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Recombination of triplet excitons and polaron pairs in a derived paraphenylene
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The triplet photoexcited states of the pentamer 2,6-dityloxy-1,4-bis(4’,4”-bisstyryl)styrylbenzene in a
polystyrene matrix have been investigated by optically detected magnetic res¢@dd®R) spectroscopy in
spin coated films at different concentrations of the blend. As previously reported for rpi@ghenylene
vinylene (PPV) polymers, a part of the singlet excitons—the primary photoexcitations—are dissociating by
intermolecular charge transfer, which results in Coulomb bound pairs of charge carriers, the distant polaron
pairs(PPs3. At low temperature and weak photo-excitation, however, the triplet ex¢itBh ODMR spectrum
is dominant relative to that of the PPs, which points to a more efficient formation of the long living TEs than
in PPV polymers. From a detailed analysis of the TE spectrum a rhorbbicO{ E=0.037 cm 1) zero-field
splitting interaction could be determined. Under optical excitation a much faster saturation of TE compared to
PP spectra is found, in qualitative agreement with the previously proposed triplet-triplet annihilation mecha-
nism for ODMR. A quantitative analysis shows a stronger than expected intensity dependence at higher
excitation levels, which is attributed to an increasing probability for triplet-triplet annihilation as a result of the
decreasing average distance between pairs of triplet excitons. Furthermore, the PP signal shows a much faster
response than that of the TEs=0.22 and 1.2 ms, respectively, measured at 2.5wich also calls for a
refinement of the description of the processes involved. TE and PP signals also show markedly different
behaviors under a variation of the oligomer concentration in the polystyrene matrix, and of the measuring
temperature. These results are discussed in light of the different formation and recombination mechanisms of
excitons and polarons in conjugated organic materials.
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I. INTRODUCTION not larger than the benzene ring in conjugatpdra-
phenylene vinylenegPPV),! and as a result is less sensitive
Considering the fast growing number of applications ofto the oligomer size. This is in agreement with theoretical
organic semiconductors in the last years, it is increasinglynvestigations performed on oligehenylenevinylene’ Ra-
important to study the basic physics of the materials andliative decay from the TE state is generally forbidden. Re-
devices on which they are based. Both for light emittingcently Romanovskiiet al.® however, have experimentally
diode and solar cell applications the knowledge of and thélemonstrated the presence of delayed fluorescence and phos-
possibility to control the occurring photoexcited states carPhorescence in ladder-type methyl-pigra-phenyleng¢and

lead to improved device efficiencies. Previous studies hav€ :DV by time—rtlagtalved PL and modulation spe;:troscqpy.
demonstrated the existence of intrachain and interchaiff'>%: Parteeet al.” have provided strong evidence for a sig-

charge carriers in both singlet and triplet sti®According nificant contribution to the singlet emission resulting from

: L . . riplet-triplet annihilation into singlet states.
to experimental findings, the photoexcitation of conjugateot pAlterngtively the SE can decgy via electron transfer onto
polymers generates intrachain singlet excitq8&s9, i.e., '

a neighboring chain, or to a next conjugated segment of the

pairs of electrons and holes with opposite charges and antt e chain. This process forms a charge-trar(fy inter-

parallel spins bound by the Coulomb attraction. Exciton de'chain or an interconjugated segment exciton, sometimes

cay occurs through radiative and nonradiative processes. The|jeq a polaron paitPP).1° From the neighboring site, the
radiative decay of excitons results in photoluminescencenqpile polaron can hop to a further chain or segment while
(PL), and in some materials the PL quantum efficiency canjl| pelonging to the pair, at least at distances not exceeding
reach values of over 9096 The reactions that involve those the Coulomb interaction radius. This pair is callegjemi-
neutral excitations in conjugated polymers are very intrigunate pair to emphasize the common origin of negative and
ing. By studying the dependence of the PL on the conjugapositive chargegpolarons, in contrast to anongeminatePP

tion length of the polymergor oligomers, it was found that  which is formed by charges donated by different parents ex-
the PL is redshifted as the length of the oligomers increasesitons. Note that this occurs in a 3-to-1 ratio triplet to singlet,
which means that the SE is an intrachain excitation and exwhile predominantly singlet states are formed from geminate
tends over the whole conjugation segment, consisting of upairs. This issue on the formation of geminate pairs and/or
to 6—7 monomers in lengthOnce formed, a SE can be nongeminate pairs is closely related to the discussion on the
transformed into a tripleintrachain exciton via intersystem nature of primary excitations in conjugated polym&rg&o-
crossing(ISC). The intrachain triplet excitoTE), in con-  laron pairs were introduced to account for the magnetic field
trast to the singlet one, is much more localized, being in sizeffect on photoconductivitf Later, they were invoked to
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explain long-lived states observed in photo-induced 0oct-OPV5 - PS |

absorption'? Most recently, Mller et al. performed two-step 1.0 . (90:10)
photoexcitation experiments on a photodiode based on ¢ o (70:30)
s (30:70)

ladder-type conjugated polymttThey ascribed the increase
in photocurrent in the second step to dissociating PPs. Thus
PPs may be considered as a common phenomenon in serr
conducting polymers. PPs are important intermediate state
that exist between electronic molecular excitations and free
charge carriers. Their formation is very important for the fate
of injected and/or photogenerated charges in organic semi
conductors. Since the use of conjugated polymers/oligomer:
in organic light emitting diodes is directly related to their PL
efficiency, the photoinduced charge transfer should be pre
vented. The latter leads to the dissociation of the primary
photogenerated SEs, which are responsible for the light 0.0—— e o e e T T
emission. Nevertheless, the status of the PP as a quasipartic

leads to a certain controversy both in the literature and dis- Wavelength [nm] (a)
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cussions, especially if one attempts to assign certain bands i
the optical spectra to PPs. The situation, however, is very — T 1 L
different in magnetic resonance experiments. Electron para_, 1.0 | Qoct-OPVS5 - PS
magnetic resonancéEPR and in particular optically de- ﬁ E?g;;g; |
tected magnetic resonanc®DMR) have already been R (30;70)
shown to be powerful techniques in this field of 5 %[ . T
investigationt~>14~1°In ODMR, the recombination of spins - :

in pairs is responsible for the effects observed. This process .4 L .

involves pairs of chargeshort-living or long-living just by N

definition. These experiments contributed to demonstrate the= .

existence of polarons, PPs, and TEs. At least at the firs% o4 f

stage, they were of purely fundamental interest and had little§

relevance to the broad efforts to improve the efficiency ofg oz 1YY

organic light emitting diode$OLEDS). s I s T
Now, more than a decade after the first publicatidthe ¥

OLED research activities have almost moved out of the re- 4, & L A

search lab into the industrial sector and address more tecr 500 600 700 (b)

nological aspect$:?? Moreover, the production of OLED Wavelength [nm]

displays became a reality.At the same time, the questions , , , ,
of how to “violate” spin statistics and create more singlet _F'C: 1. Normalized optical absorptiof@) and photolumines-
excitations than the expected 3-to-1 ratio by means of elecgence(b) Of.SP'n'Cc_’ated f'lr,"s of OgCt'O_PV_S 'rlps at threhe O.l'ﬁerem
trical injection of charges became more and more chaIIenggﬁg\fvinttg'(C)rr:z(r:i%;?s’tggt'j?e’ sfnth(jgggb;azeigigé;; nset
ing. The validity of the spin statistics has been doubted in a '
recent paper by Wilsoet al?* Related to this, the so-called
electrophosphorescence process is nowadays of great int
est. It was demonstrated that the external quantum efficien
of the OLED can be improved to 8% by the introduction of
“heavy” atoms in the moleculé>?® This increases the spin-

&goncentrations with polystyrene. Detailed information on the
ture, and on the formation and decay of the triplet excita-
ions in this system is obtained by variations of the photoex-
citation level, temperature, and concentration, and this will

orbit coupling and forms more triplet excitations, which in P& discussed in the framework of the triplet-triplet annihila-
turn decay radiativelyphosphorescengeor annihilate in a tion model. One of the aims of th.IS work is to further clarify
second order reaction and produce singlet excitations. In thife €ffects of morphology and intermolecular distance on
context, fundamental investigations of spin-dependent reharge transfer phenomena and spin dynamics.
combination processes, e.g., the singlet and TEs transforma-
tion mechanisms occurri_ng in the device acti_ve layer, may Il EXPERIMENT
lead to new approaches in an area once considered as one of
purely applied research. Compared to polymers, significantly The investigated conjugated molecule is the digo
different properties can be expected in oligomers in whichphenylenevinylene(OPV) derivative, 2,5-di-n-octyloxy-1,4-
the conjugated segments are shorter and well defined, ars (4’,4"-bisstyryl)styrylbenzene, shortly denoted as Ooct-
the intermolecular interactions can can be altered by thei©OPV5(see the inset to Fig.)1This oligomer, synthesized by
concentration in a nonconjugated matrix. Gill etal,?” has a fixed length of five phenyl units and is
In this work we present ODMR measurements gmasa-  substituted for by two octyloxy chains on the middle phenyl
phenylene vinylene derived oligomer blended at differentunit, which increase the solubility. It emits a bright green-
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yellow PL band centered at 530 nm. Solutions of Ooct-OPV5 ——

and polystyrendPS were prepared in different concentra- 2.4x10* HB//z :

tions(30:70, (70:30, and(90:10 (weight ratiog using chlo- % :
lam, |=1

roform (CHCL) as a solvent. To start, a 0.5-wt % solution . 2:0x10 | :
was made of PS in the solvent whereafter appropriate con™z 1 gy10+ H '\L ‘
centrations of Ooct-OPV5 were added. From these solutionsi I S
the films were spin coated on glass substréaas3500 rpm i T I LR
over 40 3. The nonconjugated PS, which serves here as &2

transparent matrix for the Ooct-OPV5 molecules, makes ity 80107

possible to obtain homogeneous films, and is known to favorZ I

charge transfer processes, in contrast to other polymers suc® |

as polyethylené® b6
X-band (=~ 9.4 GH2 ODMR experiments were per- a1

formed in a Bruker ESP300 spectrometer with an Oxford LE

liquid helium flow cryostat T=2-300 K). The sample is

on a holder with optical fiber access for optical excitation, g 2. ODMR spectrum of a spin coated film of Ooct-OPVS5 in

and the photoemission is collected through the optical winpg (90:10. T=2.7 K, \o,.=476 nm, andP,,, =200 mW. The

dows of the rectangular cavity and imaged onto a silicorpowder EPR simulation of the spectrum is shown for comparison.

photodetector. The microwave induced change in the PL in-

tensity Alp, was detected with a lock-in amplifidEG&G B. Optically detected magnetic resonance

7220, while chopping the microwave powéon/off modu- in Ooct-OPV5:PS blends

lation). The PL intensityl,, was measured independently

with the same photodetector during these procedures. As ttbei

ODMR signal we will further consider the relative quantity shown in Fig. 2. Three features can be distinguished, each

Sopmr=Alp /lp., ie., the relative value of the . . . X
microwave-induced modulation of the PL intensity. All porrespondmg to a microwave inducettreaseof the PL

ODMR measurements were performed at 2.7 K except agﬂenns'%/' '?‘I r}zrr?Wé)eatKSZ%Hm_? 3.5rrmT Wlndéa oc;cutras f tra
otherwise stated, and laser light at 476 nm was employed for??ag e:{ Cthe fo a Iout | ’ COS espot ) QI]I 9 cbo h
optical excitation. Optical absorption and photoluminescencg.oSe o e Tree eleciog value. symmetrically on bo

were measured in a Varian Cary 5 UV-VIS-NIR spectropho-s'des of this, two signals with a splitting between the ma_lxima
tometer and Varian Cary Eclipse spectrometer, respectivel of about 100 mT can be clearly observed, and are ascribed to

ytheAMS: +1 transitions between the Zeeman sublevels of
an anisotropic paramagnetic triplet state. Finally, a so-called
“half-field” transition at a magnetic field of+165 mT

lll. RESULTS AND DISCUSSION (ges~4) is also discerned, which is considered as a signa-
A. Absorption and photoluminescence ture for the presence of triplet spin systet$® The overall
spectrum results from an average over the orientational dis-
Yribution of the molecules in the spin coated film, compa-
rable to a powder EPR spectrum.

4.0x10°
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The microwave induced changes in the PL intensity in
ends of Ooct-OPV5:PS as the magnetic field was swept are

The optical absorption and PL spectra of spin-coated film
with different concentrations were recordgeig. 1). First,
the normalized absorption curves in Figalwill be dis-
cussed. The sampl®0:10 has a lower content of PS com-
pared to(70:30 and(30:70 and, therefore, the films forming
properties are less good. In this sample, the vibronically As previously reported for PPV compoundshe triplet
broadened main absorption band centered at 450 nm showgP@wder pattern and the half-field transition originate from
redshift of about 0.05 eV with respect to the other samplesthe TEs, which can eventually be formed through direct ISC
This can be an indication of aggregate formation. The posifrom the excited singlet state, or via intermediate PP states.
tion of the high-energy absorption band centered at 345 nnihe latter are resulting from the dissociation of SEs. Both
is not affected by the oligomer concentration. The PL spectr@urely axial and rhombic cases of the zero-field splitting
[see Fig. 1b)] were taken with an excitation wavelength of term (zfs) H,;=DS;+E(S;~S]) in the spin Hamiltonian,
450 nm. Qualitatively, the PL intensity increases with in-corresponding tadD#0, E=0, andD=0, E+0,% respec-
creasing oligomer concentration. The PL in conjugated motively, have been reported for different PPV-type polymers
lecular system originates from SEs. The curves for the threand oligomer blend systed®s In the present case, the posi-
samples show similar shapes. At the high energy side thtons of the half-field transition and the edges of the triplet
Stokes band corresponding to the 0-0 transition becomegsowder spectrum in thg=2 region can be obtained simul-
more pronounced for the films with lower concentration oftaneously only in the assumption of a near-orthorhombic
oligomer. This 0-0 transition is the transition between theinteraction?® This leads to zfs paramete®~0 and E
lowest vibrational levels in both the lowest unoccupied and=0.037+0.002 cm ! which were used to simulate the pow-
highest occupied molecular orbitals. The reason for the relader EPR spectrum superimposed on the experimental ODMR
tive changes can be attributed to reabsorption in the filmspectrum in Fig. 2. Both the position and asymmetry of the
with higher density of molecules. half-field transition are well reproduced. However, the shape

1. Triplet exciton spectrum
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of the TE spectrum in theg=2 region deviates quite which is sufficient to create a SE. This pair of TEs has sin-
strongly from the simulation. Here the difference betweenglet, triplet, and quintuplet states. At resonance, the micro-
EPR and ODMR intensities must be taken into accountwaves increase the population of the singlet state, from
while the EPR intensity is given by the probabilities of the which a SE can be formed with spin conservation, leading to
magnetic dipole transitions between the spin stateuced an increase of the steady state PL yield.
by the magnetic field component of the microwagyesldi- In the quenching modelTEs close to SEs quench the PL
tional elements have to be taken into account in order tdrom the latter. At resonance, the triplet decay rate will in-
describe the changes in SE PL intensity resulting from therease therefore decreasing the quenching effect. The
transitions between TE spin states. This can lead to importamground-state depopulation modé$ self-explanatory and
differences in the EPR and ODMR contributions to the pow-leads to a less efficient photogeneration of SEs, which may
der spectrum as a function of the molecular orientation. Arbe altered by resonant microwaves if the final spin states of
explicit derivation of this orientational dependence in thethe TEs display a faster decay to the ground state.
latter case can only be obtained from a validated model of
the ODMR mechanism, which is as yet not available. In the
present case the ODMR contributions are strongly sup- The second contribution to the spectrum, a narrow peak at
pressed for orientations of the molecule in which the mag340 mT (g=1.9825), originates from microwave induced
netic field direction is close to the principal axis for which recombination between positive and negative polarons.
the D value is zero. Reasons for this can include the deperithese distant, but still Coulomb interacting, charge carriers
dence of relaxation times and of TE decay probabilities agorm so-called polaron pairs and are formed in a charge
functions of the molecular orientation, combined with film transfer reaction through dissociation of SEs. Initially these
morphology effects. The latter are presently under furthegeminate PPs predominantly are in a singlet spin state. The
investigation very formation of these pairs lowers the PL intensity and is
While both axial and orthorhombic cases of the zfs haveherefore undesirable for light emitters based on conjugated
been previously reported in literatut®,a pure rhombic molecules. Alternatively, the PPs can be formed by the inter-
analysis was already put forward for pdl®;5-dihexoxy- action between twonongeminatepolarons originating from
PPV) (DHO-PPV) studied by Swansoretal. (D'=3E’ different excitonic states, in which case triplet and singlet
=0.0487 cm?! or 52.1 mT, which is equivalent td states are expected to be statistically represented. At low ex-
=0, E=2E’'=0.0325 cm %),'who also found a better fit for ~citation levels mainly geminate pairs are present because on
the half-field transition in this assumption. The reportedaverage théntrapair distanceis much less than thieterpair
spectra of DHO-PPV evolve towards the shape for the orthogistance When the polaron concentrations are increased, the
rhombic EPR simulation at higher temperatur&s-G0 K).!  pair formation with polarons originating from different SEs
At these temperatures no ODMR signals of the TE can béecomes very important when this inequality is challenged.
observed in our Ooct-PPV:PS filntsee Sec. Il ¢ Interest-  Eventually, resonant microwaves act on the spin staferud
ingly, in DHO-PPV, the phenyl rings are substituted with of) the charge carriers in the PP, which opens a recombina-
alkoxy groups irpara positions, similar to the central ring of tion channel and increases the PL intensity. The nature of this
the Ooct-PPV pentamer. This suggests that the octyloxy sutmechanism, which leads to the ODMR observation of the
stitution is responsible for the orthorhombic zfs interaction,charge transfer states, is not straightforwardly determined.
and that the triplet exciton is localized mainly on this substi- To shed light on this issue as well as to prove the CT

3. Narrow ODMR line

tuted central ring in this PPV pentamer. character of the SE dissociation, we performed ODMR ex-
. periments at several relative concentrations of the conjugated
2. Origin of the TE ODMR molecule in the blendsee Sec. lIl. E Indeed, the probabil-

The relative intensity of TE ODMR spectrum vs the pp?ty for creation of_ PPsin a CT process vaiously depends on
peak is unusually high in the Ooct-OPV5:PS blends as comintérmolecular distances. In pure conjugated polyﬁ'-r’ezr%
pared to observations of triplets in other conjugatedhis distance is hard to control and is mainly determined by
systemd,21828The visibility of triplet molecular excitons in  More or less bulky side groups. Thg shorter this dlstance, the
a PL originating from the radiative decay of SEs is indeed©Wer the threshold for hopping. It is known, for conjugated
quite unusual. In the samples studied here, no radiative dec&plymers blended in a PS matrix, that the CT will only occur
of TEs (phosphorescentavas observed, similar to the ob- UP t0 & critical intermolecular distance, after which only the
servation in most PPV-derivatives. Triplet excitons either denergy transfer will be operative for energy d'3§'paﬁ?3?‘l-
cay nonradiatively to the ground state or can be converted tdhe formation of aggregates, or crystalline regions, in con-
other excited states. EPR transitions between the TE staté§ntrated blends and in pure polymers, on the other hands,
are found to influence the PL intensity and to give rise to thevould enable the charge transfer. Note that in ODMR one
TE ODMR. Three spin-dependent recombination modeldndirectly detects the resonant microwave transitions be-
have been proposed for thisi) triplet-triplet (T-T) tween t.he states of the triplet PPs via their influence on the
annihilation®283° (ji) triplet-singlet quenching, and (i) ~ SE PL intensity.
ground state depopulation due to long-living excited triplet
state.

In the T-T annihilation modeltwo TEs, close to each Figure 3 shows the ODMR intensity for PPs and TEs as a
other, can couple and form a pair with a combined energyunction of the frequency of the amplitude modulation of

C. Frequency and temperature dependence
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FIG. 3. ODMR intensity as a function of the modulation fre- 0 10 20 30 40 50 60
quency of the modulated microwave$(30:70 sample, T Temperature [K]
=2.7 K, Nexc=476 nm, andP,,,, =200 mW]. The calculated fre-
quency dependence is shown for compariéee to text FIG. 4. ODMR intensity as a function of temperatui,,

=120 MW, A ¢xc=476 nm, andP,,,,=200 mWw).
microwaves. The phase of the lock-in amplifier was always

tuned to maximize the signal intensity. When the modulationsyaightforward interpretation, the response time of the PP
frequency becomes larger than the reciprocal lifetime of theyp\vR would be larger than or equal to that of the TE sig-
excited states, the signal intensity starts decreasing. CIearIy,@aB, which is in contradiction with the present observations
different frequency response is measured for PPs than fofyq the results of Ref. 16. Therefore, a refinement of the
TEs. The contribution of PPs to the SE emission has a fastgpogel is required which either considers additional pathways
response than that of the TEs. From simulations of the datgy the PP contribution to the ODMR signal, or gives a more
points in Fig. 3, an estimation for the TE and PP responseecise description of the evolution of the spin states
times could be made. The lifetime of TEs in PPV at low {hroughout the consecutive processes of PP to TE conversion
te'm'peraturgssszwas measured to be in the range of,qT-T annihilation. This will be further discussed in Sec.
millisecond;™ and in poly2-phenyl- 14- ip.
phenylenevinylene(PPPVf polymer films a clear difference  the OpDMR intensities as a function of temperature are
in response times was reported between TEs and PPs, shown in Fig. 4. A fast decrease of the intensity of the TE
=1.25 ms and*0.55 ms, respectwe_l’;?.A faster decay £ sjgnal with temperature is observed and the triplet spectrum
~100 us) was observed in polymer films or frozen solutionsis yanishing above 20 K. This strong decrease is mainly as-
of 2,5-dihexoxy and 2,5-octoxy substituted PEMHO-PPV  ¢rihed to decreasing spin-lattice relaxation times, combined
and DOO-PPY by modulated PL spectroscopy. _ with the effect of the Boltzmann distribution between the
Assuming an exponentially decaying response with charyip|et spin levels. The diffusion of TEs to find a partner for
acteristic timer and a rectangular on/off modulation of the gpnihilation or quenching would be expected to become
microwaves, one finds, after Fourier spectral analysis for thengre effective and to increase the TE signal. This effect
amplitude, clearly cannot compete with the previous detrimental effects.
Unfortunately, this does not give any clear arguments to dis-
T criminate between the different spin-dependent recombina-
Mr 2.2 tion models.
ot As concerns the PPs, there is little or no change of inten-
which is measured by means of the lock-in detector. Fron$ity with increasing temperature. This rules out the possibil-
the best fits of the data to this frequency dependence, a vali® of free polaron recombination, as also found in the poly-
of 7rg=1.2 ms (-0.4 ms) was derived for the TEs and an mer casé® Indeed, for this spin-dependent recombination
approximately five times shorter response time =f, ~model, a IT? dependence would have been expected, ac-
=0.22 ms (-0.03 ms) for the PPs, in qualitative agreementcording to
with the cited poly-PPPV resuli§.
In the T-T annihilation model, the triplet PPs recombine 5

to form TEs as an intermediate state and this contributes AlpL _ . %(QMBBO)
indirectly to the SE emission and the ODMR signal. In a lpL P 2kT |’

2
R(w)oe
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s~ v~ v+ T T T T T T T ] essentially proportional to that of the full field triplet signal
[ v, ¥ triplet powder spectrum - (g~2), as would be expected
5 ®  half field line (x10 . ' L ) .
o0k T annih”atic(,n m)odel R At low excitation levels, a fast increase of bo® s
- and S5h g is observed, which means the modulated signal
15 i Alp, isincreasing faster than the PL intendipy . At higher
! excitation intensities, the PP signal increases further, albeit at
1 a slower pace, whereas the TE signal reaches a maximum
w 10 M and then gradually decreases. These results for oligomers are
5 [ ] in qualitative agreement with those obtained for conjugated
= 5 , , ] polymer PPV by Dyakonov and Frankevithalthough their
jo triplet exciton _ ® 1 experiments hardly reach beyond the region of maximum TE
5 Ooct-OPV5:PS = 90:10 (@) ; L : )
P S S S ok signal. Qualitatively one can explain the observed behavior
i " 20 40 60 80 100 120 ] in the following way: initially there are only a few molecules
D 30 A oxperimental excited. SEs are created, which contribute to the PL or dis-
7] ] i i i
o T-T annihilation model A ] sociate into PPs. Furthermore, part of thg _S_E is converted to
= 25 3 a TE as a consequence of ISC. The fast initial increase of the
8 ODMR signals indicates that the underlying reactions cannot
2.0 be first-order processes involving only a TE or only a distant
15 PP. Within theT-T annihilation model described in Ref. 28,
3 a second-order reaction is introduced in which pairs of TEs
1.0 3 can interact and annihilate resulting in a SE contributing to
olaron pairs ] the PL with a reaction constant depending on the spin
0.5 goct—OPpV5:PS —90:10 E states within the TEs. This explains the initial increase of the
(b)] TE ODMR signal in weak excitation conditions, but also
0.0 1 | 1 1 1 1 1 1 1 | 1 1 | d | N d | A f h TE h h d
0 20 40 60 80 100 120 eads to a re.atl\{e ep e?|0n (0} t e ; S W e'n t e SeCOI'.]
order recombination rate is drastically increasing with exci-
P [MW] ton concentration. Another element in the model is the relax-

ation of an appreciable part of the triplet PPs into TEs, at a
rate p; that depends on the spin state of the PP. This TE
generation rate is considered to be proportional to the exci-
tation power. The constantg (of a second order reactipn
andps (of a first order ongenter into the rate equations for
the system and hence the expression for the delayed PL in
) o ~different ways, leading to different saturation behaviors for
wherePp_ andPp., are the spin polarizations for negative the TE and PP ODMR signals, respectively. The dependence

FIG. 5. Dependence of the ODMR intensity on the power of the
excitation light for the(30:70 Ooct-OPV5 in the PS sampl@)
triplet exciton andb) polaron pair T=2.7 K, N¢yc=476 nm, and
P.w=200 mW)., compared to thé-T annihilation model, as dis-
cussed in the text.

and positive polarons, respectively. excitation power(proportional tops) is given by®
D. Optical excitation intensity dependence /1+4 04 1

Figure 5 shows the ODMR intensity of both the TEs and k% Ps

the PPs as a function of the intensity of the incident light for SP MR~ ,

the case of #90:10 ratio of Ooct-OPV in PS. These experi- y

ments were performed for the three different concentration of \ [ 1+4—p;

the Ooct-OPV5:PS blend in order to obtain more information k%

on TE and PP formation rates. The ODMR intensity of each

signal was determined as an integrated intensity over a well-

chosen interval on the magnetic field axis: the width of the A /1+4lp 1

spectrum extended by 5 mT to the left and right of it. The PP 273

intensity was obtained from a limited interval around the SOBMR™ ! ,
narrow line. This amount was also subtracted from the total y y

signal in the wider range arourgk=2 in order to obtain a

reliable TE intensity. All results were normalized by dividing kT kT

the integrated intensities by the number of accumulated spec-

tra and by PL intensity as measured by the photodetectol) which ky is the rate constant fdnon-radiative recombi-
The PL intensity was found to be near to linear with thenation of the TEs.

optical excitation intensity(not shown and is higher for Figure 5 shows simulations for the TE and PP ODMR
films with higher oligomer concentration. For comparison, intensities 655y and Sgf g, respectively based on this
the ODMR intensity of the half-fieldg~4) signal is also derivation, taking 4/k%p;=bP proportional to the excita-
presentedFig. 5a)]. Its excitation intensity dependence is tion powerP. The simulations were fitted on the data points
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0 20 40 60 80 100 120 is considered, and eventually direct ISC from SE to TE
2.5 TRIPLETa = 4 L N 35'70 should be included(ii) The effect of the different spin sta-
- a, g[‘ ° 70;30- tistiqs which result for rgcombination of geminate vs non-
20F a a E 90:10] geminate PPs. In the first case they are expected to stay
A | mainly in the singlet state since they originate from dissocia-
15ka R tion of a SE, while 25% singlet and 75% triplet yields are
A expected as a result of a pure statistical distribution in the
. B A second case. The relative amount of nongeminate PPs, espe-
:-g 1.0 - cially those in a triplet spin state, will drastically increase
=1 --:='0' L] s with the PP concentration, i.e., in the high excitation regime.
s 05y (] . (iii) Finally, one could question the assumption that only
g p ' annihilation between pairs of TEs leads to an ODMR signal
Z 00 * — Fy (@ (and that_the only mechanism by which PPs enter the ODMR
g 3.5[ POLARON PAIR TRANSITION A process is decay of PP into a JTHt is not excluded that at
% A T high powers other second-order interactions come into play
c 3.0L | such as between a TE and a triplet PP, which could become
g o5 A A A 1 ] a singlet PP and recombine to a SE, or alternatively could
O L aay H lead to an annihilation reaction forming a SE. Such addi-
2.0 -‘A‘ s (b)] tional pathways could also resolve the question of the shorter
15 : ° i response time for the PP ODMR signal compared to that of
1ol e ® 4 the TEs(Sec. lll. O, which cannot be explained by the as-
[ e A 30:70 sumed spin dependence of the rate constant for decay of the
os e ® 70:301 triplet PP into a TE. However, the basic elements of THE
O'OF ® 90:10] annihilation model can be reconciled with the measured re-
e sponse times if one considers that the spin state is preferen-
0 20 40 60 80 100 120 tially conserved in the triplet PP to TE relaxation. If such a

spin memory effect is assumed, the different response times
observed for the ODMR signals could be identified as the

FIG. 6. Dependence of the ODMR intensity on the power of thelifetimes of the Tk, and the TE, states(TE states with a
excitation light for the three oligomer concentratiofis) for the ~ quantum number of the spin projection bf=0,£1). The
triplet g=4 transition, (b) and for the polaron pair transitionT( available data are unfortunately insufficient to decide which
=2.7 K, Aexc=476 nm, andP ,,,=200 mW). of the refinements of the models is most important.

P [mW]

exc

below P=50 mW, omitting the last three data points. This
yields a reasonable agreement in this range, using the same
proportionality constanb within a set of data taken on a  The power excitation dependence was determined for dif-
given oligomer/PS composition which could be measured irferent concentrations of the pentamer in PS, as shown in Fig.
a continuous experimental run. The following parameter val6. It is clear that the films with the lowest concentration
ues were derived from the data in Figs. 5 and 6: (30:70 ratio for Ooct-PPV:PSyield a much higher ODMR
=0.34 mW ! for the composition(90:10, 0.11 mW ! for  signal, overall, than the two highly concentrated of%&30
(70:30, and 0.3 mW ! for (30:70. It is not straightforward and 90:10. In this respect the latter two concentrations seem
to relate this values to the physical constants of the moddb behave similarly, and represent the limit in which an oli-
because of the difficulty of calibration of the power densitygomer is nearly completely surrounded by other oligomer
on the sample, and the lack of knowledge of the different rataeighbors.
constants involved. One might have expected the opposite result: A higher
At higher excitation powers the experimental dataconcentration means more TEs, closer to one another. The
strongly deviate from the model, that is seen to underestieptical density of the films is proportional to the oligomer
mate both the rate of decrease of the TE signal and the ratmncentration within the uncertainties on film thickness.
of increase of the PP signal in this regisee Fig. » How-  Hence, theT-T annihilation process would occur with a
ever, one should consider that the above derivation is valithigher probability and the contribution of TEs to the spec-
only for a strongly simplified case of the-T annihilation  trum would be relatively larger for films with a higher con-
model: The rate constantfor annihilation is taken to be the centration. For the PPs essentially the same effect is ex-
same for all pairs of TEs, regardless of the relative positiorpected. A higher concentration of molecules and possibly a
of the oligomers on which they are located. In particular, arhigher degree of aggregation would enhance SE dissociation
increase of this constant is expected for decreasing distandeto PPs. As a consequence, more PPs should be observed
between TEs, which is on average the case for higher TRvith ODMR. Moreover, nongeminate recombination of PPs
concentrations occurring at higher excitation power. Severahto TEs would also occur at a higher yield. But experimen-
other possible extensions of the model may be envisaged: tally, the TE signal in more concentrated films is smaller than
In the rate equations, only TE formation via triplet PP decayat lower concentrations.

E. Effects of oligomer concentration
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The following suggestion is made to explain the resultstation power dependence of the ODMR intensities on films
The T-T annihilation model, as applied for the fitting of the of these oligomer/PS blends, comparable to previous results
excitation power dependence, only takes into account TBn PPV polymeré® but measured in a wider range. Our
formation via nongeminate PP recombination. Although theresults essentially confirm the validity of tAeT annihila-
experimental results shows anomalies at higher powers, th@n model in this oligomer/PS system, but refinement is nec-
overall behavior is in accordance with the model. In films ofessary. Indeed, at higher powers the experimental curves de-
higher concentrations, the probability for SEs to dissociateviate from the simple model, and a significantly shorter
into PPs becomes higher, as is the nongeminate recombineesponse time is found for the PP signal compared to that of
tion of PPs into TEs. Moreover, since the film has a higheithe TEs. Possible origins of these discrepancies(iaran
density, theT-T annihilation rate will be higher, which increase oflf-T annihilation rate constant at higher TE con-
would show itself in an increasing ODMR signal. Since thecentrations(ii) the neglect of the direct ISC from SE to TE,
opposite is observed, another decay process must compdie) the possible existence of additional annihilation path-
with the creation ratg; and the annihilation rates, most  ways (e.g., by interactions between a TE and a triple},PP
probably the first-order decay described by the rate constaifiv) neglect of the different spin statistics for geminate and
k. Due to the higher density of molecules in the film, thenongeminate recombination@t low and high excitation
nonradiative decay of TEs becomes more important. This ipowers, respectivelyand(v) the spin memory effect in the
why TEs and also PPs, which are detected via the annihilaelaxation from triplet PP to TE states. The decreasing
tion of the intermediate TE state, are less observed in th©®DMR signal in films with higher oligomer concentration is
ODMR spectra. Since th&-T annihilation model gives a ascribed to an increasing nonradiative TE decay rate in larger
good description of the excitation power dependence, we exnolecular aggregates.
pect that direct TE formation via ISC is not important, but
that it may have a higher probability in films with lower ACKNOWLEDGEMENTS
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