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Intrachain charge generation and recombination in alkoxy-substituted
poly-„p-phenylenevinylene… films
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The role of intrachain processes in ultrafast charge photogeneration has been investigated in solid state for
two dialkoxy PPV derivatives, characterized by an open-chain and a closed-chain substitution, respectively. In
spite of the different strength of the intermolecular interaction induced by the chemical structure of substitu-
ents, similar relaxation dynamics are observed in the first few ps. Two main relaxation pathways are individu-
ated. Upon excitation, single-photon absorption processes generate singlet excitons, whose relaxation dynamics
is initially governed by intrachain diffusion. Two-step absorption processes are responsible for generation of
high-energy excited states, which decay towards intrachain charge-transfer states on a time scale faster then our
temporal resolution. Ultrafast charge recombination is then observed in the first hundreds of fs.
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I. INTRODUCTION

The availability of highly fluorescent conjugated pol
mers has opened the way to a large number of application
optoelectronics, including light-emitting diodes1,2 optically-
pumped lasers,3–5 transistors,6,7 and photocells.8 The im-
provement of polymeric devices and the development of n
optoelectronic components are based onto the understan
of photophysics in such materials. Among the numerous
sues addressed in this field, particular attention has bee
rected towards the photogeneration of charged specie
conjugated polymers. According to some authors, photo
riers are directly generated upon photoexcitation9,10 with the
same quantum efficiency at low or high pump energy;
carrier recombination rate appears to depend strongly
pump energy and interchain distance. For strong interch
interaction, charge separation is more likely to take pla
resulting in a longer recombination time. A different mod
of charge photogeneration11 assumes that excitons are th
only primary photoexcitation initially created by the pum
pulse; charged species are secondary excitations gene
via intensity-dependent processes or dissociation. Such
eration channels are individuated in Auger processes inv
ing exciton–exciton annihilation, in the decay of biexcito
generated by two-photon absorption or in dissociation me
ated by electron-trapping sites. Both the two models assig
central role to interchain interaction. In this framework t
contribution of intrachain processes to carrier dynamics
disregarded or is considered of minor importance with
spect to interchain processes. Nevertheless this appr
leaves some issues open, concerning:~a! the role of intrac-
hain processes in carrier generation and~b! the electron-hole
dynamics before the occurrence of charge separation on
jacent chains. Answers to these questions need a det
0163-1829/2001/64~20!/205205~8!/$20.00 64 2052
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description of the excitation dynamics occurring in the inve
tigated material, in order to distinguish between charged
neutral species and to recognize the relationship betw
them. From this point of view, poly-phenylenevinylen
~PPV! is one of the most studied materials among conjuga
polymers. The investigation of photoexcitation dynamics
PPV has been performed via ordinary pump–pro
spectroscopy11–14 polarization anisotropy measurement15

three-beam transient spectroscopy16,17 infrared active vibra-
tional mode ~IRAV ! spectroscopy9,10 fluorescence decay
measurements18,19 and fluorescence line-narrowin
characterization.20 Charge-transfer processes in PPV ha
been studied both theoretically21 and experimentally through
photocurrent spectra22 and pump–probe measurement.23,24

Owing to its detailed characterization, we have chosen
PPV structure as a test material, with the aim of single
the role of intrachain processes in the photocarrier dynam
of conjugated polymers. For this purpose we present
measurements of transient transmission change (DT/T) in
two PPV derivatives. The first one~DMB–PPV! has an open
chain substitution; the second derivative~BDA–PPV! has a
closed chain substitution. The chemical structure of the s
stituents is tailored to give a different strength of the int
chain interaction for the two polymers in the solid state. T
inhibition of intermolecular processes induced by the clos
chain substitution, allows to attribute the relaxation dyna
ics in BDA–PPV mainly to intrachain processes. Neverth
less the strong similarity observed in the initial decay d
namics of the two polymers, claims for initial intracha
evolution also in DMB–PPV. Analysis ofDT/T measure-
ments has revealed two different relaxation pathways in b
the polymers: the first one is associated to exciton dec
whereas the second process is intensity dependent and
cribed to charge photogeneration and recombination. On
©2001 The American Physical Society05-1
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basis of experimental results, we argue that charge gen
tion take place through the excitation of an even-symme
high-energy state, which decays into a charge transfer~CT!
state. On-chain recombination of the CT state occurs on
time scale of hundreds of fs.

II. EXPERIMENT

Two alkoxy-substituted PPV have been synthesiz
namely poly@2,5-bis~2-methylbutoxy!-1,4-phenyleneviny-
lene# ~DMB–PPV! and poly@2,15-dioxabicyclo@14.2.2#icosa-
1~19!,16~20!,17-trien-17,19-ylenevinylene# ~BDA–PPV!,
which were preparedvia the Stille cross-coupling reaction.25

They have similar degree of polymerization and polydisp
sity indexes.26 The chemical structure of DMB–PPV is re
ported in Fig. 1~a! as inset. The BDA–PPV has a close
chain substitution consisting of a 2,5– O–~CH2!12–O bridge,
as shown in the inset of Fig. 1~b!. Thin films were prepared
by spin coating the polymer solutions onto a fused sil
substrate, obtaining a thickness of;300 nm. The cw photo-
luminescence~PL! spectrum of DMB–PPV, displayed in Fig
1~a!, shows a pronounced redshift passing from the solu
to the film. This behavior is ascribed to strong intercha
interactions in the solid state. A small shift is observed in
cw PL spectrum of BDA–PPV, as shown in Fig. 1~b!. We
ascribe this difference to the reduction of interchain inter
tion induced by the closed chain with respect to the op
chain substitution. This assumption is also supported by
efficiency measurements; the ratio,r, between efficiencies in
film and in solution is higher in BDA–PPV26 (r
50.55– 088) with respect to DMB–PPV(r;0.29).

Measurements of transient transmission change (DT/T)
were performed using a conventional pump–probe confi
ration. The samples were kept in vacuum at room temp

FIG. 1. ~a! Photoluminescence spectra of DMB–PPV in fil
~solid line! and solution~dashed line!. ~b! Photoluminescence spec
tra of BDA–PPV in film~solid line! and solution~dashed line!; the
chemical structures of the two polymers are shown as inset.
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ture. The laser system, which has been descri
elsewhere,27 consists of a Ti:sapphire laser with chirpe
pulse amplification, which provides 150-fs pulses at 780
~1.59 eV!, with energy up to 750mJ at 1-kHz repetition rate
The white-light supercontinuum, ranging form 1.6 to 2.7 e
generated focusing a portion of the laser beam in a thin s
phire plate, was used as a probe; the second harmonic~3.18
eV! of the laser pulses, generated in a 1-mm-thick LiB3O5
crystal, was used to pump the investigated samples. P
pulse duration~180 fs! was measured by self-diffractio
technique. DT/T measurements were performed in bo
spectral and temporal domains. It is worth noting that
pump photon energy used in our experiments is well ab
the absorption edge of PPV~which is around 2.2 eV26!.

III. RESULTS

A. Ultrafast relaxation dynamics in DMB –PPV

Figure 2 shows theDT/T spectra measured in DMB–PP
for different pump–probe delays at an excitation fluence
0.5 mJ/cm2. Three positive bands are observed at 1.9, 2
and 2.4 eV. From a comparison with fluorescence and
sorption spectra,26 we can ascribe the first band to stimulat
emission~SE! from the 0–1 replica of the 1Bu→1Ag exci-
tonic transition and the third band to photoinduced bleach
~PB!. The band at 2.2 eV is a superposition of PB and
from the 0–0 replica of the 1Bu→1Ag transition. A negative
band is observed around 1.65 eV; according to the literat
this band is mainly ascribed to photoinduced absorption~PA!
from the 1Bu→kAg transition.16 The blue tail of a second PA
band,17 peaking around 1.1 eV, is also present in this regi
This contribution to the absorption comes from the 1Bu
→mAg transition, occurring in very short conjugated se
ments of the polymer chain. Following the evolution of th
DT/T spectra, we observe a similar decay of the PA and
bands. The SE band at 1.9 eV initially shows a formatio
followed by a decay, slower then that observed in other sp
tral regions. Both SE and PB bands present a spectral re
ation, which is attributed to exciton diffusion towards long
conjugated segments.17,18We also observe a relaxation of th
isosbestic point around 1.8 eV~corresponding toDT/T50!.
Figure 3 shows theDT/T spectra measured in DMB–PPV a

FIG. 2. Transient transmission change (DT/T) spectra in
DMB–PPV for different pump–probe delays, measured at a pu
fluence of 0.5 mJ/cm2.
5-2
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INTRACHAIN CHARGE GENERATION AND . . . PHYSICAL REVIEW B64 205205
a higher excitation fluence~1.7 mJ/cm2!. The PA and PB
bands measured at lower pump fluences are still prese
faster decay is observed in both the two spectral regions.
band at 1.9 eV shows a different behavior from the previo
case: a strong PA appears at early time, turning into SE a
250 fs. This difference with respect to the spectral sh
reported in Fig. 2 is an indication of a strong intensit
dependent process acting in the sample.

The ultrafast relaxation dynamics in DMB–PPV was a
characterized in the temporal domain. Figure 4 shows
normalized pump–probe traces, measured at different p
energies~1.65, 1.91, and 2.38 eV!, for a pump fluence of 0.5
mJ/cm2. The observed dynamics cannot be described
terms of single exponential decay. In order to single out
contributions coming from different processes, we have p
formed a time-constant analysis. Measurements at 1.65
~PA region! and at 2.38 eV~PB region! present a fast rise
limited by the pulse duration. Fittings show similar initi
decay, characterized by a fast relaxation with a time cons
t1>270– 300 fs, followed by a slower decay, which can
fitted with two exponential components with time consta
t2>1.2 ps andt3>8 ps; the decay at 1.65 eV shows
higher weight of thet1 component. The analysis of th
pump–probe trace at 1.91 eV reveals that the formation t
of SE equals the fast decay timet1 of PA and PB. The initial
decay of SE can be fitted by an exponential component w

FIG. 3. Transient transmission change (DT/T) spectra in
DMB–PPV for different pump–probe delays, measured at a pu
fluence of 1.7 mJ/cm2.

FIG. 4. Normalized pump–probe traces measured in DM
PPV at probe energies of 2.38 eV~PB!, 1.91 eV~SE!, and 1.65 eV
~PA! for an excitation fluence of 0.5 mJ/cm2.
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time constant corresponding tot3 . The lack of thet2 com-
ponent accounts for the slower decay of SE with respec
the PA band, as observed inDT/T spectra. On a longer time
scale the PA at 1.65 eV decays according to an expone
law, with a time constanttex>250 ps, as shown in Fig. 5
Numerical fittings show that the measurement at 1.91 eV~SE
region! can be modeled as the overlap of a long-lived a
sorption and an exponential decay with time constanttex.
We relatetex to the exciton lifetime, in agreement with va
ues reported in literature.16 The long-lived absorption ob
served in the SE region could be due to polarons gener
by interchain charge transfer.11 Note that the PB signal a
2.38 eV presents correspondingly a plateau, thus indicatin
not completed recovery of ground state. In order to und
stand the role of nonlinear effects on the relaxation dyna
ics, we have also performed pump–probe measuremen
1.65 and 1.91 eV for different pump fluences. The expe
mental results corresponding to 1.91 eV are reported in
6. One can see that, upon increasing the excitation fluenc
fast absorption signal develops, followed by gain formatio
The risetime of this nonlinear absorption (PANL) cannot be

p

–

FIG. 5. Normalized pump–probe traces in DMB–PPV at pro
energies of 2.38 eV~PB!, 1.91 eV~SE!, and 1.65 eV~PA!, mea-
sured on a long time scale at an excitation fluence of 0.5 mJ/c2.

FIG. 6. Normalized pump–probe signal measured in DMB
PPV at a probe energy of 1.91 eV~SE! for different excitation
fluences; the traces are displaced for readability. Inset: amplitud
absorption at 1.91 eV~filled dots! and at 1.65 eV~filled triangles! as
a function of pump fluence; dashed lines report square depend
on fluence; errors are within symbol dimensions.
5-3
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S. STAGIRAet al. PHYSICAL REVIEW B 64 205205
resolved with our temporal resolution. The decay of PANL is
very fast, with a time constant equal tot1 .

B. Ultrafast relaxation dynamics in BDA–PPV

Figure 7 shows theDT/T spectra measured in BDA–PP
for different pump–probe delays at an excitation fluence
0.85 mJ/cm2. In spite of the conjugated structure similar
DMB–PPV, BDA–PPV shows some peculiar characterist
A PA band is still observed around 1.6 eV, extending up t
eV ~at zero time delay!; thus we assign it again to photoin
duced absorption~PA! from the excitonic transitions. A posi
tive band extends from 2 to 2.7 eV; from a comparison w
fluorescence and absorption spectra,26 we ascribe it to over-
lap of photobleaching and stimulated emission. A detai
analysis of the spectra at long pump–probe delays, allow
recognize two small shoulders around 2.1 and 2.3 eV, wh
are assigned to SE from the 0–1 and 0–0 replica of excito
transition, respectively.26 Following the evolution of the
DT/T spectra, we observe a similar decay of the PA and
bands. A spectral relaxation of the isosbestic point aroun
eV is observed; we ascribe it to the presence of exciton
fusion towards longer conjugated segments and to deca
different species affecting this spectral region. In order
investigate the role of nonlinear processes, pump–pr
measurements were also performed at higher pump inten
Figure 8 showsDT/T spectra recorded at zero pump–pro
delay for different pump fluences. In spite of the featurel
structure of the spectra, occurrence of nonlinear effect
evidenced by the blue shift of the isosbestic point as flue
is increased.

The ultrafast relaxation dynamics in BDA–PPV was a
characterized in the temporal domain. Figure 9 shows
normalized pump–probe traces, measured at different p
energies, at a pump fluence of 0.8 mJ/cm2. As previously
seen for DMB–PPV, the observed dynamics cannot be
scribed in terms of a single exponential decay. A time c
stant analysis reveals a slower relaxation dynamics with
spect to DMB–PPV. Numerical fits performed o
measurements at 1.68 eV show a PA formation with a ti
constantt f'100 fs, followed by an initial decay, which ca
be fitted with three exponential components with time co
stantst I>500 fs, t II>2 ps, andt III >20 ps. The PB dynam

FIG. 7. Transient transmission change (DT/T) spectra in BDA–
PPV for different pump–probe delays, measured at a pump flue
of 0.85 mJ/cm2.
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ics at 2.70 eV presents a very fast initial relaxation, char
terized by a combination of time constantst f and t I
followed by a slower decay, which can be fitted with tw
exponential components with time constantst II and t III . A
very different behavior is measured in the SE region at 2
eV, where initially we observe gain formation with a tim
constant corresponding tot I . The initial gain decay is char
acterized uniquely by an exponential component with ti
constantt III . Figure 10 reports the pump–probe traces m
sured at different probe energies on a longer time scale. M
surements present an exponential decay with a time cons
t5230 ps>tex, thus similar to the value determined fo
DMB–PPV; this component is ascribed again to excit
lifetime.

IV. DISCUSSION

The experimental results exposed previously show t
the relaxation dynamics is substantially similar in the tw
PPV derivatives we considered. The differences betw

ce FIG. 8. Transient transmission change (DT/T) spectra in BDA–
PPV for pump–probe delay of 0 ps, measured at different pu
fluences. Inset: amplitude of nonlinear absorption at;1.9 eV~filled
triangles! as a function of pump fluence; empty dots show abso
tion amplitude at 1.65 eV after subtraction of nonlinear contrib
tion; solid ~dashed! line reports linear~square! dependence on flu-
ence; errors are within symbol dimensions.

FIG. 9. Normalized pump–probe traces measured in BDA–P
at probe energies of 2.70 eV~PB!, 2.25 eV~SE!, and 1.68 eV~PA!
for an excitation fluence of 0.8 mJ/cm2.
5-4
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INTRACHAIN CHARGE GENERATION AND . . . PHYSICAL REVIEW B64 205205
time constants determined by numerical fitting, can be
plained in terms of small influence of the chain substitut
on the physical properties of the polymer. This is also e
denced by the small difference in the spectral shapes of p
toluminescence detected in solution, as shown in Fig. 1.
worth noting that the longest observed time constant whic
related to the exciton lifetimetex, is essentially the same i
the two materials and is interpreted as a signature of
common backbone structure. As mentioned previously,
closed-chain substitution allows to reduce the interchain
teraction with respect to the open-chain one. On the bas
this consideration, we assume that the initial relaxation
namics observed in BDA–PPV is associated to intrach
evolution of excited species. Owing to the similarity betwe
dynamics in the two derivatives, we infer that there is
predominant intrachain contribution to initial dynamics al
in DMB–PPV, in spite of the stronger intermolecular inte
action observed in this material. In the following we addre
in more detail the contribution of linear and nonlinear pr
cesses observed in the two polymers in the first few ps
we present an interpretation of the experimental results.

A. Linear processes

As mentioned before, the decay of PA is substantially d
ferent from that of SE in both the two polymers: PA
DMB–PPV presents a fast rise, limited by pulse durati
followed by a decay, fitted with three exponential comp
nents~time constantst1 , t2 , andt3!; SE presents a forma
tion time t1 followed by a decay with time constantt3 . We
observe the same behavior in BDA–PPV, except for the
ferent values of time constants~t I , t II , andt III !. The lack of
decay component with time constantt2(t II) in SE dynamics
can be explained in terms of diffusion processes. Upon p
toexcitation, short conjugation segments are predomina
excited owing to the high pump photon energy, as shown
the scheme presented in Fig. 11~a!. Following photoexcita-
tion, ultrafast exciton thermalization occurs~indicated asT in
the figure!. Then excitation diffuses towards longer conjug
tion segments~process indicated as Df!, giving rise to spec-
tral relaxation in pump–probe measurements. The effect
diffusion on temporal dynamics strongly depend on pro
energy. The decay of pump–probe signal near a band pe

FIG. 10. Normalized pump–probe traces in BDA–PPV at pro
energies of 2.70 eV~PB!, 2.25 eV~SE!, and 1.68 eV~PA! measured
on a long time scale at an excitation fluence of 0.8 mJ/cm2.
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slightly affected by diffusion; on the contrary, pump–pro
measurements are strongly affected by diffusion on b
tails. Measurements in the SE region were performed n
the gain peak in both the two material; for this reason dif
sion has small influence on these temporal decays. On
other hand, the blue tail of the 1Bu→mAg band affects mea-
surements in the PA region for both the two polymers. Th
temporal decay of PA is strongly affected by diffusion.17 On
this basis, we ascribe the time constantt2(t II), observed
only in the PA decay, to exciton diffusion. This assumption
consistent with the spectral relaxation dynamics clearly
served in DMB–PPV~see Fig. 2!. The process is less eviden
in BDA–PPV spectra, owing to their featureless structure

Since interchain interaction is inhibited in BDA–PPV, w
assume that exciton diffusion is predominantly an intrach
process in this polymer. Moreover the similarity betwe
values of time constantst2 and t II , is an indirect evidence
that intrachain diffusion initially occurs also in DMB–PPV
in spite of the stronger intermolecular interaction.

The main difference between the dynamics in the t
polymer is the occurrence of PA formation in BDA–PP
with time constantt f . We speculate that this behavior cou
be related to exciton thermalization. The lack of similar o
servation in the PA dynamics measured in DMB–PPV, m
be due to more efficient energy dissipation with respect
BDA–PPV, thus providing a faster relaxation, not observa
within our temporal resolution.

e

FIG. 11. ~a! Energy level scheme for one-photon excitation pr
cess:T, exciton thermalization; Df, exciton diffusion; solid arrow
transition contributing to pump–probe signal; empty arrows, rel
ation pathways.~b! Energy level scheme for two-step excitatio
process; CDf: interchain charge diffusion.
5-5
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B. Nonlinear processes

Measurements resolved both in temporal and spectral
main have shown the occurrence of intensity-dependent
nomena in the two polymers. As a matter of fact, the SE
PA regions in DMB–PPV are affected by nonlinear abso
tion ~see Figs. 3 and 6!. Numerical fittings have evidence
that the time constant observed in the SE formation (t1) is
identical to the initial time constant in PA decay. We interp
the experimental results assuming that the absorption fro
nonlinear species (PANL) overlaps, at short pump–probe d
lays, the spectral region of SE and PA~1.6–2.1 eV!. Accord-
ing to this model, both the SE formation at 1.9 eV and
initial PA decay at 1.6 eV are explained as the decay of PANL

with a time constant equal tot1 . To enforce this picture, we
report in the inset of Fig. 6 the amplitude of PANL at 1.91 eV
as a function of pump fluence~filled dots!; PANL was ex-
tracted by numerical fits from pump–probe traces at t
probe energy. One can see that PANL grows according to a
square law, reported as dashed line. To prove that nonli
absorption occurs also in the PA region, we display in
same plot theDT/T peaks at 1.65 eV as a function of pum
fluence~filled triangles!. The nonlinear dependence on inte
sity is clear even in this case. It is worth noting that t
risetime of pump–probe traces at 1.65 eV is always limi
by laser pulse duration; same observation can be done w
considering the risetime of the absorption at 1.91 eV~see
traces at high pump fluence in Fig. 6!. According to the
experimental results, the PANL signal appears instanta
neously; thus the nonlinear species responsible for this si
must be generated within the pump pulse.

The occurrence of nonlinear absorption is also obser
in BDA–PPV, as evidenced in Fig. 8 by the blueshift of t
isosbestic point, at zero pump–probe delay, as fluence
creases. Assuming the crossing point at lowest pump a
reference~corresponding to;1.9 eV!, we have extracted the
DT/T values at this probe energy as a function of pu
fluence; the experimental results are reported in the inse
Fig. 8 as filled triangles. The pump–probe signal grows
cording to a square law, as evidenced by the dashed line
argue that this behavior is again ascribed to a nonlinear
cies which absorbs from 1.6 to 2.2 eV. As further confirm
tion of this assumption, we show in the same inset theDT/T
signal at 1.65 eV after subtraction of the contribution me
sured at 1.9 eV~empty dots!. This quantity shows a linea
dependence on the pump fluence~as indicated by the solid
line!, so we argue that this is the absorption component
duced by excitons.

Some detailed considerations must be reserved to the
namics of the intensity-dependent species observed in
the two polymers. As previously mentioned, the initial fa
relaxation measured in the PA region is characterized by
same time constant observed in SE formation. This resu
interpreted assuming that a photogenerated species, diffe
from singlet exciton, absorbs in a broad spectral region ra
ing from 1.6 to 2.1 eV, overlapping both PA and SE exciton
bands. The presence of a nonexcitonic species, respon
for competition between SE and PA, is a well-known findi
in PPV studies, as testified by both early21,23,24 and more
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recent works.11 Nevertheless the assignment of such spec
is still controversial. According to the literature, this could
identified with excimers, polaron pairs or polarons genera
via interchain charge transfer. Excimer is an excited dim
that is dissociative in the ground state.28 The formation of
this species depends dramatically on intermolecu
packing29 and is more likely to take place in materials wi
strong interchain interaction. According to theoretic
calculation30 excimer lifetime should be longer than excito
lifetime; moreover excimer density should be linearly depe
dent on pump intensity and should have a noninstantane
formation dynamics. All these consideration are in disagr
ment with our findings: according to measurements, the
sorption PANL induced by the considered species appe
within the pump pulse and has a quadratic dependence
excitation density; this absorption is detected also in BDA
PPV, which shows low intermolecular interaction; finally th
decay of PANL is very fast, so it is not compatible with ex
cimer lifetime. These considerations allow to discard the
pothesis based onto excimers generation.

On the basis of similar considerations, the assignmen
the investigated species to polarons or polaron pairs ge
ated by interchain charge transfer is unsatisfactorily, beca
we should observe a lack of PANL in BDA–PPV. This con-
sideration comes from the assumption that interchain cha
transfer requires a strong intermolecular interaction, tha
inhibited in BDA–PPV. Moreover the very fast relaxatio
dynamics is not compatible with long-distance charge se
ration, because we would expect in this case a very lo
decay time constant associated with recombinat
processes.11 It is worth noting that the nonlinear phenomen
observed by Krabeel and co-workers in phenylene-ba
conjugated polymers, which are assigned to positiv
charged polarons, show the opposite dynamics we measu
in DT/T spectra they observe a blueshift of isosbestic po
as time advances, which is interpreted as generation of
larons by diffusion of charges towards adjacent chain, res
ing in growing of absorption. On the contrary, we observe
fast redshift of isosbestic point in both the two derivati
~see Fig. 2, 3, and 7!, thus corresponding to a fast decay
absorption from the nonlinear species.

According to the previous considerations, we ascribe
PANL signal to the generation and subsequent fast deca
intrachain charged species by means of an intens
dependent mechanisms. Figure 11~b! shows the scheme pro
posed for this nonlinear process: a high-energy ev
symmetry state~indicated asx 1Ag! is excited by two-step
photon absorption; such process could either occur by
quential absorption through the intermediate excitation of
1 1Bu state or directly by two-photon absorption. The fir
mechanism appears more likely to occur; nevertheless
worth noting that in both cases the high energy state wo
be generated within the pump pulse. Following excitatio
the x 1Ag state quickly relaxes to a charge-transfer state@in-
dicated as CT in Fig. 11~b!#. The term ‘‘charge transfer state
is considered here as an excited state with a finite probab
of finding electron and hole separated by few phenyle
rings on the chain. We ascribe the transient absorption PNL
in the spectral region overlapping the PA and SE bands
5-6
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this CT state. The observed decay of the PANL signal is then
interpreted as a very fast geminate recombination of
charged pair in the CT state. Such recombination acco
also for the fast initial recovering of the bleaching sign
Our assumption is supported by theoretical models and m
surements of photocurrent spectra in PPV,22 which show that
CT states can be excited at 5.5 and 7 eV, correspondin
the so called III and V absorption bands of PPV. In o
experimental conditions, the CT state responsible for the
band can be reached by two-step photon excitation~which
corresponds to a total absorbed energy of 6.4 eV! followed
by energy relaxation. The difference between the absor
energy and the energy of the CT state~which amounts to
;0.9 eV! could be dissipated through phonon emission
the ultrafast decay fromx 1Ag to CT; nevertheless, a certai
amount of the excess energy could also be dissipated thro
the fast thermalization of the 11Bu state, before the absorp
tion of the second photon. Both the two mechanisms
possible; anyway the risetime of the PANL signal is limited
by pulse duration, so we infer that dissipation of the exc
energy must take place on a time scale shorter than our
poral resolution. According to our model, following phot
excitation a considerable fraction of generated charges
dergoes recombination; if the intermolecular interaction
sufficiently strong, the surviving pairs undergo separat
and charge diffusion to neighboring polymer chains@process
indicated as CDf in Fig. 11~b!#; in this way a certain amoun
of polaron or polaron pairs is generated, depending on
strength of the intermolecular interaction. Such species c
tribute to long-lived absorption signal in the SE–PA spec
region of PPV.11 A long-lived absorption is actually observe
in DMB–PPV around 1.9 eV and correspondingly a lon
lived bleaching is present at 2.38 eV~see Fig. 5!, because in
this polymer charge transfer among adjacent chains is m
likely to take place. Smaller long-lived component of abso
tion and bleaching are observed in BDA–PPV~see Fig. 10!,
where charge transfer towards adjacent chains is inhibi
On the basis of this model, we assume that the closed c
substitution in BDA–PPV forces an almost complete reco
bination of the CT states generated at high pump intens

A justified question concerns the electron-hole recom
nation process. It is questionable whether the CT states
combine nonradiatively towards the ground state or towa
an excitonic state. It is well known that electron-hole reco
bination in a polymeric LED gives rise to excitons, thus pr
viding a source of light emission through singlet exciton
diative decay. Nevertheless the fast initial decay of the
signal, observed in both polymers, indicates ground state
covery, in favor of the first hypothesis. If the CT state reco
y
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bination would lead to generation of an intermediate exci
state, ground state recovery would not take place and the
would be insensitive to the process; its decay would
slower with lack of thet1(t1) time constant. It must be
pointed out that the CT state considered here is an intrac
species; thus the charged pair in this state undergoes g
nate recombination. On the other hand, exciton generatio
polymeric electrically pumped devices takes place from
recombination of interchain nongeminate pairs. Thus
strong difference between the two situations does not allo
stringent comparison of charge recombination processes

V. CONCLUSIONS

The ultrafast relaxation dynamics in two PPV derivativ
has been investigated both in spectral and temporal dom
The first derivative has open chain substitution~DMB–
PPV!, which allows interchain interaction; the second d
rivative has closed chain substitution~BDA–PPV!, which
inhibits interchain interaction. The occurrence of linear a
intensity-dependent processes were observed in both ma
als. We propose two photoexcitation mechanisms to exp
our observations. Upon excitation, single-photon absorp
processes generate singlet excitons, whose relaxation dyn
ics is then governed by intrachain diffusion in the first fe
ps. Two-step absorption processes are responsible for ge
tion of high-energy even-symmetry excited states (x 1Ag).
These states decay towards intrachain charge-transfer s
~CT! on a time scale faster then our temporal resoluti
Ultrafast charge recombination is then observed in the fi
hundreds of fs. The strength of intermolecular interact
governs the probability of charge diffusion among adjac
chains before recombination has completed. Initial dynam
of the two above-cited relaxation mechanisms has small
pendence on chain substitution, with a slower behavior
BDA–PPV. The occurrence of higher long-lived compone
in DMB–PPV, which is ascribed to polarons, is an indicati
that charge separation and diffusion is more probable
open-chain substitution.
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