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Primary photoexcitations in oligophenylenevinylene thin films
probed by femtosecond spectroscopy
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The photoexcited state dynamics of vapor-deposited oligophenylenevinylene films, with chain lengths of
n52, 3, and 4 vinylene units, is investigated with a 100-fs time resolution. The spectral signatures of three
different speciesA1 , A2 andA3 are identified in the photoinduced absorption spectrum. Their assignment is
based on kinetics, chain length dependence, and theoretical modeling.A1 is attributed to the singlet-singlet
S1→S2 transition. TheS1 population displays a strongly intensity dependent decay in the first ps due to
bimolecular annihilation.A2 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 constraints.A3 grows
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.
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I. INTRODUCTION

Organicp-conjugated molecules are very attractive ma
rials for a number of optoelectronic applications, and w
recently the object of intense investigations, both theoret
and experimental, aimed at a fundamental understandin
their physical properties. The interest has focused prima
on electroluminescent systems, such as poly~para-phenylene
vinylene! and poly~para-phenylene! ~PPP!.1 Using these mol-
ecules as active media, bright and stable light-emitting
odes were built,2 and laser action recently demonstrated.3 In
addition, these materials, blended with high electron affin
molecules such as fullerene, show an efficient photoinduc
charge transfer,4 with promising applications in photovoltai
cells. For all the above-mentioned devices, the performa
critically depends on the excited-state dynamics. Femto
ond transient spectroscopy is a powerful tool to study th
dynamics, and therefore has been extensively applied.5–11 In
spite of the many experimental investigations, however,
question of the number and nature of the primary photoe
tations in electroluminescent polymers still remains op
The generation of emissive intrachain singlet excitons
widely accepted, while the presence of other nonemiss
species such as interchain excitons~also known as ‘‘indirect
excitons’’ or bound polaron pairs!, charged species~po-
larons!, and triplet excitons is still under debate. The pictu
becomes even more obscure at high excitation densities
ten reached during device operation: in this case photoe
tation interactions may take place, opening decay chan
and/or generating species.

Polymers, in general, show a significant inhomogene
broadening, resulting from a distribution of conjugatio
lengths, which smears out the absorption features, bot
ground and excited states, making their assignment more
ficult. In addition, their dynamics are complicated by spec
relaxation12 due to the migration of the excitations to lowe
PRB 620163-1829/2000/62~4!/2429~8!/$15.00
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energy sites~longer conjugation length chains!. These prob-
lems can be circumvented by the so-called ‘‘oligomeric a
proach,’’ which consists of investigating oligomer
precursors as model systems with well-defined chain leng

In this work, we apply femtosecond pump-probe spectr
copy to the study of excited-state dynamics in thin films
oligo~phenylenevinylene!’s ~nPV’s! ~wheren is the number
of vinylene groups!. We examine the three molecules 2P
3PV, and 4PV, and find that their photoinduced absorpt
spectra present common features, which are consistently
shifted, moving from shorter to longer molecules. After ph
toexcitation, we observe singlet excitons and, with a la
yield, the instantaneousgeneration of triplet excitons. A
high excitation densities, singlet excitons show a bimolecu
decay and concurrently another species is formed, which
identify as polaron pairs resulting from the fusion and su
sequent fission of the singlet excitons. Our results prov
insight into the singlet exciton deactivation pathways wh
open up for these materials in the solid phase.

II. EXPERIMENT

Oligo~phenylenevinylene! molecules~see the structure in
the inset of Fig. 1! were prepared according to Ref. 13, a
amorphous thin solid films~'100-nm thickness! were de-
posited onto fused silica substrates.14 All the experiments
were performed in vacuum, to avoid sample photodegra
tion, and at room temperature. The linear absorption spe
of the nPV films are shown in Fig. 1. In comparison wi
previous data reported by Wooet al.15 on butyl-substituted
oligo-~phenylenevinylene!, we note that the spectra of th
nPV’s show a higher vibronic resolution, due to the bet
alignment of the unsubstituted molecules.

The femtosecond laser system used for the pump-pr
experiments was a mode-locked Ti:sapphire laser w
chirped pulse amplification, providing 150-fs pulses at 1
eV, with an energy of 700mJ and a repetition rate of 1 kHz
2429 ©2000 The American Physical Society
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2430 PRB 62G. CERULLOet al.
Pump pulses at 3.2 eV were obtained by frequency doub
the beam in a 1-mm-thick LiB3O5 crystal, while the white-
light probe beam was generated by focusing a small frac
~1–2mJ! of the fundamental beam in a 1-mm-thick sapph
plate.16 The pump beam was focused to a spot size of 80mm,
and the excitation fluence ranged from 0.1 to 10 mJ/cm2 per
pulse. Mirrors were used to collect the white-light pulse, a
to focus it on the sample in order to minimize frequen
chirp effects. We performed two different kinds of expe
ments: ~i! For a fixed pump-probe delay, the whole whi
light pulse was spectrally analyzed after passing through
sample, using a monochromator and a silicon diode ar
Transient absorption spectra were obtained by subtrac
pump-on and pump-off data over a frequency rang
from 1.3 to 2.9 eV. In these experiments, we measu
the differential transmission, defined asDT/T5(Tpumpon
2Tpumpoff)/Tpumpoff; typically we achieved sensitivities o
DT/T'1023. ~ii ! After the sample, the probe beam w
passed through interference filters of 10-nm bandwidth,
the differential transmission was measured at a fixed wa
length as a function of pump-probe delay. In this experime
by chopping the pump beam and using standard lock-in te
niques, we could achieve sensitivities down toDT/T
'1025.

III. RESULTS

In Fig. 2 we show theDT/T spectra of the 3PV film for
different values of the pump-probe delay (tD), ranging from
0.5 to 200 ps. The structure of the spectra appears to be
complex, with several distinct bands displaying marke
different temporal dynamics. Immediately after photoexci
tion (tD50.5 ps) we observe three photoinduced absorp
~PA! bands, peaking at 1.35 eV (A1), 1.95 eV (A2), and 2.7
eV (A3), respectively. We also observe two increased tra
mission bands: one at 2.8 eV, which matches the first fea
of the ground state absorption spectrum of the molecule,
a weaker one at 2.4 eV. The PA bands display differ
temporal behaviors: theA1 andA3 bands although not with
the same dynamics, decay on a 10-ps time scale; while
A2 band is long lived and is the only absorptive feature s
viving at tD5200 ps.

FIG. 1. Extinction spectra of the oligo~phenylenevinylene! films
used in the experiments. The inset shows the molecular structu
the nPV’s.
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Differential transmission spectra for 4PV films as a fun
tion of tD are shown in Fig. 3: we observe the same featu
as in 3PV, but redshifted, as expected for a longer ch
length. The peak of theA1 band falls out of our spectra
detection window, while the long-livedA2 band peaks at
'1.8 eV. Finally the third band,A3 , at early times masks the
ground-state bleaching, which reappears after its decay. N
that, for comparable excitation levels, theA2 band appears to
be stronger in 4PV with respect to 3PV, which points to
larger yield in the generation of the species responsible
this absorption. A derivative of 4PV, bis-stylbil-2-methox

of

FIG. 2. Differential transmission spectra of a 3PV film excit
at 3.2 eV, with a fluence of 3.2 mJ/cm2 per pulse, for various
pump-probe delaystD . A1 –A3 and SE denote the photoinduce
absorption bands and stimulated emission, respectively.

FIG. 3. Differential transmission spectra of a 4PV film excit
at 3.2 eV, with a fluence of 3.2 mJ/cm2 per pulse, for various
pump-probe delays.
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PRB 62 2431PRIMARY PHOTOEXCITATIONS IN . . .
5-~28-ethylhexyloxy!-1, 4-divinylenbenzene ~MEH-DSB!
was previously studied extensively by femtoseco
spectroscopy:17–19the differences with our results can be e
plained by the presence of the side groups in MEH-DS
which reduce interchain interactions.

Finally, in Fig. 4 we show the differential transmissio
spectra for a 2PV film: in this case the sample is excited
the red tail of the ground-state absorption, so that bleach
and theA3 band fall out of our detection range. However, w
clearly observe a short-livedA1 band, peaking at 1.6 eV, an
a long-lived A2 band, peaking at 2.3 eV. Both bands a
blueshifted with respect to 3PV and, in this case, the rela
strength of theA2 band is clearly reduced with respect
3PV.

The three PA bands show markedly different intens
dependences of their kinetics. We will first discuss the c
of 3PV. In Fig. 5 we plot as dotted lines the dynamics of t
A1 band at different excitation energies@Figs. ~a!–~d!#: we
observe that theA1 band is formed instantaneously upo
photoexcitation~also see Fig. 6!, and that its decay dynamic
is strongly intensity dependent, with faster decays co
sponding to higher excitation levels. In Fig. 6 we plot t
initial kinetics of theA2 band compared to that of theA1
band at the same excitation intensity: also theA2 band is
formed within the pump pulse duration, but it does not d
play an ultrafast decay. In addition, the dynamics of theA2
band does not show any significant intensity dependence
both theA1 andA2 bands the differential transmission sign
at td50 ps grows linearly with the excitation energy. F
nally, a striking intensity dependence is displayed by theA3
band, as shown in Fig. 7. Immediately after excitation a po
tive DT is observed, due to ground-state bleaching, since
probe wavelength~2.7 eV! falls on the tail of the ground-
state absorption band. After a few hundred fs an absorp
feature~the A3 band! is formed, which is superimposed o
the positiveDT. For increasing excitation intensities, the fo
mation time of this band becomes progressively faster an

FIG. 4. Differential transmission spectra of a 2PV film excit
at 3.2 eV, with a fluence of 5 mJ/cm2 per pulse, for various pump
probe delays.
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relative weight increases, so that the overallDT signal
changes sign turning from photobleaching to photoabso
tion. This indicates that the species responsible for theA3
band is not formed instantaneously, but is a by-product of
primary photoexcitation. After its formation, this species d
cays with nonexponential dynamics, thus uncovering
bleaching signal, as shown in Fig. 8.

The three PA bands display also the same character
intensity dependence in 4PV and 2PV. As an example
Fig. 9 we plot the decay dynamics in 4PV at the three pro
energies 1.46, 1.77, and 2.7 eV, corresponding to theA1 ,
A2 , andA3 absorption bands, respectively.

IV. DISCUSSION

In the following paragraphs we propose an assignmen
the common features observed in the excited-state trans
sion spectra of nPV’s. The discussion leads to the identifi

FIG. 5. Points:DT/T vs pump-probe delay in 3PV at 1.38 e
for different pump pulse fluences@~a! 0.1 mJ/cm2, ~b! 0.23 mJ/cm2,
~c! 0.6 mJ/cm2, and ~d! 1.6 mJ/cm2#. Solid lines: decay curves
simulated using the diffusion-controlled annihilation model d
scribed in the text@Eqs.~1!–~3!#. ~e! displays an experimental fluo
rescence decay curve~excitation fluence 231025 mJ/cm2!.

FIG. 6. Normalized differential transmissionDT/T vs pump-
probe delay in 3PV, probing theA1 band~solid line, 1.38 eV! and
the A2 band~dashed line, 1.97 eV!. Also shown by a dotted line is
a typical pump-probe crosscorrelation. The pump pulse fluenc
1.6 mJ/cm2.
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2432 PRB 62G. CERULLOet al.
tion of the elementary species generated by optical excita
and of their dynamics.

A. Assignment of theA1 absorption band

TheDT/T spectra of all nPV samples should display s
natures of the lowest singlet excited state, reached afte
trafast thermalization. The increased transmission (DT.0)
observed in 3PV in the spectral region around 2.4 eV
attributed to stimulated emission~SE! of theS1→S0 exciton
transition, since photoluminescence is observed in this
gion, with vibronic maxima at 2.55 and 2.39 eV, while n
significant ground state absorption is measured~see Fig. 1;
any extinction in this region is due to reflection!. In Fig. 10
we compare the dynamics of the SE band with that of theA1
band, under the same photoexcitation conditions: given
almost perfect match, it is straightforward to assign theA1
band to absorption fromS1 to higher states (S1→Sn absorp-
tion!. Based on their dynamics and energetic positions,
A1 bands of the 2PV and 4PV homologues are assigne
the sameS1→Sn transition as in 3PV. Unfortunately, theA1
vibronic band is experimentally not completely available
any of the three homologues because of apparative lim
tions. However, the absorption maxima can be reconstru
from the positions of the first two totally symmetric vibron

FIG. 7. Solid lines:DT vs pump-probe delay in 3PV at 2.7 e
for different excitation fluences@~a! 0.6 mJ/cm2, ~b! 1.6 mJ/cm2,
and ~c! 4 mJ/cm2#. Dashed lines: fits according to the model d
scribed in the text.

FIG. 8. DT vs pump-probe delay in 3PV at 2.7 eV for differe
excitation energy densities@~a! 0.6 mJ/cm2 and~b! 6 mJ/cm2#. ~a! is
exaggerated by a factor of 10.
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sidebands withDE50.16 eV. After subtraction of an addi
tional DE50.125 eV, the electronic origins of theA1 bands
are obtained. In Fig. 11 the resulting spectral positions
plotted as diamonds vs the reciprocal chain length 1/m ~the
chain lengthm is defined as half the number of carbon atom
along the shortest path between the terminal carbon ato!.
In Fig. 11 we also plot the energies of theS0→S1 and S0
→S2 transitions; the latter transition is only very weak
absorbing, but its spectral position can be unambiguou
obtained from fluorescence polarization excitation spectr20

because theS0→S1 transition is polarized along the directio
of the long molecular axis, and theS0→S2 transition almost
perpendicular to it. Based on semiempirical quantu
chemical calculations on the PPP level, theS0→S1 transition
is assigned to the excitation~1,1* !, i.e., the promotion of an
electron from molecular orbital~MO! 1 ~HOMO, the highest
occupied molecular orbital! into MO 1* ~LUMO, the lowest
unoccupied molecular orbital!, while the S0→S2 transition
contains significant contributions from the linear combin
tion ~1,2* !-~2,1* !.

In the following we will show that the assignment of th
A1 band to theS1→S2 transition is the most plausible, whe
its intensity as well as the absolute value and the cha

FIG. 9. DT vs pump-probe delay in 4PV for different energie
probing the three PA features: 1.46 eV (A1), 1.77 eV (A2), and 2.7
eV (A3). The excitation fluence is 3.2 mJ/cm2.

FIG. 10. Modulus ofDT vs pump-probe delay for 3PV at 2.3
eV ~SE, solid line! and at 1.38 eV (A1 , dashed line!. The pump
pulse fluence is 1.6 mJ/cm2.
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PRB 62 2433PRIMARY PHOTOEXCITATIONS IN . . .
length dependence of its spectral position are considered
illustrated in Fig. 12, theS1→S2 transition is mainly due to
the linear combination~2,1!-~1* ,2* !, formed by configura-
tion interaction from the degenerate configurations~2,1! and
~1* ,2* !. Both configurations correspond to the promotion
an electron between two energetically adjacent MO’s (D i
51). The slope of the chain-length dependence of bandA1

is very similar to that of theS0→S1 transition, for which
D i 51, while it is significantly lower than that of theS0

→S2 transition, for whichD i 52.20,21 As shown in Fig. 11,
the sum of the transition energies of theS0→S1 and theA1

band actually yields a value close to that of theS0→S2 tran-
sition. Further support to this assignment is provided by
prominent intensity of theA1 band. As nPV’s belong to the
point groupC2h , only transitions between MO’s of differen
parity are allowed. Due to the alternating parity of the MO
in the frontier orbital region,20 strong transitions are only
possible forD i 51. Other allowed transitions withD i .2 are
too weak to account for the strong intensity of theA1 band,
because the overlap of the participating MO’s becomes
creasingly poorer with growing energetic separation.

B. Singlet exciton dynamics

As already mentioned, theS1 decay dynamics is nonex
ponential and strongly intensity dependent, indicating
presence of bimolecular deactivation processes at high e
tation levels. This phenomenon, which has been observe
several solid-state organic materials,22–24 is assigned to the
annihilation of singlet excitons,S11S1→S01Sn , whereSn
is a higher excited singlet state. In order to model the exp
mental decay curves, we numerically solve the following r
equation for the concentration ofS1 excitons:

FIG. 11. Energies of electronic transitions in nPV’s vs the
ciprocal chain length, 1/m. Symbols represent experimental or ca
culated data, and lines are linear regressions to the data.A1 ~dia-
monds! is the photoinduced absorption bandA1 in thin films, S1

~circles! is the lowest-energetic absorption band of nPV’s in so
tion, S2 ~empty squares!- is the second absorption band of nPV’s
solution, andS2(calc) ~circles! is the second absorption band
nPV’s in solution as calculated by the PPP method.A11S1 ~filled
squares!-sum of the transition energies of bandsA1 and S1 . All
experimental values refer to band origins, while calculated va
refer to band maxima.
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kb~ t !S1

2~z,t !. ~1!

In Eq. ~1! the concentration profile ofS1 states along the
surface normal is taken into account by dividing the film in
thin layers with different distancesz from the film surface,
and integrating Eq.~1! for each layer separately. The firs
term on the right-hand side of Eq.~1! describes the genera
tion of S1 states byS0→S1 absorption with an extinction
coefficient ofs01. The depth profile of the photon fluenc
J(z,t), is calculated from Lambert-Beer’s law,

]J~z,t !

]z
52(

i
s iXiJ~z,t !, ~2!

whereXi ands i represent the concentrations and extincti
coefficients, respectively, of all absorbing species presen
the film. The second term in Eq.~1! takes into account the
diffusion of S1 excitons between different layers. The diffu
sion coefficient is assumed to be isotropic, i.e.,Dz5D. The
third term describes monomolecular deactivation ofS1 exci-
tons by radiative and nonradiative decay. The mean rate c
stant for this first-order process,km5831018 s21, is ex-

-

-

s

FIG. 12. ~a! Electronic states in nPV’s with their respectiv
paritiesu and g. Expressions in brackets give the linear combin
tions of those configurations which contribute most strongly to
given electronic state. Arrows symbolize electronic transitions. T
widths of the arrows correspond to the intensities of the transitio
~b! One-electron configuration of the lowest-energetic singlet tr
sitions. Asterisks denote contributingp* orbitals.
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2434 PRB 62G. CERULLOet al.
tracted from fluorescence decay curves, obtained at very
excitation levels~an example of which is shown in Fig. 5 a
a dashed line!. The last term in Eq.~1! represents the bimo
lecular deactivation processS11S1→S01Sn . Several
mechanisms of singlet-singlet annihilation have be
proposed in the literature in order to quantitatively descr
the kinetics of bimolecularS1 decays. In organic crystals
diffusion controlled singlet-singlet annihilation is ofte
encountered.25 In crystalline C60 ~Ref. 22! and in PPV~Ref.
24! long-range energy transfer~Förster transfer! was sug-
gested to be the dominating mechanism. Depending on
actual mechanism, the bimolecular deactivation cons
kb(t) takes on different forms.

For diffusion-controlled annihilation processes the bim
lecular rate constantkb is given by

kb
diff~ t !58pDr AB@11r AB~2pDt !21/2#, ~3!

whereD is the diffusion coefficient of anS1 exciton andr AB
is a fixed reaction radius, at which annihilation occurs w
unity efficiency. The calculated curves, fitted to the expe
mental decay curves according to Eqs.~1!–~3!, are shown in
Fig. 5 as solid lines. From these fits, diffusion coefficients
the range ofD55.1024– 8.1024 cm2 s21, and reaction radii
of r AB51.4– 1.5 nm are obtained.

If Förster transfer is the dominant mechanism of ann
lation, kb becomes

kb
F~ t !5

2p3/2

3
R0

3tF
21/2t21/2, ~4!

whereR0 represents the critical distance for long-range
ergy transfer. The best fits using this decay law show sign
cantly steeper initial slopes than the experimental curves,
yield Förster radii betweenR054.5 nm and R055 nm.
These are larger than the Fo¨rster radii ofR0'2 nm, which
are estimated from the overlap of the fluorescence spec
with the A1 absorption band. Dogariu, Vacar, and Heege24

found similarly large Fo¨rster radii from the kinetics analysi
of S1 decay curves in PPV, which they explained by invo
ing spatially delocalized excitonic wave functions.

Diffusion-enhanced Fo¨rster transfer combines long-rang
energy transfer with delocalization of the excitations by d
fusion. In this case, the rate constant is given by26

kb
deF~ t !54p0.676D3/4R0

3/2tF
21/41kb

F~ t !. ~5!

Fit curves~not shown in Fig. 5! and diffusion coefficients
resulting from this model are almost identical to those o
tained from Eq.~3! for purely diffusion-controlled annihila-
tion. The calculated Fo¨rster distances in this case are in t
range ofR053.5– 4 nm, still not matching the spectroscop
cal figure.

Which mechanism of exciton-exciton annihilation is o
erative in nPV’s cannot be decided conclusively, mainly d
to the small dynamic range of theA1 decay curves. More-
over, several unknown variables may affect theS1 decay
kinetics. For instance it is known from fluorescence depo
ization experiments that there is a considerable degre
short-range order in the films,27 which may render the rate
constants of energy transfer strongly anisotropic.
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Despite these uncertainties, there is ample evidence, f
the kinetic analysis described above, that exciton diffus
plays an important role in theS12S1 annihilation in nPV’s.
The annihilation models involving diffusion render satisfa
tory fits to the experimental curves, with diffusion constan
which are in the range typically encountered in organic s
ids. In contrast, the kinetic analysis based on pure Fo¨rster
transfer yields only moderate fits, with Fo¨rster radii greatly
exceeding those calculated from spectral overlap.

C. Triplet excitons generation in nPV’s

The long-lived photoinduced absorption bandA2 is tenta-
tively assigned to triplet-triplet transitionsT1→Tn . This as-
signment is based on a comparison of the spectral posit
of the A2 band with those of photoinduced absorption fe
tures obtained on nPV molecules and microcrystals as w
as on PPV films. Figure 13 shows~full squares! the spectral
position of theA2 band origins, together with those of triple
triplet absorption~TTA! bands, measured in nPV~Refs. 28,
29, and 15! and PPV~Refs. 30 and 31! species by other
techniques. Isolated charged doublets~i.e., radical ions! are
excluded by comparison with the absorption data of pho
generated nPV1 radical cations on silica surfaces@obtained
by two-photon absorption after high intensity irradiation
3.5 eV~Ref. 32!# and of polarons in PPV.33,34These samples
show two absorption bands, one of them in the near infra
and another one in the visible region of the spectrum, wh
are due toD0→D1 and D0→D2 transitions, respectively
The energetic positions of theD0→D2 transitions are pre-
sented in Fig. 13 as circles. AsD0→D2 andT1→Tn transi-
tions are relatively close in energy, the chain-length dep
dence of the transition energies is a more reliable criter
for assignment than their absolute spectral positions.
slope of the chain-length dependence of the TTA band

FIG. 13. Energies of electronic transitions in nPV’s and PPV
the reciprocal chain length 1/m. Symbols represent experiment
data, and lines are linear regressions.A2 ~full squares! is the photo-
induced absorption bandA2 in thin films. ~1! ~diamonds! TTA in
solution ~data for 1PV taken from Ref. 28 and for 2PV from Re
29!. ~2! ~open squares! TTA of nPV microcrystals in KBr~from
Ref. 15!. ~3! ~circles! D0→D2 absorption bands of nPV radical ion
adsorbed onto silica gel~data taken from Refs. 29 and 32!. The
chain length of the PPV species has been estimated asn510. The
PPV data have been taken from Refs. 33~polaron, TTA!, 30 and 31
~TTA!, and 34~polaron!.
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PRB 62 2435PRIMARY PHOTOEXCITATIONS IN . . .
significantly steeper than that of the radical ion absorpti
presumably becauseD i .1 for theT1→Tn transition, while
the D0→D2 transition corresponds to the excitatio
1→1* , for which D i 51. For small nPV’s, theD0→D2
transition lies below the TTA, whereas for chain lengths
approximatelyn.7, the energetic ordering is reversed. T
chain-length dependence of bandA2 is very similar to that of
the TTA band, but significantly greater than that of theD0
→D2 transition. Moreover, in the case of 3PV and 4PV, t
A2 band origins observed in our experiments are practic
in the same spectral positions as the TTA signals obtaine
Woo et al.15 on nPV microcrystals in KBr.

Both the differential transmission spectra~Figs. 2–4! and
the time traces~Fig. 6! show that the triplet feature is alread
present at zero time delay, thus calling for an efficient
trafast triplet formation mechanism. Several such mec
nisms have been proposed in the literature: singlet exc
fission,35 singlet fusion with subsequent fission into corr
lated polaron pairs,35 and singlet exciton breaking into po
larons with a subsequent nongeminate bimolecular recom
nation of polarons into triplet and singlet excitons followin
spin statistics.36 We can exclude singlet fusion, because
this case the triplet yield would depend quadratically on
excitation energy, while we observe linear generation. T
lack of a clear nPV1 absorption argues against the polar
recombination mechanism. We thus favor singlet fission
the dominating mechanism of triplet formation. This hypo
esis is supported by the observation that the intensity of b
A2 , i.e., the triplet yield, increases strongly with the cha
length of the nPV’s, i.e., with decreasingS02S1 separation.
This dependence of triplet yield on the amount of exc
energy after excitation indicates that fission takes place
rectly from vibrationally excited levels of the nonrelaxedS1
state.

D. Charge photogeneration in nPV’s

The nonlinear formation of the species responsible for
A3 band appears to be strictly related to the bimolecular
cay of the singlet exciton. We propose to assign theA3 band
to polaron pairs resulting from the mutual Coulomb attra
tion of two oppositely charged polarons generated by
reaction

S11S1→S1* →P1/P2, ~6!

whereS1* is a singlet excited state with a high enough ene
to undergo autoionization intoP1/P2 pairs. Due to the
strong correlation the two charged species are not free
isolated, but bound into an overall neutral charge-trans
state. Polaron pairs display a high-energy absorption b
which is blueshifted by 0.6–0.7 eV with respect to the c
responding high-energy polaron absorption band.37 The ab-
sorption spectra of singly charged nPV1 molecules~see the
circles in Fig. 13! show high-energy bands peaking at 2.
and 1.85 eV for 3PV1 and 4PV1 respectively,32 so that the
expected polaron pair absorption in these materials mat
the A3 band fairly well. The extraction of the polaron pa
dynamics is complicated by the overlap of polaron pair
sorption and ground-state bleaching. The differential tra
mission signalA3 can be written as
,

f

ly
by

-
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n

i-

e
e

s
-
d

s
i-

e
-

-
e

y

or
r

nd
-

es

-
s-

DT

T
}sG~S11T11P!2sPP, ~7!

wheresG(sP) are the ground-state~polaron pair! absorption
cross sections, andS1 , T1 , andP are the singlet state, triple
state, and polaron pair populations, respectively. Assum
that the polaron pairs are formed through the bimolecu
interaction of singlet excitons, we can write the followin
rate equation for them:

dP

dt
5kb~ t !S1

22
P

tPP
, ~8!

where, for simplicity, we have assumed an exponential de
rate ofP, being mainly interested in the formation dynami
of the polaron pairs. The results of the fits, using the para
eters derived from theA1 kinetics for kb(t), are shown in
Fig. 7 as dashed lines. Using the simple rate equation~8! and
assuming no decay of the triplet population on the time sc
of the experiment, we can reproduce the formation of theA3
band fairly well, thus supporting our assignment.

V. CONCLUSIONS

In this work we reported on femtosecond pump-probe
periments on nPV thin films with three different cha
lengths: the chain length dependence, a comparison with
vious spectroscopical data, and theoretical modeling are u
to identify the primary excitations. We rationalize the resu
proposing that photoexcitation generates triplet states an
high excitation density, polaron pairs together with the e
pected singlet states. The latter, being the only ones dire
coupled to the optical transition, are populated instan
neously by the pump pulses. Triplet states would be form
during a relaxation of the singlet population within 100
following optical excitation. This observation strongly su
ports the proposal that in conjugated systems there are
trafast relaxation paths alternative to spin-orbit coupli
spin-flip paths, which change the state multiplicity. We co
jecture that the mechanism active in nPV’s is fission of
vibrationally hotS1 state into triplet pairs. This process,
confirmed, is a relaxation path that opens up in the c
densed phase and competes with radiative decay, thus re
ing the emission quantum efficiency. At a high excitati
density, a condition relevant to the development of orga
lasers based on conjugated materials, singlet-singlet inte
tions, become important. We characterize their dynam
and propose that singlet fusion generates polaron pa
These states are rather short lived, but it is plausible th
small fraction of them survives at longer time and eventua
separates into charged species. The results can be exte
to longer chains, indicating that singlet fusion is an intrins
channel for the photogeneration of charges in PPV.

All the results here reported provide insight into the ph
tophysics ofp-conjugated chains. In particular we elucida
which mechanisms contribute, in the solid state, to red
the singlet exciton population and thus the luminesce
quantum efficiency. The definitive assignment of the o
served photoexcitations may be achieved by carrying
more focused experiments, such as electric-field-assi
pump-probe spectroscopy.
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