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The photoexcited state dynamics of vapor-deposited oligophenylenevinylene films, with chain lengths of
n=2, 3, and 4 vinylene units, is investigated with a 100-fs time resolution. The spectral signatures of three
different specie\;, A, andA; are identified in the photoinduced absorption spectrum. Their assignment is
based on kinetics, chain length dependence, and theoretical modgling.attributed to the singlet-singlet
S,— S, transition. TheS; population displays a strongly intensity dependent decay in the first ps due to
bimolecular annihilationA, is assigned to triplet-triplet absorption; the triplet state is populated within the
pump pulse duration by a nonconventional mechanism which circumvents the spin-flip constraigitsws
superlinearly with the pump intensity, and shows a distinct formation dynamics. It is assigned to radical ion
pairs resulting from singlet coalescence. These results provide insight into the fluorescence quenching mecha-
nisms of organic molecules in the solid state.

I. INTRODUCTION energy siteglonger conjugation length chainsrhese prob-
lems can be circumvented by the so-called “oligomeric ap-
Organicar-conjugated molecules are very attractive mateproach,” which consists of investigating oligomeric
rials for a number of optoelectronic applications, and werePrecursors as model systems with well-defined chain lengths.
recently the object of intense investigations, both theoretical In this work, we apply femtosecond pump-probe spectros-
and experimental, aimed at a fundamental understanding &©OPY to the study of excited-state dynamics in thin films of
their physical properties. The interest has focused primarilpligo(phenylenevinylengs (nPV's) (wheren is the number
on electroluminescent systems, such as (palsa-phenylene of vinylene groups We examine the three molecules 2PV,

vinylena and polypara-phenylengPPP.! Using these mol- 3PV, and 4PV, and find that their ph_otoinduced gbsorption
ecules as active media, bright and stable light-emitting diSpectra present common features, which are consistently red-

odes were built, and laser action recently demonstratdd. shifted, moving from shorter to longer molecules. After pho-

addition, these materials, blended with high electron affinitytc.)eXCItanon’ we observe smgleﬁ excitons and, W'th a large
ield, the instantaneousgeneration of triplet excitons. At

molecules Sucﬁ; as f“”eref‘e: show an e_ff|C|e_nt photomdupe igh excitation densities, singlet excitons show a bimolecular
charge transferwith promising appllcan_o ns in photovoltaic decay and concurrently another species is formed, which we
ce_II_s. For all the above—menn_oned devices, th_e performanc%entify as polaron pairs resulting from the fusion and sub-

critically depends on the excited-state dynamics. Femtosegsqyent fission of the singlet excitons. Our results provide

ond transient spectroscopy is a powerful tool to study thesgsignt into the singlet exciton deactivation pathways which
dynamics, and therefore has been extensively appiigdn open up for these materials in the solid phase.

spite of the many experimental investigations, however, the
guestion of the number and nature of the primary photoexci-
tations in electroluminescent polymers still remains open.
The generation of emissive intrachain singlet excitons is Oligo(phenylenevinylenemolecules(see the structure in
widely accepted, while the presence of other nonemissivéhe inset of Fig. 1 were prepared according to Ref. 13, and
species such as interchain excitgatso known as “indirect amorphous thin solid filmg~100-nm thicknesswere de-
excitons” or bound polaron pairs charged speciegpo-  posited onto fused silica substratésAll the experiments
larong, and triplet excitons is still under debate. The picturewere performed in vacuum, to avoid sample photodegrada-
becomes even more obscure at high excitation densities, ofion, and at room temperature. The linear absorption spectra
ten reached during device operation: in this case photoexcof the nPV films are shown in Fig. 1. In comparison with
tation interactions may take place, opening decay channelsrevious data reported by Waet al® on butyl-substituted
and/or generating species. oligo-(phenylenevinyleng we note that the spectra of the
Polymers, in general, show a significant inhomogeneousPV'’s show a higher vibronic resolution, due to the better
broadening, resulting from a distribution of conjugation alignment of the unsubstituted molecules.
lengths, which smears out the absorption features, both in The femtosecond laser system used for the pump-probe
ground and excited states, making their assignment more diexperiments was a mode-locked Ti:sapphire laser with
ficult. In addition, their dynamics are complicated by spectralchirped pulse amplification, providing 150-fs pulses at 1.6
relaxatiort? due to the migration of the excitations to lower- eV, with an energy of 70@.J and a repetition rate of 1 kHz.

Il. EXPERIMENT
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FIG. 1. Extinction spectra of the oligphenylenevinylenefiims A
used in the experiments. The inset shows the molecular structure of 1
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Pump pulses at 3.2 eV were obtained by frequency doubling
the beam in a 1-mm-thick LifDs crystal, while the white- FIG. 2. Differential transmission spectra of a 3PV film excited
light probe beam was generated by focusing a small fractioat 3.2 eV, with a fluence of 3.2 mJ/énper pulse, for various
(1-2 wJ) of the fundamental beam in a 1-mm-thick sapphirepump-probe delaysy . AL-A3 and SE denote the photoinduced
plate.16 The pump beam was focused to a spot size ofi80 absorption bands and stimulated emission, respectively.

and the excitation fluence ranged from 0.1 to 10 m3/per

pulse. Mirrors were used to collect the white-light pulse, and Differential transmission spectra for 4PV films as a func-
to focus it on the sample in order to minimize frequencytion of 5 are shown in Fig. 3: we observe the same features
chirp effects. We performed two different kinds of experi- as in 3PV, but redshifted, as expected for a longer chain
ments: (i) For a fixed pump-probe delay, the whole white length. The peak of thé\; band falls out of our spectral
light pulse was spectrally analyzed after passing through thdetection window, while the long-lived\, band peaks at
sample, using a monochromator and a silicon diode arrays=1.8 eV. Finally the third band;, at early times masks the
Transient absorption spectra were obtained by subtractinground-state bleaching, which reappears after its decay. Note
pump-on and pump-off data over a frequency ranginghat, for comparable excitation levels, the band appears to
from 1.3 to 2.9 eV. In these experiments, we measurete stronger in 4PV with respect to 3PV, which points to a
the differential transmission, defined asT/T=(Tympon  larger yield in the generation of the species responsible for
— Tpumpot)/ Tpumpotts typically we achieved sensitivities of this absorption. A derivative of 4PV, bis-stylbil-2-methoxy-
AT/T~10 3. (ii) After the sample, the probe beam was

passed through interference filters of 10-nm bandwidth, and LA B e e o o e |
the differential transmission was measured at a fixed wave-

length as a function of pump-probe delay. In this experiment, T4 =200 ps
by chopping the pump beam and using standard lock-in tech-
niques, we could achieve sensitivities down 1OT/T
~10-5
~107". T = 40 ps
Ill. RESULTS
In Fig. 2 we show the\ T/T spectra of the 3PV film for Tq =4ps
different values of the pump-probe delay], ranging from
0.5 to 200 ps. The structure of the spectra appears to be quite
complex, with several distinct bands displaying markedly 19 =05ps

different temporal dynamics. Immediately after photoexcita-

tion (7p=0.5ps) we observe three photoinduced absorption
(PA) bands, peaking at 1.35 e\A(), 1.95 eV @A,), and 2.7

eV (Az), respectively. We also observe two increased trans-
mission bands: one at 2.8 eV, which matches the first feature

A2 4PV
of the ground state absorption spectrum of the molecule, and NS TN SR A S SV B

14 16 18 20 22 24 26 28 30

a weaker one at 2.4 eV. The PA bands display different Energy (eV)

temporal behaviors: th&; and A; bands although not with
the same dynamics, decay on a 10-ps time scale; while the FIG. 3. Differential transmission spectra of a 4PV film excited
A, band is long lived and is the only absorptive feature surat 3.2 eV, with a fluence of 3.2 mJ/énper pulse, for various
viving at 75 =200 ps. pump-probe delays.
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L FIG. 5. Points:AT/T vs pump-probe delay in 3PV at 1.38 eV
14 16 18 20 22 24 26 for different pump pulse fluencé&) 0.1 mJ/cr, (b) 0.23 mJ/crA,
Energy (V) (c) 0.6 mJ/cm, and (d) 1.6 mJ/cni]. Solid lines: decay curves
simulated using the diffusion-controlled annihilation model de-
FIG. 4. Differential transmission spectra of a 2PV film excited scribed in the texfEgs.(1)—(3)]. (e) displays an experimental fluo-
at 3.2 eV, with a fluence of 5 mJ/émper pulse, for various pump- rescence decay curvexcitation fluence X 10~ % mJ/cnf).
probe delays.

-AT (arb. units)

AT/T

, - relative weight increases, so that the overAll signal
5+2'-ethylhexyloxy-1, 4-divinylenbenzene (MEH-DSB) changes sign turning from photobleaching to photoabsorp-
was preV|ou7s_I¥9 stugﬂed exten§|vely by femtosecondtion. This indicates that the species responsible forAhe
SF?CUSSEOF)% the d|ffere?c$‘s W!fjh our results Cﬁgge[)esxé band is not formed instantaneously, but is a by-product of the
plain€d by t € presence o t € side groups In ) primary photoexcitation. After its formation, this species de-
Wh'c.h redu_ce 'F‘temha'” mteractlons_. . .. cays with nonexponential dynamics, thus uncovering the

Finally, in Fig. 4 we show the differential transmission bleaching signal, as shown in Fig. 8
spectra for a 2PV film: in this case the sample is excited on The three PA’ bands display al.so. the same characteristic
the red tail of the ground-state absorption, so that bleachinﬁ1tensity dependence in 4PV and 2PV. As an example, in
and theA; band fall out of our detection range. However, we Fig. 9 we plot the decay dynamics in 4F;V at the three pr(;be
clearly observe a short-lived; band, peaking at 1.6 eV, and enérgies 1.46, 1.77, and 2.7 eV, corresponding toAhe
a long-lived A, band, peaking at 2.3 eV. Both bands are andA .ab,sor.ptic;n band.s resbectively
blueshifted with respect to 3PV and, in this case, the relative 2’ 3 ’ '
strength of theA, band is clearly reduced with respect to
3PV.

The three PA bands show markedly different intensity | the following paragraphs we propose an assignment of
dependences of their kinetics. We will first discuss the CasSehe common features observed in the excited-state transmis-
of 3PV. In Fig. 5 we plot as dotted lines the dynamics of thesjon spectra of nPV’s. The discussion leads to the identifica-
A; band at different excitation energigBigs. (a)—(d)]: we
observe that theA; band is formed instantaneously upon L B —
photoexcitatior(also see Fig. % and that its decay dynamics
is strongly intensity dependent, with faster decays corre-
sponding to higher excitation levels. In Fig. 6 we plot the
initial kinetics of the A, band compared to that of th&;
band at the same excitation intensity: also the band is
formed within the pump pulse duration, but it does not dis-
play an ultrafast decay. In addition, the dynamics of e
band does not show any significant intensity dependence. For
both theA; andA, bands the differential transmission signal
at 74=0 ps grows linearly with the excitation energy. Fi-
nally, a striking intensity dependence is displayed byAhe
band, as shown in Fig. 7. Immediately after excitation a posi- . Time Delay (ps)
tive AT is observed, due to ground-state bleaching, since the ! VP
probe wavelengti{2.7 eV) falls on the tail of the ground- FIG. 6. Normalized differential transmissiohT/T vs pump-
state absorption band. After a few hundred fs an absorptivgrobe delay in 3PV, probing th&, band(solid line, 1.38 eV and
feature(the Az band is formed, which is superimposed on the A, band(dashed line, 1.97 e\/Also shown by a dotted line is
the positiveAT. For increasing excitation intensities, the for- a typical pump-probe crosscorrelation. The pump pulse fluence is
mation time of this band becomes progressively faster and it$.6 mJ/c.

IV. DISCUSSION

AT/T (arb. units)
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FIG. 7. Solid lines: AT vs pump-probe delay in 3PV at 2.7 eV
for different excitation fluencea) 0.6 mJ/crd, (b) 1.6 mJ/c, FIG. 9. AT vs pump-probe delay in 4PV for different energies
and (c) 4 mJ/cn?]. Dashed lines: fits according to the model de- probing the three PA features: 1.46 eX,§, 1.77 eV (@,), and 2.7
scribed in the text. eV (A3). The excitation fluence is 3.2 mJ/ém

tion of the elementary species generated by optical excitatiosidebands witAE=0.16 eV. After subtraction of an addi-
and of their dynamics. tional AE=0.125eV, the electronic origins of thk, bands
are obtained. In Fig. 11 the resulting spectral positions are
plotted as diamonds vs the reciprocal chain length (the
) ~ chain lengthmis defined as half the number of carbon atoms
The AT/T spectra of all NPV samples should display sig-along the shortest path between the terminal carbon atoms
natures of the lowest singlet excited state, reached after u|p Fig. 11 we also plot the energies of t8g—S; and S,
trafast thermalization. The increased transmissidi¥0)  _. s, transitions; the latter transition is only very weakly
observed in 3PV in the spectral region around 2.4 eV isapsorbing, but its spectral position can be unambiguously
attributed to stimulated emissid8E) of the S;—S; exciton  gptained from fluorescence polarization excitation speétra,
transition, since photoluminescence is observed in this repecause th&,— S, transition is polarized along the direction
gion, with vibronic maxima at 2.55 and 2.39 eV, while no of the long molecular axis, and ti&— S, transition almost
significant ground state absorption is measui®ee Fig. 1, perpendicular to it. Based on semiempirical quantum-
any extinction in this region is due to reflectjon Fig. 10 chemical calculations on the PPP level, S-S, transition
we compare the dynamics of the SE band with that ofthe s assigned to the excitatigi,1*), i.e., the promotion of an
band, under the same photoexcitation conditions: given thgjectron from molecular orbitdMO) 1 (HOMO, the highest
almost perfect match, it is straightforward to assign 1e  occupied molecular orbitainto MO 1* (LUMO, the lowest
band to absorption frors, to higher states%,— S, absorp-  ynoccupied molecular orbitalwhile the Sy— S, transition
tion). Based on their dynamics and energetic positions, th@ontains significant contributions from the linear combina-
A; bands of the 2PV and 4PV homologues are assigned tggn (1,26)-(2,1%).
the sames; — S, transition as in 3PV. Unfortunately, thg, In the following we will show that the assignment of the
vibronic band is experimentally not completely available ina, pand to theS,— S, transition is the most plausible, when
any of the three homologues because of apparative limitats intensity as well as the absolute value and the chain-
tions. However, the absorption maxima can be reconstructed

A. Assignment of theA; absorption band

from the positions of the first two totally symmetric vibronic I T T T T T T T
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FIG. 10. Modulus ofAT vs pump-probe delay for 3PV at 2.34
eV (SE, solid ling and at 1.38 eV A, dashed ling The pump
pulse fluence is 1.6 mJ/ém

FIG. 8. AT vs pump-probe delay in 3PV at 2.7 eV for different
excitation energy densiti§&a) 0.6 mJ/cnd and(b) 6 mJ/cnf]. () is
exaggerated by a factor of 10.
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FIG. 11. Energies of electronic transitions in nPV’s vs the re- I -
ciprocal chain length, td. Symbols represent experimental or cal- (ib/) ¢
culated data, and lines are linear regressions to the Aatédia- 3*
monds is the photoinduced absorption baAd in thin films, S; o
(circles is the lowest-energetic absorption band of nPV's in solu-
tion, S, (empty squaresis the second absorption band of nPV’s in LMo 1*
solution, andS,(calc) (circles is the second absorption band of
nPV’s in solution as calculated by the PPP methagh- S, (filled a1 @29 |21 |1.39]1.e%
squaressum of the transition energies of bands and S;. All
experimental values refer to band origins, while calculated values HOMO
refer to band maxima.
2

length dependence of its spectral position are considered. As 3

illustrated in Fig. 12, thé&s;— S, transition is mainly due to
the linear combinatior(2,1)-(1*,2*), formed by configura- paritiesu andg. Expressions in brackets give the linear combina-

tion interaction from the degenerate configuratiG®d) and  tions of those configurations which contribute most strongly to a
(1*,2*). Both configurations correspond to the promotion ofgiven electronic state. Arrows symbolize electronic transitions. The
an electron between two energetically adjacent MQ\§ (  widths of the arrows correspond to the intensities of the transitions.
=1). The slope of the chain-length dependence of band (b) One-elect.ron configuration.of t.he Iowe§t-energetic singlet tran-
is very similar to that of theS,— S, transition, for which ~ Sitions. Asterisks denote contributing® orbitals.

Ai=1, while it is significantly lower than that of th&,

— S, transition, for whichAi=2.2%?! As shown in Fig. 11,
the sum of the transition energies of t8g—S; and theA; at
band actually yields a value close to that of Be- S, tran-

sition. Further support to this assignment is provided by the

prominent intensity of thé\; band. As nPV’s belong to the

point groupCy;, , only transitions between MO's of different |, £q. (1) the concentration profile o8, states along the
parity are allowed. Due to the alternating parity of the MO’s gyrface normal is taken into account by dividing the film into
in the frontier orbital regio; strong transitions are only thin layers with different distancesfrom the film surface,
possible forAi = 1. Other allowed transitions withi>2 are  and integrating Eq(1) for each layer separately. The first
too weak to account for the strong intensity of theband,  term on the right-hand side of Edl) describes the genera-
because the overlap of the participating MO’s becomes intion of S; states byS,—S; absorption with an extinction
creasingly poorer with growing energetic separation. coefficient ofoy;. The depth profile of the photon fluence,
J(z,1), is calculated from Lambert-Beer’s law,

FIG. 12. (a) Electronic states in nPV’s with their respective

9Sy(z,1) 7*S,

= 0'0150(Zyt)‘-](zat) + DzF_ kmsl

1 2
~ k(OS2 D). M

B. Singlet exciton dynamics dJ(z,t)

0z

=2 oXJ(z), )]
As already mentioned, th8; decay dynamics is nonex- '

ponential and strongly intensity dependent, indicating thevhereX; and o; represent the concentrations and extinction

presence of bimolecular deactivation processes at high exctoefficients, respectively, of all absorbing species present in

tation levels. This phenomenon, which has been observed ithe film. The second term in E@l) takes into account the

several solid-state organic materiats?*is assigned to the diffusion of S; excitons between different layers. The diffu-

annihilation of singlet excitons$; +S;— Sy +S,,, whereS, sion coefficient is assumed to be isotropic, i2,=D. The

is a higher excited singlet state. In order to model the experithird term describes monomolecular deactivatiorspexci-

mental decay curves, we numerically solve the following ratetons by radiative and nonradiative decay. The mean rate con-

equation for the concentration & excitons: stant for this first-order proces&,,=8x10"8s™? is ex-
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tracted from fluorescence decay curves, obtained at very low 3.54 L L
excitation levelgan example of which is shown in Fig. 5 as e
a dashed ling The last term in Eq(l) represents the bimo- L
lecular deactivation processS;+S;—S;+S,. Several
mechanisms of singlet-singlet annihilation have been %‘ L2 o
proposed in the literature in order to quantitatively describe 5 239 A, T
the kinetics of bimoleculas; decays. In organic crystals, 5 3
diffusion controlled singlet-singlet annihilation is often =
encountered® In crystalline G, (Ref. 22 and in PPV(Ref.
24) long-range energy transféForster transfer was sug- 15 |
gested to be the dominating mechanism. Depending on the ’
actual mechanism, the bimolecular deactivation constant T . r .
ky(t) takes on different forms. 0.00 PPVO'05 o10 013020
For diffusion-controlled annihilation processes the bimo- 1/m
lecular rate constarky, is given by FIG. 13. Energies of electronic transitions in nPV's and PPV vs
, the reciprocal chain length m/ Symbols represent experimental
kg'ﬁ(t) =8mDrag[1+ rAB(27TDt)_1/2], 3 data, and lines are linear regressiofs.(full squares is the photo-

induced absorption band, in thin films. (1) (diamond$ TTA in
whereD is the diffusion coefficient of a&, exciton and g solution (data for 1PV taken from Ref. 28 and for 2PV from Ref.
is a fixed reaction radius, at which annihilation occurs with29). (2) (open squar@sTTA of nPV microcrystals in KBr(from
unity efficiency. The calculated curves, fitted to the experi-Ref. 15. (3) (circles Dy— D, absorption bands of nPV radical ions
mental decay curves according to E¢—(3), are shown in  adsorbed onto silica géblata taken from Refs. 29 and )32The
Fig. 5 as solid lines. From these fits, diffusion coefficients inchain length of the PPV species has been estimatet=d<. The
the range oD =5.10 *-8.10"* cn?s 1, and reaction radii PPV data have been taken from Refs.(@8laron, TTA, 30 and 31

of rxg=1.4—1.5nm are obtained. (TTA), and 34(polaron.
If Forster transfer is the dominant mechanism of annihi-
lation, k, becomes Despite these uncertainties, there is ample evidence, from

the kinetic analysis described above, that exciton diffusion

plays an important role in th§, — S; annihilation in nPV’s.

The annihilation models involving diffusion render satisfac-

tory fits to the experimental curves, with diffusion constants,

whereR, represents the critical distance for long-range enwhich are in the range typically encountered in organic sol-

ergy transfer. The best fits using this decay law show signifiids. In contrast, the kinetic analysis based on puresteo

cantly steeper initial slopes than the experimental curves, arigiansfer yields only moderate fits, with ister radii greatly

yield Faster radii betweenRy,=4.5nm andR,=5nm. exceeding those calculated from spectral overlap.

These are larger than the iSter radii ofRg~2 nm, which

are estimated from the overlap of the fluorescence spectrum

with the A; absorption band. Dogariu, Vacar, and Heé4er

found similarly large Foster radii from the kinetics analysis The long-lived photoinduced absorption bakslis tenta-

of S; decay curves in PPV, which they explained by invok-tively assigned to triplet-triplet transitionis,— T, . This as-

ing spatially delocalized excitonic wave functions. signment is based on a comparison of the spectral positions
Diffusion-enhanced Fster transfer combines long-range of the A, band with those of photoinduced absorption fea-

energy transfer with delocalization of the excitations by dif-tures obtained on nPV molecules and microcrystals as well

3/2

3

kb(t)= R37- Y4172, (4)

C. Triplet excitons generation in nPV’s

fusion. In this case, the rate constant is giveR®hy as on PPV films. Figure 13 showslll square$ the spectral
position of theA, band origins, together with those of triplet-
kdeF(t) = 470.67D 3R Y4+ KE(1). (5) triplet absorption(TTA) bands, measured in nP\Refs. 28,

29, and 1% and PPV (Refs. 30 and 31l species by other

Fit curves(not shown in Fig. 5 and diffusion coefficients techniques. Isolated charged doubl@ts., radical iong are
resulting from this model are almost identical to those ob-excluded by comparison with the absorption data of photo-
tained from Eq.3) for purely diffusion-controlled annihila- generated nPV radical cations on silica surfac¢sbtained
tion. The calculated Fster distances in this case are in theby two-photon absorption after high intensity irradiation at
range ofRy=3.5—4 nm, still not matching the spectroscopi- 3.5 eV (Ref. 32] and of polarons in PP¥3*These samples
cal figure. show two absorption bands, one of them in the near infrared

Which mechanism of exciton-exciton annihilation is op- and another one in the visible region of the spectrum, which
erative in nPV’s cannot be decided conclusively, mainly dueare due toDy—D; and Dy—D, transitions, respectively.
to the small dynamic range of th&; decay curves. More- The energetic positions of the,— D, transitions are pre-
over, several unknown variables may affect e decay sented in Fig. 13 as circles. A3,—D, andT;— T, transi-
kinetics. For instance it is known from fluorescence depolartions are relatively close in energy, the chain-length depen-
ization experiments that there is a considerable degree afence of the transition energies is a more reliable criterion
short-range order in the filnf€,which may render the rate for assignment than their absolute spectral positions. The
constants of energy transfer strongly anisotropic. slope of the chain-length dependence of the TTA band is
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significantly steeper than that of the radical ion absorption, AT

presumably becauski>1 for the T;— T, transition, while = *06(S T T1+P)—0pP, (7)

the Dy—D, transition corresponds to the excitation

1—1*, for which Ai=1. For small nPV’s, theDy—D,  wheresg(op) are the ground-stai@olaron paif absorption

transition lies below the TTA, whereas for chain lengths ofcross sections, ar®,, T, andP are the singlet state, triplet

approximatelyn>7, the energetic ordering is reversed. Thestate, and polaron pair populations, respectively. Assuming

chain-length dependence of bahglis very similar to that of  that the polaron pairs are formed through the bimolecular

the TTA band, but significantly greater than that of g  interaction of singlet excitons, we can write the following

— D, transition. Moreover, in the case of 3PV and 4PV, therate equation for them:

A, band origins observed in our experiments are practically

in the same spectral positions as the TTA signals obtained by P

Woo et al*® on nPV microcrystals in KBr. e Ko(t)S5— — (8)
Both the differential transmission spectf&igs. 2—4 and PP

the time trace$Fig. 6) show that the triplet feature is already \yhere, for simplicity, we have assumed an exponential decay
present at zero time delay, thus calling for an efficient ul-rate ofp, being mainly interested in the formation dynamics
trafast triplet formation mechanism. Several such mechagf the polaron pairs. The results of the fits, using the param-
nisms have been proposed in the literature: singlet excitoBters derived from thé\; kinetics for ky(t), are shown in
fission;’® singlet fusion with subsequent fission into corre- Fig. 7 as dashed lines. Using the simple rate equagpand
lated polaron pairs; and singlet exciton breaking into po- assuming no decay of the triplet population on the time scale
larons with a subsequent nongeminate bimolecular recomby the experiment, we can reproduce the formation ofAhe

nation of polarons into triplet and singlet excitons following pand fairly well, thus supporting our assignment.
spin statisticS® We can exclude singlet fusion, because in

this case the triplet yield would depend quadratically on the
excitation energy, while we observe linear generation. The V. CONCLUSIONS

lack of a clear nPV absorption argues against the polaron |, this work we reported on femtosecond pump-probe ex-
recombination mechanism. We thus favor singlet fission aperiments on nPV thin films with three different chain
the dominating mechanism of triplet formation. This hypoth-|engths: the chain length dependence, a comparison with pre-
esis is supported by the observation that the intensity of bangioys spectroscopical data, and theoretical modeling are used
Az, i.e., the triplet yield, increases strongly with the chaintg jdentify the primary excitations. We rationalize the results
length of the nPV's, i.e., with decreasil®y— S, separation. proposing that photoexcitation generates triplet states and, at
This dependence of triplet yield on the amount of exces$igh excitation density, polaron pairs together with the ex-
energy after excitation indicates that fission takes place dipected singlet states. The latter, being the only ones directly
rectly from vibrationally excited levels of the nonrelax8¢d coupled to the optical transition, are populated instanta-
state. neously by the pump pulses. Triplet states would be formed
during a relaxation of the singlet population within 100 fs
D. Charge photogeneration in nPV'’s following optical excitation. This observation strongly sup-
orts the proposal that in conjugated systems there are ul-

. ) rafast relaxation paths alternative to spin-orbit coupling
A3 band appears to be strictly related to the bimolecular deépin-flip paths, which change the state multiplicity. We con-

cay of the singlet exciton. We propose to assignA@éand o re that the mechanism active in nPV's is fission of the

to polaron pairs resulting from the mutual Coulomb attrac~ i arionally hotS, state into triplet pairs. This process, if

tion of two oppositely charged polarons generated by th¢,nfirmed, ‘is a relaxation path that opens up in the con-
reaction densed phase and competes with radiative decay, thus reduc
ing the emission quantum efficiency. At a high excitation
S;+S1—S —PT/PT, (6)  density, a condition relevant to the development of organic
lasers based on conjugated materials, singlet-singlet interac-
whereS; is a singlet excited state with a high enough energytions, become important. We characterize their dynamics,
to undergo autoionization int®*/P~ pairs. Due to the and propose that singlet fusion generates polaron pairs.
strong correlation the two charged species are not free orhese states are rather short lived, but it is plausible that a
isolated, but bound into an overall neutral charge-transfesmall fraction of them survives at longer time and eventually
state. Polaron pairs display a high-energy absorption banseparates into charged species. The results can be extended
which is blueshifted by 0.6-0.7 eV with respect to the cor-to longer chains, indicating that singlet fusion is an intrinsic
responding high-energy polaron absorption b&h@ihe ab-  channel for the photogeneration of charges in PPV.
sorption spectra of singly charged nPVholecules(see the All the results here reported provide insight into the pho-
circles in Fig. 13 show high-energy bands peaking at 2.05tophysics ofm-conjugated chains. In particular we elucidate
and 1.85 eV for 3PV and 4PV respectively’” so that the  which mechanisms contribute, in the solid state, to reduce
expected polaron pair absorption in these materials matchele singlet exciton population and thus the luminescence
the A; band fairly well. The extraction of the polaron pair quantum efficiency. The definitive assignment of the ob-
dynamics is complicated by the overlap of polaron pair abserved photoexcitations may be achieved by carrying out
sorption and ground-state bleaching. The differential transmore focused experiments, such as electric-field-assisted
mission signalA; can be written as pump-probe spectroscopy.

The nonlinear formation of the species responsible for th
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