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Excited-state relaxation in p-conjugated polymers
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We study ultrafast relaxation processes of odd- (Bu) and even-parity (Ag) exciton states in poly~p-phenylene
vinylene! derivatives. TheBu states are studied using a regular two-beam pump-and-probe spectroscopy, which
can monitor vibronic relaxation and exciton diffusion. In order to observe theAg states, a three-beam femto-
second transient spectroscopy is developed, in which two different excitation pulses successively generate
odd-parity (1Bu) excitons at 2.2 eV and then reexcite them to higherAg states. We are able to distinguish two
different classes ofAg states: one class (mAg) experiences ultrafast internal conversion back to the lowest
singlet exciton, whereas the other class (kAg) in violation of the Vavilov-Kasha’s rule undergoes a different
relaxation pathway. The excitons subsequently dissociate into long-lived polaron pairs, which results in emis-
sion quenching with the action spectrum similar to that of the intrinsic photoconductivity. We conclude that the
Ag states above 3.3 eV (kAg) are charge-transfer states, that mediate carrier photogeneration.

DOI: 10.1103/PhysRevB.65.205209 PACS number~s!: 78.47.1p, 78.55.Kz, 78.30.Jw
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I. INTRODUCTION

Optical properties of luminescentp-conjugated polymers
have been extensively studied in the past 20 years. By
large, they have been found to be similar to those of la
centrosymmetric molecules. Polymer photophysics is the
fore determined by a series of alternating odd- (Bu) and
even- (Ag) parity excited states,1 corresponding to one
photon and two-photon allowed transitions, respectively. O
tical excitation into either of these states is followed by su
picosecond nonradiative relaxation to the lowest exci
state.2 This relaxation is due to either vibrational coolin
within vibronic sidebands of the same electronic state
phonon-assisted transitions between two different electro
states. In molecular spectroscopy, the latter process is ter
internal conversion. Internal conversion is usually the fas
relaxation channel, providing efficient nonradiative trans
from a higher excited state to the lowest excited state of
same spin multiplicity. As a result, the vast majority of m
lecular systems follow the Vavilov-Kasha rule, stating th
fluorescence typically occurs from the lowest excited el
tronic state and its quantum yield is independent of the
citation wavelength.3

Luminescentp-conjugated polymers, like many othe
complex molecular systems, are expected to follow
Vavilov-Kasha rule. The independence of exciton genera
yield on the excitation wavelength has indeed been dem
strated for poly~p-phenylene vinylene! ~PPV! type
polymers.4 This observation has indicated that internal co
version is likely to be the dominant relaxation channel b
tween different excited states inp-conjugated polymers. A
similar situation occurs in organic molecular crystals, wh
intramolecular internal conversion is by far the fastest rel
ation process.5 However, there are other processes that m
interfere and successfully compete with internal convers
Among the known competing processes are singlet exc
fission and exciton dissociation.6 The first process create
0163-1829/2001/65~20!/205209~12!/$20.00 65 2052
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two triplet excitons with opposite spins, whereas the lat
produces charge carriers.

In this work we use a multiple-excitation transient spe
troscopy to study the relaxation between different exci
states in a typical luminescentp-conjugated polymer, deriva
tized PPV. Although our study primarily concentrates on th
polymer films, some of the measurements are also done
polymer chains in solution. We investigate the relaxati
within the excitation manifolds ofBu andAg states. We iden-
tify prominent bands of two differentAg states,mAg at ;3.2
eV andkAg at ;3.6 eV, using both two-photon absorptio
and transient photomodulation spectroscopies. We find
whereasmAg obeys the Vavilov-Kasha rule and decays ba
to 1Bu via internal conversion within 200 fs,kAg exhibits
anomalous behavior and relaxes into a longer-lived, n
emissive state, which is attributed to a bound electron-h
polaron pair. This nontrivial result indicates thatkAg may be
categorized as a charge-transfer state; such states are th
to be a prerequisite for carrier photogeneration. This conc
sion is supported by transient photomodulation spectra a
comparison between the action spectra of photoluminesce
quenching and photoconductivity. Section II describes
experimental techniques used in this work. In Sec. III,
use both steady-state and transient absorption to charact
the excited states of PPV polymers. In Secs. IV and V
study the relaxation dynamics of odd- and even-parity sta
respectively. Section V particularly concentrates on
three-beam transient spectroscopy. The results are sum
rized in Sec. VI.

II. EXPERIMENTAL SETUP

In our studies we focus on two different PPV derivative
dioctyloxy-PPV ~DOO-PPV! ~Ref. 7! and dendritic side-
chain substituted PPV~PPVD0! ~Ref. 8!. Polymer films
~thickness of 0.5–1mm! are prepared by evaporation from
polymer solutions in chloroform~;1 mg/ml! via either drop-
©2001 The American Physical Society09-1
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casting or spin-coating onto quartz substrates. These poly
films are prone to photo-oxidation. In order to reduce pho
oxidation, all measurements are done in flowing N2, at room
temperature.

A pump-and-probe correlation technique is used to ob
time-resolved photomodulation~PM! spectra by measuring
DT(t)/T versus the probe photon energy\v, whereT is the
probe transmission,DT is the change inT due to the pump
pulse, andt is the time delay between the pump and pro
pulses. NegativeDT implies photoinduced absorption~PA!,
whereas positiveDT is due to either photobleaching o
probe-induced stimulated emission~SE!. Two electronically
synchronized Ti:sapphire mode-locked lasers~Spectra-
Physics Tsunami!, one of which pumps an optical parametr
oscillator~Opal!, are used to produce 100-fs pump and pro
pulses at a repetition rate of 80 MHz. Electronic synchro
zation is limited to 6 ps by the pulse jitter. In measureme
requiring subpicosecond resolution the pump and pr
beams are produced by a single Ti:sapphire laser~and the
Opal oscillator if necessary!. The excitation\v can vary
between 2.5 and 3.2 eV; the probe\v can be continuously
changed from 0.55 to 2.2 eV and from 0.11 to 0.21 eV.
the measurements of transient PM spectra, the pump
probe beam polarizations are parallel to each other. Typ
photoexcitation densities are below 1017cm23, so thatDT/T
does not exceed 331024.

III. GROUND- AND EXCITED-STATE ABSORPTION
IN PPV

Figure 1~a! shows the one- and two-photon absorpti
spectra,a(\v), of DOO-PPV and PPVD0 films. Absorptio
bands marked I, II, III, and IV in the one-photon absorpti
spectra are observed in virtually all PPV derivatives.9 These
bands have been identified as optical transitions betw
p~occupied! and p* ~unoccupied! molecular orbitals
~MO’s!.10 MO’s in PPV polymers have been traditional
classified as delocalized~d andd* ! and localized~l and l * !;
the former are delocalized across all carbon atoms, whe
the latter have nodes at para positions of the benzene r
which results in charge confinement at the rings.11 Calcula-
tions show that bands I and II originate fromd→d*
transitions,9 band IV is due tol→ l * , and band III involves
degenerate transitionsd→ l * andl→d* .11 A PPV chain is a
molecular system with a center of inversion; thus its exci
states have been classified asAg ~gerade! andBu ~ungerade!.
Since the polymer ground state is described by a totally s
metric wave function~i.e., anAg state!, optical transitions
are allowed only to theBu states~states of the opposite pa
ity!. Thus band I in Fig. 1 describes the lowest allowed sta
i.e., 1Bu exciton atE(1Bu)52.2 eV.12 Excitation to bands
II–IV produces higherBu states with very different electron
hole distributions.13,14 Each of these excited states have d
ferent potential energy surfaces~the energy dependence o
the nuclear coordinates!, and therefore their relaxation path
ways may differ.

The Ag states, which are not observable by one-pho
absorption, can be found from the two-photon absorpt
spectrum shown in the Fig. 1~a! inset for the DOO-PPV
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solution.15 This spectrum was obtained in DOO-PPV sol
tions using aZ-scan technique.15 From these measurement
as well as electroabsorption measurements,12 we find two
prominent two-photon allowed states,mAg and kAg , at
E(mAg)'3.1 eV and E(kAg)'3.5 eV, respectively. The
theory of Ag states in PPV polymers is less developed
compared to that ofBu states, partly due to the scarcity of th
relevant experimental data. Several recent theoretical stu
however, have attempted to elucidate the complex natur
the Ag states in PPV.16,17 These calculations show a broa
manifold ofAg states, only two of which appear prominent
in the nonlinear optical spectroscopy~two-photon or electro-
absorption!. Since these states are two-photon allowed, th
should also appear in the PA spectrum of 1Bu excitons.

Figure 2 shows the transient PM spectra of DOO-P
and PPVD0 films measured att52 ps, where the prominen
features can be assigned to optical transitions of the rela
1Bu excitons. These features include a vibronically broa
ened SE band at\v.1.7 eV and two PA bands at\v
,1.7 eV marked PA1 and PA2, as shown in Fig. 2. The SE
band closely resembles the photoluminescence~PL! spec-
trum and thus describes the radiative transitions of the 1Bu
exciton to the ground state (1Ag←1Bu).7 Bands PA1 and
PA2 have been attributed to transitions from 1Bu to mAg and

FIG. 1. ~a! One-photon~solid line! absorbance of a DOO-PPV
film and two-photon~circles! absorption of DOO-PPV in solution
~b! one-photon absorbance spectrum of a PPVD0 film. Bands I
III, and IV, as well asmAg andkAg states are assigned.
9-2
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EXCITED-STATE RELAXATION IN p-CONJUGATED POLYMERS PHYSICAL REVIEW B65 205209
kAg , respectively.7,18 Indeed, the peak positions of PA1 at
1.0 eV and PA2 at 1.4 eV match with the energy difference
between the twoAg states and 1Bu @see Fig. 1~a!#. Further-
more, the decay dynamics of the SE, PA1, and PA2 bands are
identical up to;300 ps, as shown in Fig. 3~a! for the PPVD0
film. Similar results are obtained for the DOO-PPV films.7

In general, the PA2 dynamics differ from those of eithe
SE or PA1, due to contributions from other species such
triplets, polarons, and polaron pairs.19,20 Specifically, in the
case of pristine PPVD0 films, band PA2 appears to have a
long-lived component, which is also observed in DOO-PP7

The long-lived component has been attributed to triplet
citons produced from the singlet excitons via intersyst
crossing.7 There are also discrepancies between the PA1 and
PA2 dynamics on the subpicosecond time scale, which
discussed further below. The match between the PA1 and SE
dynamics, on the other hand, is almost perfect. Their pi
second decays are virtually identical, and the rise-time
namics are also very close to each other, as shown in
3~b!. From the picosecond decay we infer the average e
ton lifetime t to be about 200 ps for DOO-PPV and 300
for the PPVD0 films, respectively.

A midinfrared ~ir! spectral range between 0.11 and 0.
eV deserves special attention. This region corresponds to
absorbtion of ir-active vibrations~IRAV !, which are regu-
larly used for the identification of charge excitations.21 We
find a small transient PM signal in this range with a fl
featureless spectrum~only three points are shown for DOO

FIG. 2. Transient PM spectra of~a! DOO-PPV and~b! PPVD0
films at t52 ps. DOO-PPV and PPVD0 repeat units are shown
the upper and lower insets, respectively. The dashed lines sche
cally mark the PA1 and PA2 bands.
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PPV and one point for PPVD0 in Fig. 2!. This transient
mid-IR PM response cannot be attributed to the IRA
modes, which are characterized by several pronounced
row lines.21 In Fig. 4 we compare the PA dynamics at 8
mm ~0.15 eV! with the PA dynamics at 1.0 eV: both PA
decays@Fig. 4~a!# and onsets@Fig. 4~b!# are identical. We
therefore attribute the mid-ir PM response to 1Bu absorption,
possibly the low-energy tail of the excitonic PA1 band.

IV. EXCITED-STATE RELAXATION DYNAMICS

We adopt the nomenclature of molecular spectroscop
describe the excitation and relaxation processes in PPV
rivatives, since the polymer photophysics is similar to t
photophysics of large organic molecules. Figure 5 sho
schematically the configuration coordinate diagram of
identifiable low-energy states in the family of PPV deriv
tives. Due to the coupling to the nuclear coordinates~de-
scribed by an effective configuration coordinate!, each elec-
tronic state is characterized by a potential energy surfac
shown by the parabolas in Fig. 5. In this diagram the m
probable optical transition corresponds to the vertical l
connecting two different energy surfaces of opposite parit
We distinguish several excitation manifolds, marked
dashed boxes: the inhomogeneously broadened lowest
glet exciton (1Bu), the manifold ofAg states~mAg through
kAg!, the lowest triplet exciton (13Bu), and the manifold of

n
ati- FIG. 3. ~a! DT/T decays at\v52.1 eV ~solid line!, 1.6 eV
~broken line!, and 1.0 eV~dashed line! in PPVD0 films; ~b! SE
~solid line! and PA1 ~broken line! rise dynamics in PPVD0 films.
9-3
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FROLOV, BAO, WOHLGENANNT, AND VARDENY PHYSICAL REVIEW B65 205209
charge excitations and charge-transfer states~polarons and
polaron pairs!. OtherBu states are not shown, since they a
not closely investigated in this work. In this description w
assume that the essential photophysics is given by intrac
interactions and ignore possible complications due to in
chain interactions. This assumption is supported by the s
larity between optical properties of solid films and dilu
solutions.7,20

p-conjugated polymers are generally characterized by
nificant inhomogeneous broadening.22 This is particularly
evident from the featureless band I in the linear absorp
spectra~Fig. 1!, which should appear as a well-defined v
bronic progression based on the 1Bu exciton. Instead, the
distribution in the chain conjugation length leads to a bro
distribution of 1Bu energies, which in turn smoothens out t
vibronic structure of band I. This disorder also hinders
accurate identification of other excited states above 1Bu .
The disorder is due to both polymer chain length fluctuatio
and conjugation length distribution within a single chain~de-
termined by the amount of kinks and other defects on
chain!. Inhomogeneous broadening thus opens an additio
relaxation pathway for the excited states, which con
quently results in both spectral and spatial diffusion of ex
tation in the polymer.22 The diffusion occurs in the direction
of longer conjugation chain segments, where the energ
the lowest.

In our pump-and-probe measurements, the highest p

FIG. 4. ~a! DT/T decays at\v50.15 eV~solid line! and 1.0 eV
~broken line! in DOO-PPV films;~b! DT/T rise dynamics at\v
50.15 eV~solid line! and 1.0 eV~broken line! in DOO-PPV films.
20520
in
r-
i-

g-

n

d

e

s

e
al
-
-

is

p

photon energy is 3.2 eV, which is not high enough to rea
band II ~see Fig. 1!. Thus in single-pump experiments, w
only achieve excitations into band I, i.e., the 1Bu excitation
manifold. Following this photoexcitation, excitons expe
ence vibrational cooling and move to the bottom of th
potential energy surfaces by emitting phonons and chang
the equilibrium configuration coordinates~Fig. 5!. Simulta-
neously, there may be energy transfer between segmen
different conjugation lengths, resulting in exciton spect
diffusion towards the lowest possible energy surface. T
energy transfer can be coherent, if there is an overlap
tween exciton wave functions of the two chain segmen
e.g., when these segments belong to the same polymer c
Alternatively, in the case of two well-separated polym
chains, the energy transfer between them could be due to
incoherent Fo¨rster transfer.23

Relaxation within the 1Bu manifold can be studied by
monitoring the femtosecond dynamics of SE, PA1, or PA2,
which approximately follow the 1Bu population dynamics.
Additional information about relaxation can be obtain
from the polarization anisotropy decay, which we define a
ratio between PM components with the probe beam polar
tions parallel~XX! and perpendicular~XY! to the pump beam
polarization. Figure 6 shows the PA1 dynamics in DOO-PPV
films on picosecond and subpicosecond time scales for
probe polarizations and the ratios between them. As sho
in Fig. 3~b!, the onset of excitonic PA1 mimics the behavior
of excitonic SE. Its rise time is easily resolved with o
100-fs pump and probe pulses. The excitation energy
these measurements is 3.2 eV, which means that photoe
tation occurs into the highest vibronic sidebands of the 1Bu

FIG. 5. Configuration coordinate diagram of low-energy excit
states in PPV polymers: various excitation manifolds are marked
dashed line boxes. Narrow vertical arrows show optical transitio
whereas broad arrows indicate nonradiative relaxation pathway
9-4
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EXCITED-STATE RELAXATION IN p-CONJUGATED POLYMERS PHYSICAL REVIEW B65 205209
exciton and possibly some other allowed states (nBu) below
band II. Since the shorter chain segments have higherBu
energies, this excitation may also preferentially excite sh
conjugation chain segments. Thus subsequent relaxatio
inhomogeneously broadened, vibrationally hot 1Bu excitons
should include phonon emission and exciton diffusi
among different chain segments. The former affects the1
magnitude, whereas the latter reveals itself in the deca
polarization anisotropy.

Accordingly, the PA1 onset~and also the SE onset! dy-
namics can be attributed to cooling towards the new confi
ration equilibrium within the 1Bu manifold. This vibrational
relaxation initially occurs with a time constant of 300 f
which is followed by a slower component with a time co
stant of 830 fs. The onset dynamics may also be influen
by the exciton diffusion. However, the polarization decay
the subpicosecond time scale shows a slower dynamics c
acterized by a time constant of 1.65 ps, suggesting that
exciton spatial diffusion occurs on a longer time scale
compared to that of the intrachain exciton cooling. As sho
in Fig. 6~b!, the polarization ratio decay, and thus spat
diffusion, continue until band PA1 becomes isotropic a
about 150 ps. In an attempt to separate the intrachain~vibra-
tional! and interchain~diffusion! relaxation channels within
the 1Bu excitation manifold, we measure the PA1 decay and
polarization anisotropy in a very dilute solution of DOO
PPV in chloroform~a few milligrams per liter!. Figure 7
shows the polarized PA1 dynamics in the DOO-PPV solutio

FIG. 6. Polarized PA1 dynamics at 1.0 eV following one-photo
excitation ~left scale! for the probe polarization parallel~XX! and
perpendicular~XY! to the pump polarization, and the polarizatio
anisotropy ratio~right scale! in DOO-PPV films, on~a! short and
~b! long time scales.
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on picosecond and subpicosecond time scales~the poor sen-
sitivity is due to the low DOO-PPV concentration in th
solution!. A major difference between the dynamics in film
and solutions is found in the decay of polarization anis
ropy. The PA1 anisotropy in solution is completely pre
served, at least up to 1 ns. This indicates that PPV chain
solution are uncoiled and straight, and that exciton diffus
is limited to the diffusion within single chains, suspend
and isolated from each other by the solvent. On the ot
hand, the PA1 onset in solutions is very similar to that i
films, which indicates that the PA1 subpicosecond dynamic
in films are primarily determined by the intrachain process
Therefore, we conclude that spectral relaxation result
from the interchain diffusion is negligible in our films withi
at least the first few picoseconds.

Similarly, we can use the PA2 dynamics to study the 1Bu
relaxation. However, the PA2 subpicosecond dynamics ar
very different from those of PA1 and SE. Figure 8~a! shows
the polarized PA2 dynamics and the decay of the polarizatio
anisotropy in DOO-PPV films. The polarization anisotro
decay at 1.6 eV~PA2! is about the same as that at 1.0 e
~PA1! ~compare with Fig. 6! and thus describes the sam
dynamics due to spatial diffusion. However, unlike PA1 or
SE, PA2 rises instantaneously after the excitation pulse a
then experiences partial ultrafast decay. This ultrafast P2
decay has a time constant of 800 fs and matches the slo
component of the PA1 onset. Similar dynamics, shown i
Fig. 8~c!, are observed in DOO-PPV solutions; the ultrafa
PA2 decay and PA1 rise are slower in solution by factor of 5

FIG. 7. Polarized PA1 dynamics at 1.0 eV following one-photo
excitation ~left scale! for the probe polarization parallel~XX! and
perpendicular~XY! to the pump polarization, and the polarizatio
anisotropy ratio~right scale! in DOO-PPV dilute solutions on~a!
short and~b! long time scales.
9-5
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FROLOV, BAO, WOHLGENANNT, AND VARDENY PHYSICAL REVIEW B65 205209
We suggest that the PA2 ultrafast decay is due to the spectr
relaxation within the distribution of different conjugated se
ments on the same polymer chain. In the regions with sho
conjugation length, the 1Bu energy increases due to the co
finement effect.24 One may expect a similar effect on th
transition energyE(1Bu→mAg), which would blueshift the
PA1 band in shorter chain segments and spectrally overla
with PA2 in longer chain segments. Since PA1 is much stron-
ger than PA2, this would result in a relatively higher PA
signal observed at 1.4–1.6 eV immediately after pulsed p
toexcitation. Subsequent ultrafast energy transfer to
longer chain segments is then observed as the fast pa
decay of PA2 and the simultaneous rise of PA1. The differ-
ence between the characteristic time constants of 0.8 p
films and;5 ps in solution can be attributed to inefficie
heat exchange between PPV chains and the solvent. In fi
neighboring chains provide an efficient heat sink and quic
cool the excitons, whereas in solution the cooling rate
slower and thus ‘‘hot’’ excitons may revisit the energetica
higher, shorter chain segments.

In order to study the relaxation within excitation man
folds other than 1Bu , we have to apply a different excitatio
method. For example, two-photon absorption is required
reach any state that belongs to theAg manifold. In our pump-
and-probe measurements, we can use the pump pulses
photon energy below the optical gap, so that the excita
occurs only via a two-photon allowed transition. With th

FIG. 8. ~a! Polarized PA2 dynamics at 1.6 eV following one
photon excitation~left scale! for the probe polarization parallel~XX!
and perpendicular~XY! to the pump polarization, and the polariz
tion anisotropy ratio~right scale! in DOO-PPV films.~b! SE ~solid
line! and PA1 ~broken line! dynamics in DOO-PPV solutions.
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pump energy of 1.6 eV, we thus can directly access themAg
state at 3.2 eV~see Fig. 5!. Figure 9 shows the observe
polarized PA1 dynamics following the two-photon excitatio
into mAg in DOO-PPV films. We observe much higher p
larization anisotropy, as expected for the two-photon non
ear process; its decay, however, is similar to that obtai
with the one-photon excitation~Fig. 6!. The main difference
between the two-photon and one-photon excited PA1 dynam-
ics is the apparent instantaneous onset of PA1 in the case of
two-photon excitation. We believe this fast PA1 rise is due to
PA, which originates directly from themAg state and spec
trally overlaps with the PA1 band of the 1Bu excitons. The
decay of this PA component~due to themAg exciton decay!
is faster than the subsequent rise of PA1 ~due to 1Bu!, which
leads to the appearance of a small dip att;0.5 ps@see Fig.
9~a!#. Similar results are also obtained using PPVD0 film
which are shown in Fig. 10. We can conclude from the
measurements that the relaxation frommAg to 1Bu is ul-
trafast and comparable to the rate of vibrational cooling
1Bu excitons~300 fs!. The mAg state has its own PA spec
trum, which, however, overlaps with the broad PA spectr
of 1Bu excitons. Both of these factors prevent an accur
determination of intrinsic relaxation dynamics within theAg
manifold. A multiple-excitation technique, which is dis
cussed in the next section, avoids this limitation.

V. MULTIPLE-PULSE TRANSIENT SPECTROSCOPY

In order to clarify the relaxation of theAg states, we use a
three-pulse transient PM technique to monitor the exci

FIG. 9. Polarized PA1 dynamics at 1.0 eV following two-photon
excitation ~left scale! for the probe polarization parallel~XX! and
perpendicular~XY! to the pump polarization, and the polarizatio
anisotropy ratio~right scale! in DOO-PPV films on~a! short and~b!
long time scales.
9-6
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EXCITED-STATE RELAXATION IN p-CONJUGATED POLYMERS PHYSICAL REVIEW B65 205209
dynamics following optical reexcitation from 1Bu to mAg or
kAg .18 In this technique, as shown in Fig. 11~a!, 1Bu exci-
tons are initially populated via excitation from the grou
state by the first pump pulse~1! at \v15E1.E(1Bu) and
then reexcited after a delay timet2 by a second pump puls
~2! at \v25E2 , tuned to a specific exciton transition~within
PA1 or PA2 bands!. The resulting exciton PM dynamics i
monitored by a probe pulse~3! at \v35E3 at a delay timet3
using either an absolute or relative measuring mode. In
absolute modeDT due to both pump pulses is measure
whereas in the relative mode only the change,dT, due to the
second pump pulse is detected using a double-freque
modulation ~DM! technique.25 For the DM technique, the
first pump is modulated at 1 MHz and the second pump a

FIG. 10. Polarized PA1 dynamics at 1.0 eV following two-
photon excitation~left scale! for the probe polarization parallel~XX!
and perpendicular~XY! to the pump polarization, and the polariz
tion anisotropy ratio~right scale! in PPVD0 films.

FIG. 11. ~a! Schematic diagram of the three-beam photomo
lation technique, showing two excitation pulses and one pr
pulse, and the optical transitions induced by them in the polym
films. ~b! Schematic diagram of the experimental setup used in
three-beam technique: Ti:S, Ti:sapphire lasers; OPO, optical p
metric oscillator; BBO, barium borate doubling crystal; AOM
acousto-optic modulator.
20520
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kHz, the signal (dT) is first electronically mixed with the
1-MHz square wave, and then measured with a lock-in a
plifier referenced at 1 kHz. The second pump switching
ficiency h can be defined asudT/DTu. Figure 11~b! shows
the experimental setup, in which two Ti:sapphire mod
locked lasers and the synchronously pumped Opal oscill
produce the three pulses, e.g., the lower Ti:sapphire la
produces the frequency-doubled first pump pulse, the unu
portion of the upper Ti:sapphire laser produces the sec
pump pulse, and the signal port of the Opal oscillator gen
ates the probe pulse. In this arrangement, the jitter betw
the first and second pump pulses does not limit the temp
resolution of the recovery dynamics after reexcitation, sin
the second pump and probe pulses are perfectly sync
nized. The two pump and one probe beam polarizations
parallel to each other. The laser beams are collinear and
cused onto a small area of;20 mm in diameter. The averag
power of the second pump is kept low to avoid multiphot
excitation.

We find that the relaxation dynamics of theAg states in
the DOO-PPV and PPVD0 films described below are vir
ally the same.18 Therefore, in this work we only show result
for either one of the two polymers, remembering that t
data for the other polymer are essentially the same. As
cussed previously, among theAg states there are only two
prominent states with strong dipole coupling to 1Bu : mAg
andkAg . We first study the relaxation ofmAg .

A. mAg relaxation dynamics

The mAg relaxation dynamics are measured followin
1Bu reexcitation atE251.0 eV~within PA1! and four differ-
ent t2 . The resulting decay of 1Bu population is observed by
monitoring the SE dynamics~dSE! at E352.0 eV, as shown
in Fig. 12~a! for the PPVD0 film. We see thath is indepen-
dent of t2 , which indicates that only 1Bu excitons are in-
volved in the reexcitation process.18 If any other excitation
were responsible for the switching effect, for instance, wit
shorter lifetime than the exciton lifetime, thenh would be
smaller for largert2 . We find thatmAg quickly relaxes back
to 1Bu by internal conversion with a time constant of abo
200 fs @Fig. 12~a! inset#. The origin of a slowerdT decay
component with a time constant of;3 ps is unclear. It may
be attributed to 1Bu spatial transfer to the shorter chain se
ments due to the release of excess energy following inte
conversion, and then subsequent diffusion back to the lon
segments. However, we have shown previously that this p
cess in films occurs in about 0.8 ps. Alternatively, the slow
component could be due to the heating and subsequent c
ing of the reexcited PPV chain. ForE250.8– 1.1 eV over
99% ofmAg excitons recover back to 1Bu within 10 ps after
reexcitation.

In addition to 1Bu depletion, as measured by transie
dSE @Fig. 12~a! inset#, we also observe concomitant transie
PA from the reexcitedmAg excitons atE351.35– 1.6 eV
with identical dPA dynamics to that ofdSE. Figure 12~b!
showsdPA2 dynamics atE351.53 eV following reexcitation
into mAg : an increase in PA~dPA! has the same decay a
dSE and thus is attributed to the same process. ThisdPA can

-
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r
e
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be tentatively assigned to a transition frommAg into theBu
state corresponding to band III in Fig. 1, sinceE(mAg)
1E35E(bandIII)54.7 eV.

Very similar mAg relaxation dynamics are measured
the dilute polymer solutions. Figure 13 shows the 1Bu recov-
ery, as monitored by SE at 2.1 eV, in the PPVD0 solution
chloroform following reexcitation atE251.05 eV. The ul-
trafast decay component ofdSE is the same as that in films
However, the slower component in solutions is much m
pronounced and longer lived than that in films~Fig. 13 in-
set!. We believe that the origin of this discrepancy is t
poor heat exchange in solutions. This observation supp
the hypothesis that the slower component in the 1Bu recov-
ery dynamics~from mAg! represents the cooling of a ree
cited PPV chain.

B. kAg relaxation dynamics

We find drastically differentdT dynamics when we in-
creaseE2 up to 1.6 eV~within the PA2 band! and access the
kAg state.18 In these measurements we probe the 1Bu recov-
ery dynamics atE350.6– 1.0 eV~within PA1!, as shown in

FIG. 12. ~a! DT/T decay atE352.0 eV without~broken line!
and with ~solid lines! the second pump pulse atE251.0 eV, for
four differentt2 in PPVD0 films; the inset shows the correspondi
dT/T decay and the experimental diagram.~b! DT/T decay atE3

51.6 eV without ~broken line! and with ~solid lines! the second
pump pulse atE251.0 eV in PPVD0 films; the inset shows th
correspondingdT/T decay and the experimental diagram: 1, ex
tation by the first pump; 2, reexcitation by the second pump; an
absorption or emission induced by the probe pulses.
20520
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Fig. 14~a! inset. Figure 14~a! shows the PA1 dynamics with
and without the second pump pulse atE251.6 eV. Reexci-
tation into kAg does not result in the ultrafast recovery
1Bu . Figure 14~b! shows the 1Bu population decay probed
at E350.6 eV ~within PA1! with and without the second

3,

FIG. 13. dT/DT decay atE352.1 eV with the second pump
pulse atE251.05 eV in PPVD0 solution; the inset shows the long
dT/DT decay.

FIG. 14. ~a! DT/T decay atE351.0 eV without~broken line!
and with ~solid line! the second pump pulse atE251.6 eV andt2

56 ps in DOO-PPV films; the inset shows the experimental d
gram.~b! DT/T decay atE350.6 eV without~broken line! and with
~solid line! the second pump pulse atE251.6 eV andt2525 ps in
DOO-PPV films; the inset shows the normalizeddT decay.
9-8
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pump pulse att2525 ps. As can be seen from the normaliz
dT decay@Fig. 14~b! inset#, the 1Bu recovery if any is very
slow in comparison to the exciton recombination. Figu
15~a! comparesdT dynamics obtained withE251.6 eV
~solid line! and 1.35 eV~dashed line!. In the latter case, an
intermediate behavior is observed where both ultrafast
long-lived dT components are present, possibly due to
multaneous excitation ofmAg andkAg , since PA1 overlaps
with PA2 ~see Fig. 2!. We note that varying the probe energ
E3 in the spectral range from 0.6 to 1.1 eV did not affect t
observed PM dynamics. We therefore assume in this w
that the broad PA1 band is due to a singlemAg state, which
is certainly a naive simplification. The PA1 band likely con-
sists of a broad continuum of levels resembling themAg
state found in most calculations on smaller molecules.
cause at the moment we cannot identify them as sepa
levels, we prefer to use the simplest possible picture wit
single broad level. Similar considerations apply to thekAg
state.

We find thatkAg relaxation can be probed directly b
monitoring transient PA that originates fromkAg at E3
51.6– 1.8 eV. Fig. 15~b! shows dT decays in DOO-PPV
films atE351.6 eV ~PA2 range! andE351.8 eV ~SE range!,
obtained following reexcitation atE251.5 eV (t2'16 ps).

FIG. 15. ~a! dT/T decays forE251.6 eV ~solid line! and E2

51.35 eV ~dashed line! with E351.0 eV in DOO-PPV films.~b!
dT decays with the second pump pulse atE251.5 eV probed, re-
spectively, atE351.8 eV ~solid line! and 1.6 eV~dotted line! in
DOO-PPV films.
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In this casedT decay consists of two parts: an ultrafastdPA
component lasting 1 ps and a slowdPA ~dSE! component for
E351.6 eV (1.8 eV). We attribute the ultrafastdPA compo-
nent to the formation and relaxation~within 350 fs! of kAg .
However,kAg does not relax into 1Bu , sincedSE, dPA1,
and dPA2 last musch longer~.250 ps!. We therefore con-
clude thatkAg decays with high quantum yield into a rela
tively long-lived state other than 1Bu . Similar kAg relax-
ation dynamics are observed in polymer solutions.

Few different relaxation routes~other than internal con-
version back to 1Bu! can be envisioned forkAg .18 One route
is the internal conversion directly to the ground state. T
Franck-Condon factors for this nonradiative transition, ho
ever, are smaller than those for the 1Bu state itself and thus
make this process highly improbable. We note that in
smaller molecule like stilbene, internal conversion to t
ground state can be facilitated by the cis-trans isomeriza
~rotation about the CC double bond!.26 In polymers such
isomerization is impossible. The second route is singlet
sion, where onekAg singlet exciton decomposes into tw
triplets with opposite spins.27 Finally, the third route is exci-
ton dissociation into free charges~or polarons!. Both of these
last two paths are energetically possible and in fact they m
occur concurrently. However, it is known7 that triplets are
characterized by a lifetime of few microseconds at roo
temperature and a strong PA band peaking at 1.45 eV~Fig.
16!. This long-lived PA band is measured in DOO-PPV film
at the modulation frequency of 1 kHz, using a steady-st
PM setup described elsewhere.7 Additional production of
triplets then should result in increased PA (dT,0) for E3
51.4– 1.5 eV; instead, we observe a decrease in PAdT
.0) in this probe range~Fig. 16 inset!. The inset to Fig. 16
showsh vs t2 for t3560 ps~solid line! andt3560 ps~dashed
line!; PA at t3,0 characterizes the in-phase compone
long-lived PA at the modulation frequency of 1 MHz. Th
solid line thus corresponds to the switching efficiency
singlet excitons (11Bu), and the dashed line corresponds
the switching efficiency of triplet excitons (13Bu). The ratio
between the two suggests that only about 75% of reexc

FIG. 16. Steady-state millisecond PM spectrum in DOO-P
films showing the triplet PA band; the inset shows the PA quen
ing ~dPA! for E351.5 eV at t3560 ps ~solid line! and 260 ps
~dashed line! caused by the second pump atE251.6 eV.
9-9
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kAg states ever transform back to 1Bu . The intermediate
state betweenkAg and 1Bu is likely to have a long lifetime
compared to the inverse of the laser pulse repetition
~12.5 ns!, so that its associated PA would not be observed
our transient PM measurements. We can observe a
weak negativedT in DOO-PPV films aroundE351.7 eV at
t35100 ps, where only steady-state population accumula
from several pairs of pump pulses is monitored. These m
surements reveal a possible newdPA band extending from
1.6 to 1.8 eV and no correlated contributions at;0.6 and
;0.15 eV,28 as expected for free polarons.29 Thus both sce-
narios, singlet fission and exciton dissociation, do not app
to be supported by our transient spectroscopy measurem

In order to elucidate the nature ofkAg relaxation we study
changes~dPL! in cw photoluminescence~PL! from the first
pump pulse that are induced by the second pump pulse~here
PL plays the role of the probe beam!. In these measuremen
we do not use the probe beam. Instead,dPL is measured
using the DM technique simultaneously withDT/T ~whereT
is the transmission of the second pump!, as shown in Fig.
17~a! for variousE2 . While dPL is proportional to the num
ber of quenched excitons, theDT/T magnitude is propor-
tional to the number of reexcited excitons. The decay ofdPL
versust2 follows the 1Bu decay; this explains the divergenc
between dPL and DT dynamics at E251.6 eV at t2
.100 ps. Figure 17~b! compares thedPL decay atE2

FIG. 17. ~a! CorrelateddPL ~dashed line, right scale! and DT
~for the second pump! dynamics~solid line, left scale! in DOO-PPV
films atE251.0 and 1.6 eV; the offset is for clarity.~b! Concurrent
dPL ~dashed line, right scale! dynamics atE251.6 eV andDT dy-
namics ~solid line, left scale! measured simultaneously using th
probe pulse atE351.0 eV in DOO-PPV films.
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51.6 eV andDT decay atE251.0 eV, measured simulta
neously on a short time scale. Even with such a poor sig
it is possible to tell that thedPL onset is delayed with respec
to the PA1 onset. We suggest that the spatial exciton dif
sion leads to this effect, i.e., excitons tend to diffuse towa
places where exciton quenching~and thus PL quenching! is
facilitated.

The ratio between PL switching efficiency (hPL) and PA
switching efficiency (hPA) at t255 ps is defined as the PL
quenching efficiency (hPLQ); bothhPL andhPA can be mea-
sured simultaneously using the same second pump pulse
hPL measurements we use the PL signal, whereas forhPA
measurements we use an additional probe pulse atE351.0
or 2.0 eV.hPLQ is therefore equal toNA /NB , whereNA is
the number of dissociatedkAg excitons that recombine non
radiatively andNB is the number of reexcited 1Bu excitons.
Figure 18~a! showshPLQ spectrum in DOO-PPV films: PLQ
is inefficient atE2,1.1 eV, but it is rather pronounced a
E2.1.1 eV. PLQ atE2,1.1 eV may be mediated by defec
in this spectral range.30 However,hPLQ abruptly increases a
E2* '1.1 eV, which corresponds to the edge of the PA2 band
~see Fig. 2!. Thus the appearance of a dramatically differe
recovery dynamics and PL quenching are both associ
with the kAg state.

FIG. 18. ~a! PL quenching efficiency (hPLQ) spectrum in DOO-
PPV films;E2* marks the onset of PA2. ~b! Photocurrent~solid line!
and triplet PA~dashed line! excitation spectra in DOO-PPV films
ESF marks the singlet fission threshold andEIPC is the onset of the
intrinsic PC.
9-10
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Next, we correlate the PLQ spectrum with the cw trip
exciton and photoconductivity~PC! excitation spectra in
DOO-PPV films, shown in Fig. 18~b!. The triplet excitation
spectrum is measured at 80 K, using a probe beam tune
1.4 eV and a xenon lamp as an excitation source. The
excitation spectrum is measured using a setup similar to
of Ref. 14. Triplets are mainly produced via intersyste
crossing, which is indicated by the steplike triplet yield wi
an onset atE(1 1Bu)52.2 eV. There is an additional rise i
the triplet yield due to singlet fission~SF! ~‘‘hot’’ 1 1Bu
→1 3Bu11 3Bu! with an onset at ESF[2E@1 3Bu#
52.8 eV. This rise, however, does not correlate with
PLQ spectrum@Fig. 18~a!#. We note that Ref. 31 sugges
that E@1 3Bu# may be significantly larger that the value o
tained from the triplet excitation spectrum, in which case
singlet-fission process is even less likely to occur. The
spectrum, on the other hand, does correlate with the P
spectrum: the onset of intrinsic PC~IPC! occurs atEIPC
53.2 eV,30,32 which is in agreement with the PLQ onset
E2* 1E(1 1Bu)'3.3 eV. These results indicate that PL
should be associated with exciton dissociation rather t
singlet fission. Since similar dynamics are observed in DO
PPV and PPVD0 dilute solutions, we argue that this dis
ciation is an intrachain process.

Our data show a clear difference between themAg and
kAg relaxation pathways and illustrate the different char
ters of these states. The classification ofAg states in PPV as
consisting of two distinct classes is therefore justified. In
earlier studies32 mAg was described as an excited 1Bu exci-
ton with energy close to the continuum edge, whereaskAg
was assigned to a biexciton. The latter assignment, howe
has been recently questioned.17 The authors of Ref. 17 us
the diagrammatic exciton basis valence-band approach to
scribe the low-energy excited states in PPV. The low-ene
even-parity states are produced as combinations of cha
transfer configurations~one-type excitation, in which an
electron is moved to the neighboring unit on the same ch!
and triplet-triplet configurations~two-types excitations,
which are composed of two coupled triplets on differe
units with overall zero spin!, all of which involve the delo-
calized MO’s ~d and d* ! much the same way asBu states
corresponding to bands I and II. The high-energy even-pa
states contain configurations of the same charge-transfer
type-excitations; however, the triplet-triplet configuratio
here involve both delocalized and localized MO’s~d andd* ,
l and l * !.

Recent theoretical work13,14 suggests that special charg
transfer ~CT! states may be involved in PC. We specula
that correlation between the PLQ and PC spectra is due
CT state involved ink 1Ag relaxation. This state in the pres
ence of an electric field dissociates into free carriers~thus
producing the observed PC action spectra!. Without the field,
these carriers remain bound in pairs by Coulomb attract
The local microscopic field~due to defects, inhomogeneit
photodoping, etc.! may stabilize the formation of bound po
laron pairs; this type of excitations has in fact been pre
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ously observed in C60-doped33,34 and pristine PPV films.35

Some supporting evidence comes from Fig. 17~b!, which
shows the delayed onset ofdPL with respect toDPA1. This
delay may be due to the time necessary to reach an ap
priate position on the chain, e.g., close to a kink, whi
would then not only facilitate exciton dissociation, but al
prevent the subsequent radiative recombination.

Although it has been shown17 that bothm 1Ag andk 1Ag
have a charge-transfer character, it appears that onlyk 1Ag
assists exciton dissociation. Thek 1Ag state, unlikem 1Ag ,
contains contributions froml and l * ~these come from the
triplet-triplet configurations!.17 The same MO’s appear in
band III in Fig. 1; they are believed to assist electron-h
separation.13,14 We argue thatk 1Ag may possess simila
properties and also assist charge separation. Alternativ
k 1Ag may relax into another intermediate CT state, facilit
ing polaron pair formation. Earlier theoretical work indicate
the existence of a dipole-forbidden state near band II~Fig. 1!,
produced by an antisymmetric combination of delocaliz
and localized MO’s involved in the formation of band II
i.e., d→ l * 21→d* .9,10 This state cannot be accessed
rectly from the ground state viaBu-type excitations; how-
ever, it may couple tok 1Ag , providing an efficient route for
exciton dissociation. Our results suggest that the PC ac
spectrum measured by two-photon absorption spectrosc
may provide further insights into the correlation found he
between thek Ag states and PC excitation spectrum.

VI. CONCLUSIONS

In summary, we have studied ultrafast relaxation p
cesses ofBu andAg exciton states, which are known to pla
a dominant role in the photophysics ofp-conjugated poly-
mers. TheBu states can be studied using a regular pump-a
probe spectroscopy, whereas theAg states require new spec
troscopic methods. We have used a three-beam trans
photomodulation technique to uniquely probe the relaxat
dynamics of two-photon allowed states. Two differe
classes ofAg states are distinguished: one class (mAg) ex-
periences ultrafast internal conversion back to the lowest
glet exciton, whereas the other class (kAg) in violation of the
Vavilov-Kasha rule undergoes a different relaxation pathw
Ensuing exciton dissociation into a long-lived polaron p
results in PL quenching with the action spectrum similar
that of intrinsic photoconductivity. It is a demonstration
direct all-optical exciton dissociation without the assistan
of defects or electric field. We argue that thekAg state may
belong to the charge-transfer states that mediate carrier
togeneration.
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