as well

exhibiting photoinduced electron and/or energy transfer fin .
as other nonradiative channels. However, the successful and

more and more attraction in the scientific community due to

the possibility to utilize these systems for solar energyeff|C|ent charge separation is influenced by a number of lim-

conversior®. The characterization of & as an electron ac- it?ng factors. Generally, the ionization pote_n_tial of the ex-
ceptor capable of accepting as many as six electroasdi- cited state of the donot {+), the_electron affinity of the @_
dates it as the acceptor in blends with conjugated polymergACeo) and the Coulomb attraction of the separated radicals
as good photoexcited electron donors. A wide class of thesé”c) including the polarization effects should match the fol-
conjugated polymers and oligomers show a photoinduceWing inequality:

electron transfer from the excited state of the conjugated
polymer onto the buckminsterfullerenesC® The stabiliza-

tion of the charge separated state in the conjugated polymer ) )
is assumed to result from the stability and delocalization ofStudies by Janssest al™™ pointed out, that Eq(l) is a nec-

the positive polaron on the conjugated polymer backbone€SSary but not sufficient condition. Some other factors may
inhibit the charge transfer such as a potential barrier prevent-
ing the separation of the photoexcited electron—hole pair or
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FIG. 1. Schematic draw of the conjugated polynterfull line)/fullerene

[full circle (®)] embedded in a conventional polymer host mafdashed

line (--)].
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Photoinduced charge transfer phenomena described by

Marcus2 showed, that the rate of the forward as well as

the back electron transfer depends on the polarity of the sur-

rounding matrix. Recently, increasing emphasis in research

of conjugated polymers is placed on the engineering and

processing of the conjugated polymer in blends and compos- FiG. 2. Chemical structure of MEH-PPV, RBCR, and PGBM.

ites with conventional polymers:1° In these blends con-

ventional polymers with excellent optical and mechanical

properties like polymetamethylacrylai@®MMA), polysty-  concentration of the embedded components strongly influ-

rene (PS, polyethylene(PE), polyvinylchloride (PVC), or  ence the dominant photoexcitation. Surprisingly, in diluted

polycarbonatéPC) can be used as host matrices. The guest-PS systems we observe luminescence gquenching but no

host approach is a sound method to improve the sample quathotoinduced electron transfer upon adding. C

ity to enable the investigation of one dimensional systems for

the following reasons:

PCsBCR

[6,6]PCe1BM

Il. EXPERIMENT
@ In fr_ee standing films of t_hese blends, the highly dllute_d MEH-PPV has been provided by the UNIAX Corpora-
conjugated polymer, which may be compared to solid

. . 7 . tion, Santa Barbara. The synthesis is described in the
solutions, shows less interchain interaction compared t(ﬁteraturelg Films of MEH-PPV in PE(1 wt % MEH-PPV in
pure films. .

. . . . : HMW-PE) have been prepared by gel processing as de-
(2) Macroscopic ordering and orientation of the Conju.g"’lt.ectjcribed elsewher¥:2° Highly oriented films have been pro-
polymer can be performed by mechanical uniaxial

. duced by mechanical stretching in a stress—strain rheometer
stretching of the host polymer. N : i
. at 110-120 °C alternatively to a route, where films are
(8) In polymer blends the conjugated polymers are ENCAPSUL otched by hand over a hot pin. The stretch ratio is approxi-
lated in a highly stable host polymer, which protects the y pin. bp

) . . : mately 10. In the same way the PE/MEH-PPV/fullerene
conjugated polymer against environmental influences.

films have been produced. As preliminary investigations
In this work we report results of quasi-steady-state phoshowed, PE and 4 have a very low miscibility. Therefore,
toexcitation spectroscopy on conjugated polymer/fullerenave use a special solubleggderivative. The weight ratio of
composites blended in conventional host polymers. A schePC;,BCR to MEH-PPV is 2:1.
matic picture of the morphology of such composites is given  For the PS blends we have used a Hoechst PS N168. The
in Fig. 1. The spectroscopical methods used are photoinpure reference systenfsither MEH-PPV or G, in PS have
duced absorption spectroscof?lA) in the UV/VIS and been prepared by mixing MEH-PPV og{2 wt %) with PS
near infrared as well as light induced electron spin resonancia toluene. After 24 h of mixing free standing films have
(LESR). The conjugated polymer is in all cases g@y been produced by drop casting on clean microscope slides
methoxy, 5-(2-ethylhexyloxy-p-phenylene vinylenp  and drying under nitrogen flow. The PS/MEH-PPY4@Ims
hereafter referred to agMEH-PPV). Three different have been prepared in various concentrations. For the ab-
fullerenes have been used as electron acceptors, tms®rption, luminescence and PIA measurements in the UV/
nonsubstituted £ and two solubilized fullerenes, VIS following composites have been investigated:
PGs;:BCR ([5,6]-Phenyl-G;-Butyric acid CholesteRyland  PS:MEH-PPV:G,=100:2:2,100:2:6, 100:2:10. These, with
PGCs;BM(Pheny)Cg;B(utoxy)M(ethoxy).!” The structure of respect to the electroactive componediisited samplesre
the compounds is shown in Fig. 2. The conventional hossubsequently referred to dmw, intermediate and higlCs
polymers are either PE or PS. In each case we have studiedmposite
the conjugated polymer and the fullerene alone in the matrix ~Composites with equal weight ratiog1:1:1) of
to investigate the influence of the host on the electroopticaPS:MEH-PPV:@, have been investigated by LESR mea-
properties of the guest components. surements. Photoinduced FTIR and again LESR measure-
We show that the choice of the host polymer and thements have also been performed on a composite with equal
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weight ratios of PS, MEH-PPV, and a highly soluble
fullerene, the PgBM. Samples from these concentrations,
hereafter referred to aoncentrated samplebave been pre-
pared from appr. 1 wt% solutions in-dichlorobenzene
(ODCB) (for the Gy composite or xylene(for the PG,BM
sample.

The absorption spectra are measured on a Hitachi UV/
VIS spectrometer. For taking luminescence spectra samples
have been placed in an evacuated liquid nitrogen bath cry-
ostat. The chopped 488 nm beam of a argon laser serves as
pump source. Luminescence is then measured with a mono-
chromator and a Si photodiode by a lock-in amplifier. The
PIA measurements are made in a two beam technique. A
chopped argon—ion laser beam is used to generate photoex-
cited states in the sample, which are detected by analyzing
the change in transmission of a white light tungsten halogen
lamp. Transmission is measured using a lock-in amplifier
with a monochromator and a Si detector. In all cases the free
standing films have been placed between two sapphire sub-
strates and mounted to a cold finger of the liquid nitrogen
cryostat.

Optical Density [a. u.]
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LESR measurements are performed on Bruker EMX

spectrometer with a 200 MHz broadband bridge with ai Ar FIG. 3. Absorption data of PE/MEH-PPV/RBCR and PS/MEH-PPV
; composites with different concentrations of,@t room temperature. Spec-

laser(488| nnr]]’. 7[? mWa.S a p.u;np' S(:(l)/mp|?d8 :,Ner.ﬁ placed. N atra have been recorded from free standing films. The notation of the curves
rectangular high Q (fa\”ty _Wlt : a 50% grid for i ummatlor_]' is: empty square§ 1) PE/MEH-PPV P@E,BCR, full circles (®) PS/MEH-
Samples for LESR investigations have been prepared in Bpy, full squares®) PS/IMEH-PPV/low G, and full triangles(A) PS/
mm Wilmad EPR tubes from solutions with concentrationsMEH-PPV/high G
as described above. After pouring approximately 0.2 ml of
polymer solution into the ESR tube the solvent was evapo-
rated in inert atmosphere. After complete drying of the mmstriplet states in pristine MEH-PPV films and to sgirpo-

on thg inner side of the tubes samples Wereicovered with thI%trons in the mixed film&® In addition to the changes in the
thin film. The tubes are evacuated up to %Ororr and

PIA spectrum, the photoluminescence of MEH-PPV is
sealed.

Infrared activated vibrationdlRAV) spectra are studied strongly quenched upon addition of£Photoinduced elec-

on a Bruker IFS 66S spectrometer with a liquid nitrogentron trgnsfer IS mamfgsted by appearance of two LESR sig-
- nals with g factors slightly smaller and larger than tfo.

. "Phese lines are attributed to thg Cadical and the positive
from polymer solution on pressed KBr pellets. After evapo- A
polaron on the polymer, respectively.

ration of the solvent in a nitrogen flow box, the pellets are
mounted on the cold finger of an evacuated liquid nitrogemA. PE composites
bath cryostat with ZnSe windows. The vacuum for all mea-
surements was better than f0Torr. The samples are illu-
minated through a 90° geometry quartz window of the cry
ostat with 20 mW/crh of 488 nm line of an Af laser.
Spectra are recorded by 200 accumulations of 10 dark and
illuminated cycles, to increase the signal to noise ratio.

Figure 3 shows the absorption spectra of the composites.
The onset of absorption for MEH-PPV is observed at 2.1 eV
“and the maximum of absorption is at 2.45 eV. These values
re comparable to the literatu#e.Compared to the PS
mples, in samples with PE as a host the absorption maxi-
mum of MEH-PPV is slightly blueshifted. A second peak
L. RESULTS around 3.7 eV is attributed to fullerene absorption. A further
' absorption peak from MEH-PPV cannot be seen in these
Before the presentation of the experimental results orabsorption spectra, as the high energy region of the spectra
the MEH-PPV/fullerene guest in the PE or PS host matrixare dominated by the strong fullerene absorption. The rela-
we briefly summarize the spectroscopic results of purdive intensity of the peak heights in the absorption spectra
MEH-PPV/Gy blends, where photoinduced electron transferallows one to estimate the ratio of fullerene content in the
reactions are well studi€tA dominant peak in PIA mea- single samples. All absorption data shown here are taken on
surements at 1.34 eV in pure MEH-PPV films is attributed tofree standing films produced by drop casting from solution,
triplet—triplet absorption. In addition, several new featuresyielding films with different thicknesses.
are observed in composites withdCa peak around 1.4 eV, Figure 4 shows the luminescence spectra of the pristine
a distinct shoulder at 1.18 eV, and a plateau from 1.5 to PE/MEH-PPV gel and of a composite with PE/MEH-PPV/
eV. Absorption detected magnetic resonance measurethent®Cy;BCR, the latter has been stretched by approximately ten
show, that the peak around 1.34 eV in pure MEH-PPV andimes. Utilizing the enhanced solubility of RBCR com-
MEH-PPV/Gy have different natures, being associated withpared to G it was possible to make gels with higher optical
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FIG. 4. Luminescence data of PE/MEH-PPV composites Wftbllow

FIG. 5. —AT/T of PE/MEH-PPV composites withhollow squareg(])]
squares()] and withoutfull circles (®)] PC,,BCR at 80 K and 10° Torr. anq without[full circles (®)] PG;;BCR at 80 K and 10° Torr. The weight
The weight ratio between MEH-PPV and BBCR is 1:2. For the oriented 2t between MEH-PPV and REBCR is 1:2. For the oriented sample the
sample the 488 nm pump beam is parallel to the stretch direction. 488 nm pump beam is parallel to the stretch direction, the probe beam is

unpolarized. The inset shows the scaling behavior of the 1.41 eV peak on

the pump intensity. Nonlinear fitting with a power lay~=a*x“ gives a
scaling exponen&=0,53.
guality. Measurement data are normalized according to the
different film thicknesses calculated from the absorption

o 4:1 instead of 2:Lfurther deteriorates the film quality and
spectrum. One can see clearly, that addition of up to 2 wt 9 L d y
of fullerenes to the PE/MEH-PPV gel does not quench th

eTjesults in inhomogeneous gels. Even the highly soluble
luminescence of MEH-PPV. Both spectra show similar vi-

Gs1BCR tends to phase segregate from PE, so that increas-
bronic structures. The redshift of 0,05 eV of the sample with.

ing the amount of fullerenes only leads to enhanced cluster-
. ing.
PG:BCR compared to the pure sample may be explained b)l/ g

the higher orientation due to the stretching and is in accor- .
dance with the literaturt® B. Diluted PS composites

The PIA spectra of the both samples are shown in Fig. 51, Apsorption and luminescence data
Spectra have been corrected for their different optical densi-
ties (OD) via Eq.(2)

Absorption data of PS/MEH-PPV/g composites with
various concentrations have already been presented in Fig. 3.
—AT One can see how theggabsorption peak grows with in-
AT T creasing amount of fullerenes, indicating that €hows less
- Tcorrecte; 1— 10 ODW@88 " (2)  tendency to form clusters in PS compared to PE. However,

comparing the fullerene weight percentage of the low and the
Pumping with higher intensities of up to 200 mW doeshigh G;y sample in the solutiotffactor of 5 to the ratio of

not result in spectral changes. The dominant feature in botthe absorption peaks in the filngappr. factor of 3, one can
spectra, with and without R¢BCR is a PIA peak at 1.37 eV. see that not all of the fullerene molecules mixed into the
This peak with a low energy onset at 1.2 eV is rather broadgolution contribute to the absorption in the film. The height
and reveals a highly asymmetric shape to the high energygf the fullerene absorption peak shows saturation upon in-
side. Intensity dependence measurements of the sample witineasing the amount ofgg; indicating that PS anddgare no
PGBCR, shown in the inset of Fig. 5, can be fitted bestlonger fully miscible at higher fullerene concentrations. The
with a scaling exponent at=0.53, which indicates a relax- onset of MEH-PPV absorption is at 2.1 eV. The MEH-PPV
ation mechanism dominated by bimolecular behavior, similamaximium of the film without fullerene is at 2.45 eV, while
to unblended MEH-PPV film& In spite of the bimolecular the films with low and high § concentration have their
nature, the peak has been generally accepted to arise fromaximum at 2.25 eV. Although the films differ only in the
triplet—triplet absorptiof:'° Frequency dependent measure-fullerene concentration, their optical density for the MEH-
ments have been performed by increasing the chopping@PV absorption is different. Free standing films from com-

speed and yield a lifetime of the 1.37 eV peak 0.7 ms. Inpounds with Gy are thicker than comparable compounds
creasing the weight ratio of fullerenes relative to MEH-PPVwithout G,
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FIG. 6. Luminescence measurements of PS/MEH-PPV samples with differEIG. 7. —AT/T for PS/MEH-PPV[full squares(l)] and PS/G, [hollow
ent concentrations of gat 80 K and 10° Torr. The notation of the curves  circles(O)] composite at 80 K and 16 Torr. The energetic position of the
is: hollow square$d) PS/MEH-PPV, hollow circle¢O) PS/MEH-PPV/low  PS/MEH-PPV peak is at 1.41 eV, the peak of the Rg&ystem is at 1.63
Ceo (scaled 50 timgsand hollow triangles(A) PS/MEH-PPV/high & ev.

(scaled 200 times

. . after correction for luminescence, changes the sign around
The luminescence spectra of free standing PS/MEH- 9 9

PPVIG, films are shown in Fig. 6. The intensities have been 1.9 eV indicating phonon assisted bleaching. Intensity depen-

. . nce m remen hown in Fi n fi
corrected for the different amount of absorbed light due tode ce measurements, sho g)Bcan be best fitted

) ) . X with a scaling exponent oft=0.56. This implies a decay
different film thickness by comparison of the MEH-PPV ab- behavior dominated by bimolecular relaxation, confirmed by

sorption peaks. The figure shows the luminescence for thgaturation behavior for pump powers higher than 300 mW.

pure PS/MEH-PPV sygtem as wgll as fgr the low anq hlg}P:requency dependence studies fitted by a bimolecular decay
Ceo ;ample. The most Important finding is the quenching o model yield a relaxation time of 0.6 niEig. 8b)]. Although
Iummgspence upon addition ofs¢> In. the low Gso sample, the bimolecular relaxation behavior, it is generally accepted
containing approximately equal weight amount ao@nd %o niify this peak at 1.41 eV as the MEH-PPV triplet

MEH-PPV, luminescence is quenched by a factor of 80 22 . . !
o . . ) . peak: The PIA PS/G, spectrum(see Fig. 7 again is domi-
while in the high G, composite luminescence is quenchedna,[ed by one single peak, located at 1.63 eV. Figurés. 8

nearly completely. Luminescence spectrum of the PS/MEH- nd 8b) show frequency and intensity dependencies of this

P:Vlgomposne has a mkamt ][?egakvat 2605 eV and ctjwzolvsveaigeak. The scaling exponent of the pump intensity is calcu-
shoulders, one very weax al .9 €V and one around £.19 €0y \ith o= 0.97, which gives rise to the assumption of a

gl;i?:tmgfm tchoij\lljlgt]);ct)g(ljc flrg)iljméc;;ure; dweIIclgz\%vr:li;?:almonomolecular dominated decay behavior. _The relaxation
| 2426 The [umi : fthe | time fitted by a monomolecular decay model is found to be
POIyMETS. € luminescence maxima ot the oW 1.1 ms. We therefore identify the 1.63 eV peak as thg C
component at 2.18 eV is blueshifted by 0.12 eV compared t?riplet peald’
the pure PS/MEH-PPV component. Figure 9 shows the results for PS/MEH-PPY{Com-
posites with three differentdg concentrations. PIA measure-
ments of the low g, sample plotted in Fig. 9 show a broad,
The photoexcited states of the diluted PS composites anstructureless peak between 1.4 and 1.7 eV with a maximum
their dependencies on the lifetime as well as on pump intenaround 1.51 eV. When the concentration @f @ the sample
sity are investigated by PIA measurements and presented ia increasedintermediate g, sample, —AT/T changes its
Figs. 7-10. All spectra are corrected due to the differenshape. A new peak arises at 1.63 eV while the old peak at
absorption of the films studied according to E2). Figure 7 1.51 eV of the low @G, sample is quenched and remains as a
shows—AT/T for the two reference systems PS/MEH-PPV weak shoulder. Further increasing of thg,€oncentration
as well as PS/g. The dominant photoinduced feature of the (high G;; sample contributes directly to the 1.63 eV peak.
PS/MEH-PPV sample is a peak at 1.41 eV. This peak has Rigure 10 shows the intensity dependence of loyg2ak at
sharp low energy onset at 1.35 eV and decays asymmetriive different energy positions. The scaling exponents, deter-
cally at the high energy side. The photoinduced spectrummined by fitting of the curves range betweer 0.5 anda

2. Quasi-steady-state photoinduced absorption
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FIG. 8. Intensity(a) and frequencyb) dependence of the 1.41 eV MEH-
PPV peak of the PS/IMEH-PPV systdffiall squares(l)] and the 1.63 eV
Cso peak of the PS/gy system[hollow circles(O)]. Nonlinear fitting of the
intensity dependencies with a power lgw: a* x* gives a scaling exponent
a=0,56 for the MEH-PPV peak and=0.97 for the G, peak. Fitting of the
MEH-PPV peak with a bimolecular decay model yields a relaxation time of
0.6 ms while a fit with a monomolecular model for thg,@eak gives a
relaxation time of 1.1 ms.

AT/T [a. u]

=0.63. This low scaling exponent implies a bimolecular de-
cay mechanism. From frequency dependence measurements
we estimate the relaxation time around 1 ms.

Figure 11 shows the PIA spectrum of the composite with
the intermediate fullerene concentration, once pumped with
488 nm and once pumped in the UV with 354 nm. At a pump
energy of 488 nm two spectral features can be seen, one peak
at 1.63 eV and a low energy shoulder for which deconvolu-
tion of this spectrum delivers 1.41 eV. Upon pumping with
354 nm only the peak at 1.63 eV remains. In Fig. 11 the

relative intensities of the PIA bands for different excitationsgg. 10. Intensity dependence of the low,Gample peak at five different
appear to be different. However, correction ©AT/T ac-  positions from 1.4-1.7 eV. Lines are nonlinear fits with a power jaw

Brabec et al.
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1 ’2 1 ’6 2,0
Energy [eV]

FIG. 9. —AT/T for PS/IMEH-PPV samples with lojcrossesX) ], interme-
diate[hollow circles(O)] and high G, [full squares(l)] concentration at

80 K and 10°® Torr. The energetic position of the peaks are 1.51 eV for the
low concentrated system and 1.63 eV for the intermediate and high concen-
trated system.

C. Concentrated PS composites
1. LESR measurements

. ' To exclude dark background signals from long living
100 1000 radicals and from permanent radicals due to sample impuri-

100 1000
Pump Intensity 488 nm [mW)]

cording to Eq.(2) for the different absorption at the different ~a"x". The following data have been calculated: 1.4 [éMl karo (#)],
a=0.50, 1.47 eV[full circles (®)], «=0.54, 1.5 eV[full down triangles

pump energies yields no enhancement of the triplet—tripletyy) - 057, 1.61 eVifull squares(m)], «=0.63, 1.69 eV[full up tri-
PIA absorptions in this figure. angles(A)], a=0.62
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FIG. 11. —AT/T for PS/IMEH-PPV samples with intermediatg,@umped FIG. 13. Integral of LESR spectrurffull line (—)] of the concentrated

at 488 nm[full circles (@)] and at 354 nnffull karo (#)] at 80 K and PS/MEH-PPV/G@, compound presented in Fig. 12. Evaluation of the signal

1075 Torr. For better comparison the two reference systems, PS/IMEH-PPVjields two peaks, one at low magnetic fields withy aalue of g=2.0023

[hollow circles(O)] and PS/G, [hollow triangles(A)] are included. and one at higher fields with@value ofg=1.9997. Signals are interpreted
as MEH-PPV polaron and g, anion, respectively.

ties, LESR measurements presented here have been per-

formed in the following way. Samples have been cooled dark signal. T te diff i tributi to ESR
down to working temperature carefully avoiding any illumi- as dark signal. 1o separate ditterent contributions to

nation. ESR measurement under this condition is referred talgnals we subs“e'quently”performed two ESR'measurements,
light on” and “light off.” It should be mentioned, that

switching off the light does not result in the reappearance of
T ; T y T " T the dark ESR signal, rather a persistent ESR signal remains.
u Therefore, all spectra are corrected by subtraction of the light
off spectrum from the light on spectrum. Only the difference
spectrum between them is interpreted as the prompt LESR
signal.

Dark ESR spectrum for the sample PS/IMEH-PP)/C
with equal weight ratios, recorded at 100 K, does not show
radical features. Under illumination two detailed features can
be seen: one signal &=1.9997 and another signal gt
=2.0023. After subtraction of the light off spectrum from the
illuminated one two signals agj=1.9997 andg=2.0023
with AH,,=1.7 G (where AH, is the peak to peak line-
width) and AH,,=3.5G, respectively, are seen and pre-
sented in Fig. 12. The presence of two lines is more clearly
seen after integration of the LESR spectrdfig. 13. The
integrated LESR spectrum shows two peaks with different
i areas. The area under the peaks corresponds to the number of
photogenerated paramagnetic radicals. However, different

L L ; : radical species may show different saturation behavior.
3355 3360 3365 3370 Therefore, comparison of the number of photogenerated
Magnetic Field [G] radicals can only be done, when both ESR signals are not

FIG. 12. LESR spectum[full circles (®)] of the concentrated saturated. Saturat_|on .behawor of LESR §|gnals for charge
PS/MEH-PPVI/G, compound with equal weight ratios. The line represents transfer systems is discussed more detailed by Dyakonov

data after smoothing by a Savitzky Golay filter. LESR spectrum is recordedet al 28
at 100 K and 10* Torr as the difference between the illuminated signal and Figure 14 shows the LESR Spectrum for a Composite of

the S|gnal after switching off the Ilght. lllumination is p'rowded through a the same concentration as described above, oly Has
50% grid by 70 mW of the 488 nm line of an Adaser. Micorwave power :
is 2 mW. Prior to illumination samples are heated up to room temperature t9/€€N €xchanged by the better soluble;BM. Again, the

relax long living radicals and cooled down to 100 K. first dark measurement after cooling the evacuated tube from

dy/dB [a. u.]
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dy/dB [a. u.]
1 [a. u]

3360 3370 3380 3360 3370 3380

Magnetic Field [G] Magnetic Field [G]

FIG. 14. LESR spectrum[full line (—)] of the concentrated FIG. 15. Integral of LESR spectruffull line (—)] of the concentrated
PS/MEH-PPV/PgBM compound with equal weight ratios. LESR spectrum PS/MEH-PPV/PG,BM compound presented in Fig. 14. Evaluation of the
is recorded under identical conditions as the PS/MEH-PRy#a@mple as  signal yields two peaks at identicgl values as for the PS/MEH-PPV4E
the difference between the illuminated signal and the signal after switchingample ag=2.0023 and ag=1.9997. Therefore peaks are interpreted as
off the light. Microwave power is 0.2 mW. MEH-PPV" polaron and PGBM ™ anion, respectively.

room temperature to 100 K does not reveal radical features. |5 order to check the influence of the host matrix PS on

Spectrum consists of two photogenerated signals, the higfhe photoexcited states of the MEH-PPVA8M composite
field signal atg=1.9997 with a linewidthAH,,=1.4 G and e also recorded a spectrum of the electroactive component
the low field signal atg=2.0023 with a linewidthAH,,  \ithout the PS host matrix. Figure & shows the IRAV
=3.5G. I'_ESRIS|gnaIs are more intense cqmpared to th@pectrum of a MEH-PPV/PGBM compound (right axis
sample with G instead of the PEBM. Saturation analysis scalg with equal weight ratios in comparison to the
confirms the finding that the two different peaks belong tOpS/MEH-PPV/PG,BM mixture (left axis scalg All main
different species (_)f light induced radicals. Integration of _thespectral features of these two compounds are very similar,
LESR spectruniFig. 15 shows two peaks. The second in- onjy the weight distribution of the IRAV bands is slightly
tegral of the LESR curve shows that the two different speciegjifferent. The spectrum of the compound without PS is en-

of radicals are photogenerated with equal amount. ~ panced approximately five times. Figure(tiizshows the low
Reversibility of the photoinduced generation of radicalsgnergy part of the spectra.

is demonstrated by the possibility of annealing at tempera-
tures higher than 200 K. Subsequent LESR measurement
cycles of heating to 290 K, cooling down to 100 K, illumi- V. DISCUSSION
nation with light, switching light off and heating up again A. PE composites

yield identical results. In the PE:MEH-PPV:PGBCR= 100:1:2highly diluted

) gel no influence on the electronic structure of MEH-PPV due
2. Photoinduced IRAV measurements to the fullerene is detected. Luminescence is not quenched

The IRAV spectrum of the PS/MEH-PPV/RBM with and no photoexcited charged states can be detected by steady

equal weight ratios is shown in Fig. ( together with the state PIA. The dominant photoexcitation in the PE/MEH-
spectrum for a composite without pBM (PS/MEH-PPV PPV and PE/MEH-PPV/PEBCR system, a triplet peak at
with equal weight ratigs Figure 16b) zooms out the low 1.41 eV, is identical with results found for pristine MEH-
energy part of the spectrum. The spectrum of the compositePV, which is manifested by intensity dependence and life-
with PG;,BM clearly reveals a subgap electronic absorptiontime studies. In the free standing films we observe strong
band at 0.36 eV and a strong enhancentbptmore than an clustering of G, Film quality can be slightly improved by
order of magnitudeof the infrared active vibrational modes exchanging g, with the better soluble PGBCR. The small
compared to the spectrum of the composite withoutamount of solvent that is purged from the gel in the early
fullerene. The value for the subgap electronic absorptiorstage of forming a free standing film, is deep violet colored
band has been reported earlier for pristine MEH-PP¥d- in the case of g, and brown colored for the R¢BCR com-
ditional strong IRAV bands are seen at 0.18 and at 0.13 eVjposite. From gel processing it is well known, that conjugated
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FIG. 16. Photoinduced IRAV spectrum of the PS/IMEH-PPYB® com-  FIG. 17. Photoinduced IRAV spectrum of the PS/MEH-PP\¢BM com-
posite and of the compound without BBM over the full region(a) and posite(multiplied by a factor of pand of the compound without PS over the

more detailed in the low energy regi¢h). Addition of PG,BM enhances full region (a) and more detailed in the low energy regits). Addition of
IRAV features by more than ten times. PS lowers IRAV features by approximately six times.

polymers with a high molar mass form an interpenetratingHoy's table®! gives y;,~0.38, a value indicating the low
network with PEL%3° This technique improves the miscibil- compatibility. Furthermore, CP-MAS NMR studies on the
ity even for less compatible polymers. For small moleculescompounds estimate the average distance between PE and
like fullerenes the formation of an interpenetrating networkCg, molecules larger than 1.5 nff.In the highly diluted

is not possible. Therefore, we conclude that the morphologPE/MEH-PPV/G, gel, the absence of any observable effect
of our PE composites can be compared to an interpenetratingf fullerene on the photophysics of MEH-PPV in our studies
network formed between PE and MEH-PPV with clusters ofis interpreted as a morphological effect of phase segregation.
fullerenes in the spacings. The dimensionless interaction paFhe same results are seen in PE/MEH-PP\¢BCR gels.
rameter for PE §~9.6) and Gy (6~8.1), calculated by However, we want to stress that these findings are only valid
Flory—Huggins (F—H) theory for polymer mixtures after for highly diluted PE gels. Studies on higher concentrated
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gels have been impossible due to deteriorating film qualitycorrection of the UV pumped spectrum via Eg) shows,
From all these findings we conclude, that PE gels are nathat the relative intensities of the two triplet peaks are iden-
suitable as matrix for fullerenes. tical for both pump energies.
The spectrum of the low § sample, a broad peak lo-
cated at 1.51 eV, cannot be constructed by superposition of
B. Diluted PS composites the reference spectra. Studies at five different energetic po-
sitions of this PIA bandFig. 10 reveal that the low energy
side (MEH-PPV side is dominated by bimolecular relax-
ation behavior, while the high energy sid€q, side is a
uperposition of bimolecular as well as monomolecular be-
avior. However, from these data alone we cannot conclude
y&hether this peak is one broad triplet compl@x triplet

Comparison of the F—H interaction parameter of BS (
~9.0) with G gives an interaction parametgt;»~0.13.
The lower value indicates the higher compatibility of PS to
Cso compared to PE. This assumption is manifested by th
high optical quality of the films, where no fullerene aggre-
gates can be detected with the unaided eye. Due to this mof€ . " :
homogeneous distribution of the fullerenes we can expecQa'r) or rather a superposition of energy shifted MEH-PPV

higher statistical probability for MEH-PPV—g contacts in an_d Geo triplet peaks. J.anssesn al.™ showed thgt.dllut(.a S0
the PS matrix. lutions of poly3-alkylthiophengand G, can exhibit a triplet

In all composites with PS as matrix we find strong lumi- energy transfer from the conjugated polymer to the fullerene.
In our studies we do not find a sensitization of thg iplet

nescence quenching of the conjugated polymer upon addin o
Cso in contrast to the results for composites using PE a UGEES'V'RE;;EEE%S'EJEL?;; the diluted PS composites as
matrix. Higher concentrations ofggresult in stronger lumi- . .

9 o 9 well as the reference systefflddEH-PPV in PS or Gy in PS

nescence quenching as it is known MEH-PPyy/€amples. ; . . o
The PIA features of the reference systems PS/MEH-PP\?c'hOW photoinduced radicals in detectable quantities. The
y 1;quenching of photoluminescence is a clear indication of an

and PS/G, are identified as the triplet photoexcited states of -~ . . ;
the pure components, which is manifested by lifetime anoexuted stgte mteracyon between MEH'PPW(D PS matri- .
intensity dependencies. We therefore conclude, that PS fufes evenin the.se dilute concentrations. However, clear evi-
fills all conditions of an ideal host matrix. At low concentra- c_ience of phoFomduced electron transf_er and charge separa-
tions it forms homogeneous composites with MEH-PPV adion from conjugated polymers ontog{’is not observed in

well as G but does not directly influence the electro-optical Z‘IH PIAthId tLESR_t_stuSlles_on tlht(ajse ?'"ﬁ? PdS. cme05|tefs.
properties of the embedded guest components. so, a triplet sensitization is ruled out. The dissipation o

To investigate the influence ofggon the photoexcited the luminescence energy is proposed to be due to nonradia-

states of PS/IMEH-PPV, we studied three differently concen:['ve relaxations.

trated PS/MEH-PPV/g composites. While the concentra-
tion of MEH-PPV in PS is always kept at 2 wt %, the,C
concentrations are varied from 2 to 6 and 10 wt %. These From percolation theory of polymer blerist is well
systems are referred to as low, intermediate and high C known, that physical properties of the guest molecule show
samples. an onset at volume fractions larger than some critical value.
For all PS/IMEH-PPV/g, composites we find photoex- For instance, for a three dimensional network of conducting
cited states dominated by triplet excitations. This is found byglobular aggregates in an insulating matrix classical percola-
intensity dependencérig. 10 and lifetime studies for the tion theory predicts a threshold for conductivity at a volume
broad 1.51 eV peak of the lowggsample as well as for the fraction ~17%. This is in agreement with results obtained
1.63 eV peaks of the intermediate and higly €amplegFig.  for composites of pol§B-alkylthiopheng in polystyrené®
9). However, the nature of the triplets in the three samples isnd for other conducting polymer compositeghis thresh-
different. old can be remarkedly reduced by morphology optimization
Comparison of the lifetime and the intensity dependencef the composite with the help of interpenetrating netwbtks
of the 1.63 eV peak in the PS{greference system with the to values as low as 0.398.The strong quenching of lumi-
1.63 eV photoexcitation in the highggsample leads to the nescence reported by Moritt al®’ for mixtures of conju-
conclusion, that the dominant photoexcitation in the PSgated polymers with different molar ratios of fullerenes
MEH-PPV/high G, system is the g triplet peak. The clearly shows, that the percolation threshold for photoin-
change of position and spectral shape of the low and interduced electron transfer in these systems is below the theoret-
mediate Gy photoexcitations in comparison to the referenceical prediction of 17%.
systems do not allow straightforward identification. Convo- ~ From percolation theory it is expected, that the PS sys-
lution studies show, that the spectrum of the intermedigte C tems investigated in this work should show photoinduced
sample can be reconstructed by linear addition of the referelectron transfer if the concentration of the donor—acceptor
ence spectra PS{gand PS/MEH-PP\Mblueshifted by 0.02 component exceeds some threshold. However, the critical
eV). This strongly implies, that the photoexcitation spectrumthreshold concentration for the occurrence of photoinduced
of the PS/MEH-PPV/intermediate g composite is domi- electron transfer in three component systems is still un-
nated by the superposition of the 1.63 e}, @iplet peak and  known. Therefore, we designed the concentrated PS compos-
by the MEH-PPV triplet peak at 1.43 eV. PIA data at two ite, where the concentrations of the single electroactive com-
different pump energief188 and 354 nniFig. 11)] clearly = ponents are clearly over 17%, the classical polymer—small
favors the model with two superposed peaks. Absorptiomparticle percolation threshold.

C. Concentrated PS composites

Downloaded 05 Jul 2001 to 140.78.3.1. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 109, No. 3, 15 July 1998 Brabec et al. 1195

LESR spectra of conjugated polymer/fullerene mixtures*T. Skotheim,Handbook of Conducting Polyme(®ekker, New York,
(Figs. 12—15unambiguously prove the occurrence of photo- ,1986. _ _ ,
induced electron transfer in the concentrated PS compositestj"".'. Bredas and R. R. Chandgonjugated Polymeric MaterialDppor-

. . unities in Electronics, Optoelectronics and Molecular Electroniktu-

After correction for metastable, trapped radicals, the LESR er academic, Dodrecht, 1980
spectrum of the concentrated PS/MEH-PP¥}/S€ample(Fig. 3W. R. Salaneck, D. T. Clark, and E. J. Samuelsgrience and Applica-
12) clearly shows two photoinduced radicals. Saturation tion of Conducting Polymersilger, Bristol, 1991 W. R. Salaneck, D. T.
analysig® proves, that these radicals belong to different spe- g'::;;?gd;';r'ijglr";’ggsfﬁc'ence and Application of Conducting Poly-
cles. According to the literatuféthese eX_C|tat|0nS are.|den' “H. S. Nalwa,Handbook of Organic Conductive Molecules and Polymers
tified as a polaron on the polymer chain andCg, anion. (Wiley, New York, 1997.
Figure 14 shows the response of the concentrated PS samp?g- fisR:(ng'?)M' R. Andersson, T. Yohannes, and O. Ingahév. Mater.
when QO, is exchanged by PGBM. Again, two photogener- 6p. M. Allemand, A. Koch, F. Wudl, Y. Rubin, F. Diederich, M. M. Alva-
ated radicals are observed, at exactly the sgmelues as  rez, . J. Anz, and R. L. Whetten, J. Am. Chem. SIS 1050(1992.
before with Gy Only the intensity of the signals for the 7N. S. Sariciftci, L. Smilowitz, A. J. Heeger, and F. Wudl, Scier®5s,
PG;;BM sample increases considerably, indicating that elec-81474(%99_2- o _
tron transfer is happening with higher efficiencies. This is in \L,\',i‘rln';r‘:‘;tsz'gévsifricég‘gégég“’ C. Gettinger, A. J. Heeger, and F.
accordance Wit_h earlier fi.n(_jing_s for photovoltaic d_eV?éeS 9B, Kraabel, J. C. Hummelen, D. Vacar, D. Moses, N. S. Sariciftci, A. J.
where P@BM is better mixing into a polymer matrix. All  Heeger, and F. Wudl, J. Chem. Phy4, 4267 (1996.
these findings for electron transfer are confirmed by the en-R. A. J. Janssen, N. S. Sariciftci, and A. J. Heeger, J. Chem. RBgs.

hancement of photoinduced IRAV bands upon increasing thgge‘kl(&%grgts 3. Chem. Phyad, 966 (1956

concentration of PEBM seen in Figs. 16 and 17. 12R. A. Marcus, Rev. Mod. Phy&5, 599 (1993.
13S. Hotta, S. D. D. V. Rughooputh, and A. J. Heeger, Synth. Ig2t79
V. SUMMARY (1987.

. _ 143, s. Uhm and H.-W. Schmidt, Polym. PregAm. Chem. Soc. Div.
Spectroscopic studies of MEH-PPV—fullerene blends Polym. Chem. 34, 725(1993.
. . . 1 H H .

embedded into conventional polymer matrices show unusualr’gig'\ggu"on and P. Smith, J. Polym. Sci., Part B: Polym. PI36;.871
photoexcitation features_ compared to_ pure MEH-PPV—ey Hagler, K. Pakbaz, and A. J. Heeger, Phys. Red9B10968(1994).
fullerene blends. Depending on the choice of the host mate?;. ¢. Hummelen, B. W. Knight, F. Lepec, and F. Wudl, J. Org. CHan.
rial and on the concentration of the photoactive guest com-8532 (1995. _
ponents the nature of the photoexcited species is changed. {if- Wudl, P.-M. Allemand, G. Srdanov, Z. Ni, and D. McBRanchMa-

it ith PS tri find st | . terials for Non-linear Optics: Chemical Perspectivesdited by S. R.
compos_l es wi as_ matrix we find strong uml.nescence Mader, J. E. Sohn, and G. D. Stuckyhe American Chemical Society,
quenching of the conjugated polymer upon adding small washington, D.C., 1991 p. 683.
amounts of Go (<1 wt %), in contrast to a system using PE 19A. Fizazi, J. Moulton, K. Pakbaz, S. D. D. V. Rughooputh, P. Smith, and

: P : A J.H , Phys. Rev. Le@i4, 2180(1990.
as matrix. Furthgrmore, in diluted PE gels we dq not find any,y Smitehegﬁcri P Kst?r\;, J_e Mater. sj(ﬁ 585 (1980.
signs of interaction between the_ fullergne—conjugated pOl.y21X. Wei, Z. V. Vardeny, N. S. Sariciftci, and A. J. Heeger, Phys. Rev. B
mer components. Spectroscopic studies on PE gels withs3 2187(1996.
higher concentrations of the electroactive components argl-- Smilowitz and A. J. Heeger, Synth. Met8, 193 (1992.
limited by the poor optical quality of these compounds. glés)s(.lsgggcmcu, L. Smilowitz, A. J. Heeger, and F. Wudl, Synth. M,
Dominant photoexcitations _in PS systems with diluted E|eC'24B_ Hu, Z. \.(ang and F. E. Karasz, J. Appl. Phy$, 2419(1994.
troactive components are triplet states, but not electron tran&:C. zhang, H. von Seegern, K. Pakbaz, B. Kraabel, H. W. Schmidt, and A.
fer. Only in PS composites with high loading of both, MEH- , J. Heeger, Synth. Metaz, 35 (19949-| . _ ;
PPV and fullerenes, photoinduced electron transfer occurs.gi'ro?i' g;mr?r?\}le'\tﬂégczgf[i%al_ec erc, D. Ades, A. Siove, and L. Zup-
Thus the choige of the host mgterial and the .c_oncentration Ofx Weiand Z. V. Va'rdeny, Synth. Meti9-50, 549 (1992.
the electroactive guest materials are the critical parametef8v. Dyakonovet al. (unpublished

controlling the interfacial contacts of these composites and g-d':- voss. & S“"-SEQSA"\erj - Sm"OW'tZd' '?-V\E"'Qla'l'fr‘]"c' gééséalfgge
the resulting photophysics. roanov, £. W, 5. Shi, A..J. Heeger, and . Wudl, Fhys. Res)

(1992).
30T, W. Hagler, K. Pakbaz, J. Moulton, F. Wudl, P. Smith, and A. J. Heeger,
ACKNOWLEDGMENTS Polym. Commun32, 339(199)).
31K, L. Hoy, J. Paint Technol2, 76 (1970.
We thank F. Wudl and A. J. Heeger from the IPOS,32s. williams (private communication
UCSB for support with PGBCR and MEH-PPV as well as *R. A. J. Janssen, N. S. Sariciftci, and A. J. Heeger, J. Chem. R0Bgs.

. 8641 (1994

for support fora Sabba.tlcal S.tay for C.B. Parts o.f the Iﬁesearchharony and D. Staufferintroduction to Percolation Theory2nd. ed.
were founded by a stipendium from thel AUStI’Ia!’I BMWW.  (Taylor & Francis, 1998

Work at UCSB was supported by the National Science Foun®Aldissi, Synth. Met.13, 87 (1986.

dation under Grant OMR9300366. V.D. thanks FWF for fi- *°A. J. Heeger, Trends Polym. S@, 39 (1995.

nancial support by a Lise Meitner fellowship under Grant S. Morita, A. A. Zakhidov, and K. Yoshino, Solid State Comma8a. 249
M00419-PHY. Work was supported by FWF under Projectssg vy, j. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger, Sci2fige

No. P-R680-CHE. 1789(1995.

Downloaded 05 Jul 2001 to 140.78.3.1. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



