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ABSTRACT 

The degradation of luminescence in phenylenevinylene polymers is due to exciton diffusion 
to quenching defects. The microscopic structure of these defects is identified by in-situ 
vibrational spectroscopy. We present evidence that the defect quenching is due to charge 
transfer by studies on model phenylenevinylene oligomer. In the absence of defect quenchers, 
we have achieved nearly exponential photoluminescence decay with observed lifetimes > 1 ns 
and a fourfold increase in electroluminescence. We have also utilized picosecond laser 
spectroscopy to study the formation yield of emissive excitons in the polymer PPVs with 
different morphology. We have found that increasing polymer chain separation would greatly 
increases the luminescent efficiency due to the avoiding the interchain excitons (exciplexes). 
Clarification of the nature of photophysics of conjugated polymers suggests avenues for 
improvement in fabrication of emissive polymers and electroluminescent polymers devices. 
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1. INTRODUCTION 

High efficiency electroluminescence from organic materials have been attracting much 
attention for flat panel display applications.[ 13. Recent work shows that polymeric based 
materials almost could achieve electroluminescence efficiency as high as the small organic 
molecules[2]. In addition, the broad emission band from organic materials allows using single 
materials to realize full color spectrum for display application utilizing external emission 
controlling devices, such as microcavity organic LEDs.131 However, there is serious concern 
about the recycle lifetime for organic materials. In other words, the degradation mechanism of 
organic materials and their intrinsic lifetime is important for commercializing polymer 
electroluminescence devices. In this paper, we review the results that the defects reduce the 
luminescence efficiency due to emissive exciton quenching by such defects introduced by 
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identified by vibrational spectroscopy. In addition, we show that emission lifetime is strongly 
influenced by the defect quenching. By modifying the polymer synthesis, the 
photoluminescence lifetime increases about four time. We have also performed model 
experiments on phenylenevinylene oligomer having relatively homogeneous energy levels 
which explain why these defects efficiently quench excitons. Furthermore, we present results 
showing intrinsic limitations of luminescence in conjugated polymer even in our defects 
"free" (pristine) samples. We have found that interchain exciton (exciplexes) formation due 
to close packing of polymer backbone would dramatically reduce the emission quantum yield 
in the polymer films. We also have demonstrated that increasing the polymer chain separation 
would greatly increase the luminescence efficiency. 

2. EXPERIMENT METHODS 

There are various optical measurements have been performed in this review. The absorption 
and photoluminescence are taken using commercial equipment. In every experiment, the 
special precautions have been taken to avoid photooxidation by placing sample in a optical 
cell flowing with nitrogen. Under this condition, we found that the optical properties showed 
no change during the experiments. For deliberate oxidation experiment, the samples were 
exposed to air flow instead of nitrogen and excited by a 75 W Xe lamp through a blue 
transmission glass filter. In vibration spectroscopy of photooxidation, the samples were 
prepared on Si substrates and the measurement were taken in a dry air purged FTIR 
spectrometer, the sample were excited by the same Xe lamp with fiber optics guided into 
FTIR compartment without any disturbing. 

The time resolved photoluminescence dynamics and spectra were measured using 
multichannel time-correlated photon counting electronics[4]. The excitation near PPV 
absorption edge (460-520nm) is achieved using a synchronously pumped dye lasers with 
cavity dumped at 4 MHz which is pumped by the third harmonic of a modelocked Nd: YAG 
laser. 

The schematic diagram of the picosecond absorption setup is shown in figure 1. The 250fs 
laser pulses are generated via two in series synchronously pumped dye lasers, one of which is 
pumped by the second harmonic of a Nd: YAG laser. The dye laser output is further 

1.06mm,lOOps 570nm,5ps 61Onm,25Ofs 

SH Dye Laser - DyeLaser .- cw ML Nd:YAG Laser 
I 

3 stage dye amplifier 

6 1 Onm, 300fs,0.5mJ,540Hz 

White Light 
Generation 

353nm,80ps,lmJ,540Hz 

/' 

400-90011111 

Nd:YAG Regenerative 
Amplifier 

c 

Figure 1. The setup diagram for picosecond absorption with tunable wavelength excitation. 



amplified to 0.5m.T through a three stages of dye amplifier which is pumped by a Nd:YAG 
laser regenerative amplifier at 540 Hz. The broadband (450-900nm) white light continuum 
probe is generated by focusing the subpicosecond pulses into a cell flowing with water. The 
tunable excitation pulses are spectrally filtered from part of white light continuum and 
amplified in a flowing Coumarin dye pumped by the third harmonic of Nd:YAG regenerative 
amplifier. In this setup, A 250 fs with 0.5 pJ per pulse and tunable from 460nm to 540nm is 
generated to excite the PPV near its HOMO-LUMO edge and the optical change is probed 
using white light continuum with various optical delays respective to the excitation pulses. 
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3. DEFECTS INTRODUCED BY PHOTOOXIDATION 
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Figure 1 presents the integrated photoluminescence for the PPV films after various exposure 
to the Xe lamp in the air and in the following nitrogen environment. The photoluminescence 
dramatically reduced when expose with light in the air. The degradation of PPV is 
independent of the wavelength of the light absorbed by PPV films. The PL yield drops down 
rapidly at first but then stabilizes at low yield value. we will discuss this residual PL later in 
the text. The degradation is not observed in the absence of oxygen as shown in figure 1.  A 
simple estimate based on the stability of the PL in our nitrogeg purge suggests that each 
polymer segment can be cycled through its excited state at least 10 times. The degradation of 
PL in presence of light and oxygen suggests that photochemical reaction occurs in the excited 
state of PPV. The PL spectra of the pristine and heavily oxidized samples are shown in the 
inset of figure 1.  The emission is characteristic of exciton delocalized along the polymer 
chain over approximately 6 unit cells by analogy with oligomer emission. That PL spectrum 
does not change with the exposure confirms that rapid exciton diffusion to long chains from 
previous picosecond stimulated emission results 151. 
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Fourier transform infrared spectroscopy (FTIR) is used to identify the microscopic nature of 
the photochemically induced defects. Figure 3 shows the difference infrared spectra as a 
function of lamp exposure in the air. The decreasing C=C intensity at 965 cm-' reflects the 
breaking of the vinylene double bond. At the same time, absorption of carbonyl bond (C=O) 
at 1700 cm-' increases as it substitutes at the breaking double bond. The change of infrared is 
completely consistent with the formation of the terminal aldehyde structure.[6]. The 
observation of carbonyl defects induced by photooxidation enable to quantitative analysis of 
photoluminescence quenching due to defects. We found that reduction of the PL yield by a 
factor of two occurs for defect density of one carbonyl incorporated for every 400 
phenylenevinylene unit. 
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Figure 3. Difference FTlR spectra for varying degrees of photooxidation. The inset shows 
that absorption at different mode changes with lamp exposure in air. 

Figure 4(a) shows the absorption spectrum of PPV as a function of light exposure in the air. 
The blue shift of the spectrum consists with the formation of carbonyl defects introduced by 
photooxidation and thereby shortening the conjugation length. The change in absorption 
spectrum with irradiation is much slower than the change of PL, which suggests that there are 
distribution of conjugation segments and excitons could efficiently found the carbonyl defects 
and getting quenched. Figure 4(b) depicts the relative quantum yield for PL as a function of 
excitation wavelength for various photooxidation. These data are obtained by dividing the PL 
excitation (PLE) by fraction of absorption in figure 4(a) and normalized at peaks. As 
increasing defects introduced by photooxidation, the PL yield decrease more at blue excitation 
than the absorption edge at the red. The explanation for this is that excitons created in short 
conjugating segments by blue wavelength excitation are more easily quenched because most 
of defects introduced by photooxidation are located at short segments. Clearly, the excitons 
would survived by defects quenching if the longest segments are photoexcited. Therefore, the 
PL yield in the most heavily oxidized case in figure 4(b) represents a good approximation of 
the true absorption spectrum of long conjugation segments which emit light. The residual 
photoluminescence in heavily oxidized samples is probably from those long conjugating 
segments located in the center of crystalline structures therefore the oxygen is difficult to 
diffuse into that region. 
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Figure 4 (a) the absorption spectrum and with different exposure of lamp in the air. (b) the PL 
quantum yield as in (a) 
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.4. EXCITON QUENCHING AND DIFFUSION 

Figure 5 presents time-resolved PL experiments which measure exciton decay dynamics for 
various degree of photooxidation. The decay lifetime becomes significantly shorter when 
increasing the carbonyl defects introduced by photooxidation. There are no significant spectral 
changes in the PL over the entire temporal range we have studied (loops to 50 ns). The 
oxidized samples exhibit highly nonexponential decay but become increasingly exponential 
and longer lived in the pristine PPV. In all the cases, there is an extremely long tail which 
even easily observed at 50 ns after excitation, which is far beyond the radiative lifetime in 
PPV. This long tail photoluminescence is attributed to the recombination of intrachain 
exciton reformed from a small fraction of initially formed interchain excitons[7]. Regardless 
of the details of this long tail, we simply fit it very well using a simple exponential and fit the 
rest of the data using stretched exponential[8]. Actually, the stretched exponential fitting 
function is derived form the calculation of survival probability of excitons diffusing along the 
one dimensional polymer chain.[9] With the known defect concentration derived from the 
FTIR characterization, we could fit every decay dynamics very well and derive the diffusion 
coefficient as 2_+.5x104 cm2/s and the exciton migration radius calculated using 1D model is 
approximately 50A. 

Time (ns) 

Figure 5. PL decay dynamics for PPV after varying degree of photooxidation (0 up to 
1 .5J/cm2). The dotted curve at left is the instrument response function. The solid curve are the 
fittings as described in ref (8). 

Figure 6 shows the photoluminescence spectrum at different temperature in pristine and 
heavily oxidized sample. In both case, the PL peak shifts to blue as the temperature which 
probably due to normalization of transition energy band as the temperature change. However, 
the most bluer peak (0-0 transition) increases relative the central peak (0-1 transition) as 
temperature decrease, which is due to change of reabsorption in the PPV sample at different 
temperatures. The absorption edge shifts more blue respective to the PL. The reason for that 
needs further theoretical investigation. The PL decrease more rapidly in the oxidized sample 
than the pristine sample when increasing the temperature. This result consists with that the 
exciton diffuse more efficiently at high temperature therefore more exciton quenched in 
oxidized sample. Meanwhile, the luminescence decrease in the pristine samples only reflects 
the lifetime change because nonradiative became more efficiency in the high temperature. 
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Figure 8(a) depicts the PL spectra of evaporated films of pure DSB, pure SDA and 0.6% SDA 
mixed into DSB. The inset shows the total integrated PL for a variety of SDA/DSB mixed 
films. Even though DSB and SDA are both emissive, adding 0.6 % SDA into DSB nearly 
quenches all of the PL. The dashed line are rescaled 100% SDA and 100% DSB, the PL 
spectrum of the 0.6% mixer could be fitted by linear combination of each compound. 
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Figure 6.  
heavily oxidized one (b). 

Photoluminescence spectra at different temperature in pristine sample (a) and 

5. PPV MODEL OLIGOMER STUDY 

The finding of exciton quenching by carbonyl introduced in photooxidation explains many 
experimental facts such as luminescence intensity, dynamics and temperature dependence. 
With the improving of synthesis, we were able to eliminate the carbonyl defects incorporated 
in thermal conversion and increased the lifetime by factor four to 1.2 ns which is similar its 
oligomer[lO]. One the other hand, this efficient quenching is puzzling since 
phenylenevinylene model oligomer containing carbonyl group such as stilbene dialdehyde 
(SDA) are highly luminescent. We have studied the mixer film of model compound oligomer 
SDA with distyryl benzene (DSB). This experiment demonstrates that the electronegativity of 
the carbonyl moiety pulled down both HOMO and LUMO energy level therefore electron 
transfer from an exciton on adjacent pristine segment is favorable. This mechanism is 
depicted schematically in figure 7 where an exciton formed on DSB segment will be 
dissociated with an electron hopping to the SDA segment while the hole remains at DSB 
because of their energetic favorable. Thus, the exciton excited at DSB segment can be 
quenched by this charge transfer process. 
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Figure 7. Energetics of charge transfer quenching of DSB excitons by incorporati mf SDA 



Figure8(b) shows the time resolved PL decay for the same sample as shown in figure 8(a). 
The maximum intensities are normalized to be the same. The lifetime of pure DSB and SDA 
are much longer than the mixer of 0.6% SDA in DSB. The decay dynamics is similar to the 
decay of oxidized PPV samples. 
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Figure 8. (a) PL spectra of 100% SDA, 100% DSB and a mixed film with 0.6% SDA. The 
inset is the integrated PL versus fraction of SDA. (b) Transient PL for the films in (a). 

6. LUMINESCENCE YIELD INTRINSICALLY REDUCED 
BY FORMATION OF INTERCHAIN EXCITONS 

We have shown the photoluminescence can be reduced significantly due to the defects 
introduced by photooxidation. However, exciton formation yield via photoexcitation in PPV 
films is only about 10% even in the pristine sample. The interchain exciton are the dominant 
excitations in polymer films and reduce PL yield by reducing formation of intrachain 
exciton[7,1 I]. To verify this hypothesis, we have performed picosecond photoinduced 
absorption measurements in dense MEH-PPV film and diluted 0.1% MEH-PPV in 
polystyrene matrices blend. Figure 9 shows the absorption, PL and photoinduced absorption 
(PA) spectrum of MEH-PPV dense films and diluted blend. In MEH-PPV blend, the 

0.10 

0.05 

0. M) 
t 5 

-0.05 

a i 0  

4.15 

5 0 0 6 0 0 7 0 0 8 0 0 9 0 0  5 0 0 m 7 0 0 8 0 0 9 0 0  

wavelength (nm) 

0.10 

0.05 

t 5 
0.00 

a05 

Figure 9. (a) Absorption spectrum (solid line) and PL spectrum (dot) and photoinduced 
absorption excited at 520nm of MEH-PPV films. (b) same as (a) in 0.1% MEH-PPV in 
polystyrene blend. 



absorption change exhibits a transmission increase in the luminescence wavelengths due to 
stimulated emission of intrachain excitons[7]. Also, the decay dynamics of stimulated 
emission (600nm) are the same as the photoinduced absorption at 800nm, which suggests that 
intrachain exciton is the only excited state in the dilute MEH-PPV polymer in the blend. In 
the dense MEH-PPV film, stimulated emission due to intrachain exciton is no observed and 
the PA does not track the behavior of the PL with sample oxidation, excitation wavelength or 
transient decay dynamics. Therefore, this majority excitation pathway in dense film is not due 
to intrachain excitons and we assign it to nonemissive interchain excitons. The the intrachain 
exciton formation in the dilute MEH-PPV polymer blend is similar to the situation of MEH- 
PPV in the solution[7] which has been demonstrated as a lasing material. 

7. CONCLUSIONS 

We have found that luminescence in PPV is limited by the formation of extrinsic impurity 
defects which we identify as carbonyl group introduced by photoexcitation. These defects in 
the polymer quench PL via a charge transfer mechanism which dissociates intrachain 
(emissive) excitons. Special precautions to exclude oxygen from PPV LEDs will be 
necessary. Even in the absence of quenching defects, the intrachain exciton formation yield is 
small in the polymer film because the majority of photoexcitations formed are non-emissive 
interchain excitons. A schematic diagram of the photophysics of PPV is shown in figure?. In 
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Figure/ Schematic diagram for evolution of excitons after photoexcitation in PPV 

absence of quenching defects, about 50% of the intrachain excitons emit light at room 
temperature by assuming intrachain emission is unit at 1OK. About 2% of the interchain 
excitons reform intrachain excitons to emit light while the majority decay into the ground state 
nonradiatively. Special design of the polymer morphology to increase the emissive polymer 
chain separation could greatly enhance its photoluminescence and electroluminescence [ 121 as 
well. 
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