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We study ultrafast relaxation processes of odgl;)(and even-parity4,) exciton states in polp-phenylene
vinylene derivatives. Tha3,, states are studied using a regular two-beam pump-and-probe spectroscopy, which
can monitor vibronic relaxation and exciton diffusion. In order to observeAthstates, a three-beam femto-
second transient spectroscopy is developed, in which two different excitation pulses successively generate
odd-parity (1B,) excitons at 2.2 eV and then reexcite them to highgstates. We are able to distinguish two
different classes ofg states: one classm(A;) experiences ultrafast internal conversion back to the lowest
singlet exciton, whereas the other clakg\{) 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
Ay states above 3.3 e\kfy) are charge-transfer states, that mediate carrier photogeneration.
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[. INTRODUCTION two triplet excitons with opposite spins, whereas the latter
produces charge carriers.
Optical properties of luminescent-conjugated polymers In this work we use a multiple-excitation transient spec-

have been extensively studied in the past 20 years. By arf@ioscopy to study the relaxation between different excited
large, they have been found to be similar to those of largétates in a typical luminescentconjugated polymer, deriva-
centrosymmetric molecules. Polymer photophysics is theretized PPV. Although our study primarily concentrates on thin
fore determined by a series of alternating od@;,) and  Polymer films, some of the measurements are also done on
even- A,) parity excited state, corresponding to one- pc_)Iy_mer chams in solut!on. We investigate the rel_axat|on
photon and two-photon allowed transitions, respectively. OpWithin the excitation manifolds d, andA, states. We iden-
tical excitation into either of these states is followed by sub-ify prominent bands of two differer statesmA, at ~3.2
picosecond nonradiative relaxation to the lowest excitec®V andkAy at ~3.6 eV, using both two-photon absorption
state’ This relaxation is due to either vibrational cooling @nd transient photomodulation spectroscopies. We find that
within vibronic sidebands of the same electronic state oivhereasmA, obeys the Vavilov-Kasha rule and decays back
phonon-assisted transitions between two different electronit® 1B, via internal conversion within 200 f&A; exhibits
states. In molecular spectroscopy, the latter process is termé@fomalous behavior and relaxes into a longer-lived, non-
internal conversion. Internal conversion is usually the fastesgmissive state, which is attributed to a bound electron-hole
relaxation channel, providing efficient nonradiative transferPolaron pair. This nontrivial result indicates that, may be
from a higher excited state to the lowest excited state of th€ategorized as a charge-transfer state; such states are thought
same spin multiplicity. As a result, the vast majority of mo- to be a prerequisite for carrier photogeneration. This conclu-
lecular systems follow the Vavilov-Kasha rule, stating thatsion is supported by transient photomodulation spectra and a
fluorescence typically occurs from the lowest excited eleccomparison between the action spectra of photoluminescence

tronic state and its quantum vyield is independent of the exguenching and photoconductivity. Section Il describes the
citation wavelengtﬁ, experimental techniques used in this work. In Sec. lll, we

Luminescent 7-conjugated polymers, like many other use both steady-state and transient absorption to characterize
complex molecular systems, are expected to follow thdhe excited states of PPV polymers. In Secs. IV and V we
Vavilov-Kasha rule. The independence of exciton generatiostudy the relaxation dynamics of odd- and even-parity states,
yield on the excitation wavelength has indeed been demorfespectively. Section V particularly concentrates on the
strated for polyp-phenylene vinylene (PP\) type three-beam transient spectroscopy. The results are summa-
polymers? This observation has indicated that internal con-fized in Sec. VI.
version is likely to be the dominant relaxation channel be-
tween di_ffere_nt excited states h‘_n—conjugated polymers. A Il. EXPERIMENTAL SETUP
similar situation occurs in organic molecular crystals, where
intramolecular internal conversion is by far the fastest relax- In our studies we focus on two different PPV derivatives:
ation process.However, there are other processes that maylioctyloxy-PPV (DOO-PPV} (Ref. 7 and dendritic side-
interfere and successfully compete with internal conversionchain substituted PPYPPVDO (Ref. 8. Polymer films
Among the known competing processes are singlet excitofthickness of 0.5—Ium) are prepared by evaporation from
fission and exciton dissociatiénThe first process creates polymer solutions in chloroforr~1 mg/m) via either drop-
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casting or spin-coating onto quartz substrates. These polyme 14— T T T T T
films are prone to photo-oxidation. In order to reduce photo- [ (@

oxidation, all measurements are done in flowing Bt room i
temperature.

A pump-and-probe correlation technique is used to obtain
time-resolved photomodulatio(PM) spectra by measuring
AT(t)/T versus the probe photon enerfiy, whereT is the
probe transmissiomT is the change ifm due to the pump
pulse, and is the time delay between the pump and probe
pulses. NegativeA T implies photoinduced absorptid?A),
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probe-induced stimulated emissi@BE). Two electronically
synchronized Ti:sapphire mode-locked lase{Spectra- ol
Physics Tsunam one of which pumps an optical parametric 2 25 3 OHeﬁr-fvo Phomn Ene‘r‘-i o) 5 55 6
oscillator(Opal), are used to produce 100-fs pump and probe 4 -.----.----.----.--n-?- R—
pulses at a repetition rate of 80 MHz. Electronic synchroni-

zation is limited to 6 ps by the pulse jitter. In measurements
requiring subpicosecond resolution the pump and probe
beams are produced by a single Ti:sapphire ldaad the
Opal oscillator if necessary The excitationfiew can vary
between 2.5 and 3.2 eV; the probe can be continuously
changed from 0.55 to 2.2 eV and from 0.11 to 0.21 eV. In §
the measurements of transient PM spectra, the pump an< 0.4
probe beam polarizations are parallel to each other. Typicag
photoexcitation densities are below'16m 3, so thatAT/T  © o2
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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 PPVDO film. Bands |, I,
lll, and 1V, as well asmA; andkA, states are assigned.

Figure Xa) shows the one- and two-photon absorption
spectrag(fw), of DOO-PPV and PPVDO films. Absorption
bands marked I, Il, Ill, and IV in the one-photon absorption
spectra are observed in virtually all PPV derivatiVéghese
bands have been identified as optical transitions between
m(occupied and 7*(unoccupiel molecular orbitals  solution!® This spectrum was obtained in DOO-PPV solu-
(MO's).2® MO’s in PPV polymers have been traditionally tions using aZ-scan techniqu& From these measurements,
classified as delocalized andd*) and localized| and!l*); as well as electroabsorption measureméhtse find two
the former are delocalized across all carbon atoms, whereggominent two-photon allowed statemA; and kAy, at
the latter have nodes at para positions of the benzene ring(mAy)~3.1eV and E(kAg)~3.5eV, respectively. The
which results in charge confinement at the ritb€alcula-  theory of Ay states in PPV polymers is less developed as
tions show that bands | and Il originate from—d* compared to that dB, states, partly due to the scarcity of the
transitions’ band 1V is due td —1*, and band Ill involves relevant experimental data. Several recent theoretical studies,
degenerate transitioms—1* andl—d*.'* A PPV chainisa however, have attempted to elucidate the complex nature of
molecular system with a center of inversion; thus its excitedhe A states in PPV>" These calculations show a broad
states have been classifiedAs(gerad¢ andB, (ungeradg ~ manifold of A4 states, only two of which appear prominently
Since the polymer ground state is described by a totally symin the nonlinear optical spectroscoftyo-photon or electro-
metric wave function(i.e., anA, state, optical transitions absorption. Since these states are two-photon allowed, they
are allowed only to th@, states(states of the opposite par- should also appear in the PA spectrum & lexcitons.
ity). Thus band I in Fig. 1 describes the lowest allowed state, Figure 2 shows the transient PM spectra of DOO-PPV
i.e., 1B, exciton atE(1B,)=2.2 eV1? Excitation to bands and PPVDO films measured &t 2 ps, where the prominent
[I-IV produces higheB, states with very different electron- features can be assigned to optical transitions of the relaxed
hole distributions>** Each of these excited states have dif- 1B, excitons. These features include a vibronically broad-
ferent potential energy surfacéthe energy dependence on ened SE band atw>1.7eV and two PA bands aiw
the nuclear coordinatgsand therefore their relaxation path- <1.7 eV marked PAand PA, as shown in Fig. 2. The SE
ways may differ. band closely resembles the photoluminesce(iRle) spec-

The A, states, which are not observable by one-photortrum and thus describes the radiative transitions of tBg 1
absorption, can be found from the two-photon absorptiorexciton to the ground state A]g<—18u).7 Bands PA and
spectrum shown in the Fig.(d inset for the DOO-PPV  PA, have been attributed to transitions fror lto mA; and
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FIG. 2. Transient PM spectra ¢8) DOO-PPV andb) PPVDO toe ! % os)

films att=2 ps. DOO-PPV and PPVDO repeat units are shown in

the upper and lower insets, respectively. The dashed lines schematj- FIG- 3. (& AT/T decays atiw=2.1eV (solid line), 1.6 eV
cally mark the PA and PA bands. (broken ling, and 1.0 eV(dashed ling in PPVDO films; (b) SE

(solid line) and PA (broken ling rise dynamics in PPVDO films.

kA, respectively.*® Indeed, the peak positions of PAt _ o _ _
1.0 eV and PAat 1.4 eV match with the energy differences PPV and one point for PPVDO in Fig.).2This transient
between the twa\, states and B, [see Fig. 1a)]. Further- mid-IR PM' response cann_ot be attributed to the IRAV
more, the decay dynamics of the SE,;PAnd PA bands are modes, V\érluch are characterized by several pronc_)unced nar-
identical up to~300 ps, as shown in Fig(& for the PPVDO ~ "OW lines=" In F|_g. 4 we compare _the PA dynamics at 8.2
film. Similar results are obtained for the DOO-PPV fillns, #M (0.15 eV} with the PA dynamics at 1.0 eV: both PA
In general, the PAdynamics differ from those of either decays[Fig. 4@] and onsetgFig. 4(b)] are identical. We
SE or PA, due to contributions from other species such agherefore attribute the mid-ir PM response ,labsorption,
triplets, polarons, and polaron paif® Specifically, in the possibly the low-energy tail of the excitonic PAand.
case of pristine PPVDO films, band PAppears to have a
long-lived component, which is also observed in DOO-PPV.
The long-lived component has been attributed to triplet ex-
citons produced from the singlet excitons via intersystem We adopt the nomenclature of molecular spectroscopy to
crossing’ There are also discrepancies between thg &  describe the excitation and relaxation processes in PPV de-
PA, dynamics on the subpicosecond time scale, which areivatives, since the polymer photophysics is similar to the
discussed further below. The match between the &% SE  photophysics of large organic molecules. Figure 5 shows
dynamics, on the other hand, is almost perfect. Their picoschematically the configuration coordinate diagram of all
second decays are virtually identical, and the rise-time dyidentifiable low-energy states in the family of PPV deriva-
namics are also very close to each other, as shown in Figives. Due to the coupling to the nuclear coordinaes-
3(b). From the picosecond decay we infer the average exciscribed by an effective configuration coordinateach elec-
ton lifetime 7 to be about 200 ps for DOO-PPV and 300 pstronic state is characterized by a potential energy surface as
for the PPVDO films, respectively. shown by the parabolas in Fig. 5. In this diagram the most
A midinfrared (ir) spectral range between 0.11 and 0.21probable optical transition corresponds to the vertical line
eV deserves special attention. This region corresponds to th@nnecting two different energy surfaces of opposite parities.
absorbtion of ir-active vibrationlRAV), which are regu- We distinguish several excitation manifolds, marked by
larly used for the identification of charge excitatiohdVe  dashed boxes: the inhomogeneously broadened lowest sin-
find a small transient PM signal in this range with a flat, glet exciton (B,), the manifold ofA, states(mA, through
featureless spectrufonly three points are shown for DOO- kA,), the lowest triplet exciton (£B,), and the manifold of

IV. EXCITED-STATE RELAXATION DYNAMICS
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FIG. 4. (a) AT/T decays atiw=0.15eV(solid ling) and 1.0 eV photon energy is 3.2 eV, which is not high enough to reach
(broken ling in DOO-PPV films;(b) AT/T rise dynamics atiw band Il (See F|g 1_ Thus in Sing'e_pump experimentsy we
=0.15eV(solid ling) and 1.0 eV(broken ling in DOO-PPV films.  gnjy achieve excitations into band I, i.e., thB Lexcitation

manifold. Following this photoexcitation, excitons experi-

charge excitations and charge-transfer st@pedarons and ence vibrational cooling and move to the bottom of their
polaron pairs OtherB, states are not shown, since they arepotential energy surfaces by emitting phonons and changing
not closely investigated in this work. In this description we the equilibrium configuration coordinatésig. 5. Simulta-
assume that the essential photophysics is given by intrachaimeously, there may be energy transfer between segments of
interactions and ignore possible complications due to interdifferent conjugation lengths, resulting in exciton spectral
chain interactions. This assumption is supported by the simidiffusion towards the lowest possible energy surface. The
larity between optical properties of solid films and dilute energy transfer can be coherent, if there is an overlap be-
solutions!?° tween exciton wave functions of the two chain segments,

m-conjugated polymers are generally characterized by sige.g., when these segments belong to the same polymer chain.
nificant inhomogeneous broadeniffgThis is particularly ~ Alternatively, in the case of two well-separated polymer
evident from the featureless band | in the linear absorptiorchains, the energy transfer between them could be due to the
spectra(Fig. 1), which should appear as a well-defined vi- incoherent Fester transfef>
bronic progression based on th@&lexciton. Instead, the Relaxation within the B, manifold can be studied by
distribution in the chain conjugation length leads to a broadnonitoring the femtosecond dynamics of SE,;PAr PA,
distribution of 1B, energies, which in turn smoothens out the which approximately follow the B, population dynamics.
vibronic structure of band I. This disorder also hinders theAdditional information about relaxation can be obtained
accurate identification of other excited states abo¥g .1 from the polarization anisotropy decay, which we define as a
The disorder is due to both polymer chain length fluctuationsatio between PM components with the probe beam polariza-
and conjugation length distribution within a single chale-  tions parallel(XX) and perpendiculaiXY) to the pump beam
termined by the amount of kinks and other defects on thepolarization. Figure 6 shows the Pdynamics in DOO-PPV
chain. Inhomogeneous broadening thus opens an additiondilms on picosecond and subpicosecond time scales for two
relaxation pathway for the excited states, which conseprobe polarizations and the ratios between them. As shown
quently results in both spectral and spatial diffusion of exci-in Fig. 3(b), the onset of excitonic PAmimics the behavior
tation in the polymef? The diffusion occurs in the direction of excitonic SE. Its rise time is easily resolved with our
of longer conjugation chain segments, where the energy i$00-fs pump and probe pulses. The excitation energy in
the lowest. these measurements is 3.2 eV, which means that photoexci-

In our pump-and-probe measurements, the highest pumgation occurs into the highest vibronic sidebands of tBg 1
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FIG. 7. Polarized PAdynamics at 1.0 eV following one-photon

FIG. 6. Polarized PAdynamics at 1.0 eV following one-photon  excitation (left scale for the probe polarization paralléXX) and
excitation (left scalg for the probe polarization paralléXX) and  perpendicularXY) to the pump polarization, and the polarization
perpendicular(XY) to the pump polarization, and the polarization anisotropy ratio(right scal¢ in DOO-PPV dilute solutions ofa)
anisotropy ratio(right scalg@ in DOO-PPV films, on(a) short and  short and(b) long time scales.

(b) long time scales. . . .
on picosecond and subpicosecond time scéles poor sen-

exciton and possibly some other allowed stateB ) below  sitivity is due to the low DOO-PPV concentration in the
band Il. Since the shorter chain segments have higlgr 1 solution. A major difference between the dynamics in films
energies, this excitation may also preferentially excite shoréind solutions is found in the decay of polarization anisot-
conjugation chain segments. Thus subsequent relaxation o9py. The PA anisotropy in solution is completely pre-
inhomogeneously broadened, vibrationally h&, lexcitons  served, at least up to 1 ns. This indicates that PPV chains in
should include phonon emission and exciton diffusionsolution are uncoiled and straight, and that exciton diffusion
among different chain segments. The former affects the PAis limited to the diffusion within single chains, suspended
magnitude, whereas the latter reveals itself in the decay cind isolated from each other by the solvent. On the other
polarization anisotropy. hand, the PA onset in solutions is very similar to that in
Accordingly, the PA onset(and also the SE ongetly-  films, which indicates that the RAsubpicosecond dynamics
namics can be attributed to cooling towards the new configuin films are primarily determined by the intrachain processes.
ration equilibrium within the B, manifold. This vibrational ~Therefore, we conclude that spectral relaxation resulting
relaxation initially occurs with a time constant of 300 fs, from the interchain diffusion is negligible in our films within
which is followed by a slower component with a time con- at least the first few picoseconds.
stant of 830 fs. The onset dynamics may also be influenced Similarly, we can use the PAdynamics to study theg,,
by the exciton diffusion. However, the polarization decay onrelaxation. However, the PAsubpicosecond dynamics are
the subpicosecond time scale shows a slower dynamics charery different from those of PAand SE. Figure @) shows
acterized by a time constant of 1.65 ps, suggesting that thidne polarized PAdynamics and the decay of the polarization
exciton spatial diffusion occurs on a longer time scale asanisotropy in DOO-PPV films. The polarization anisotropy
compared to that of the intrachain exciton cooling. As showrdecay at 1.6 eMPA,) is about the same as that at 1.0 eV
in Fig. 6(b), the polarization ratio decay, and thus spatial(PA;) (compare with Fig. $ and thus describes the same
diffusion, continue until band PAbecomes isotropic at dynamics due to spatial diffusion. However, unlike ;Péx
about 150 ps. In an attempt to separate the intracvitina- ~ SE, PA rises instantaneously after the excitation pulse and
tional) and interchain(diffusion) relaxation channels within then experiences partial ultrafast decay. This ultrafasf PA
the 1B, excitation manifold, we measure the Pdecay and decay has a time constant of 800 fs and matches the slower
polarization anisotropy in a very dilute solution of DOO- component of the PAonset. Similar dynamics, shown in
PPV in chloroform(a few milligrams per litex. Figure 7  Fig. 8(c), are observed in DOO-PPV solutions; the ultrafast
shows the polarized PAlynamics in the DOO-PPV solution PA, decay and PArise are slower in solution by factor of 5.
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photon excitatior{left scalg for the probe polarization parall€KX) pe_rpendlcular(_X\_() to the pump polarlzat_lon, and the polarization
and perpendiculafXY) to the pump polarization, and the polariza- 2nisOtropy ratidright scalg in DOO-PPV films or(a) short andb)
tion anisotropy ratidight scale in DOO-PPV films.(b) SE (solid  '0Ng time scales.

line) and PA (broken ling dynamics in DOO-PPV solutions. pump energy of 1.6 eV, we thus can directly accessnittg
state at 3.2 eMsee Fig. 5. Figure 9 shows the observed
We suggest that the RBAlltrafast decay is due to the spectral polarized PA dynamics following the two-photon excitation
relaxation within the distribution of different conjugated seg-into mA, in DOO-PPV films. We observe much higher po-
ments on the same polymer chain. In the regions with shortdarization anisotropy, as expected for the two-photon nonlin-
conjugation length, theB,, energy increases due to the con- ear process; its decay, however, is similar to that obtained
finement effect* One may expect a similar effect on the with the one-photon excitatio(Fig. 6). The main difference
transition energy(1B,—mA,), which would blueshift the between the two-photon and one-photon excited &Aam-
PA, band in shorter chain segments and spectrally overlap i€s is the apparent instantaneous onset of PAhe case of
with PA2 in |0nger chain Segments_ Since HAmuch stron- tWO-phOton excitation. We believe this fast Plﬁse is due to
ger than PA, this would result in a relatively higher PA PA, which originates directly from theA, state and spec-
signal observed at 1.4—1.6 eV immediately after pulsed photrally overlaps with the PAband of the B, excitons. The
toexcitation. Subsequent ultrafast energy transfer to th@ecay of this PA componeritue to themA, exciton decay
longer chain segments is then observed as the fast partisi faster than the subsequent rise of,Réue to 1B,), which
decay of PA and the simultaneous rise of PAThe differ-  1€ads to the appearance of a small difi-a0.5 ps[see Fig.
ence between the characteristic time constants of 0.8 ps f&J: Similar results are also obtained using PPVDO films,
films and ~5 ps in solution can be attributed to inefficient which are shown in Fig. 10. We can conclude fr_om these
heat exchange between PPV chains and the solvent. In ﬁ“jgeasurements that the relaxation frcnm% tq 1B, is u'I-
neighboring chains provide an efficient heat sink and quickl rafast a_nd comparable to the rate of V|l:_)rat|onal cooling of
cool the excitons, whereas in solution the cooling rate islBU excitons(300 f9. ThemA, state has its own PA spec-

slower and thus “hot” excitons may revisit the energetically trum, Wh'ch’ however, overlaps with the broad PA spectrum
higher, shorter chain segments. of 1B, excitons. Both of these factors prevent an accurate

In order to study the relaxation within excitation mani- dete_rmination of ‘F‘t””S‘C _rela}xation dy_namics vvjthin_ tAgl
folds other than B, , we have to apply a different excitation ma”'fo'o.'- A mult|ple-e>'<0|tat|on' tech.nlq'ue., V.Vh'Ch is dis-
method. For example, two-photon absorption is required gFussed in the next section, avoids this limitation.
reach any state that belongs to thgmanifold. In our pump-
and-probe measurements, we can use the pump pulses with
photon energy below the optical gap, so that the excitation In order to clarify the relaxation of th&, states, we use a
occurs only via a two-photon allowed transition. With the three-pulse transient PM technique to monitor the exciton

FIG. 8. (a) Polarized PA dynamics at 1.6 eV following one-

V. MULTIPLE-PULSE TRANSIENT SPECTROSCOPY
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510° ~J 35 kHz, the signal 6T) is first electronically mixed with the
[ ] 1-MHz square wave, and then measured with a lock-in am-
13 plifier referenced at 1 kHz. The second pump switching ef-
] ficiency » can be defined assT/AT|. Figure 11b) shows
] 25 the experimental setup, in which two Ti:sapphire mode-
] locked lasers and the synchronously pumped Opal oscillator
1, produce the three pulses, e.g., the lower Ti:sapphire laser
produces the frequency-doubled first pump pulse, the unused
portion of the upper Ti:sapphire laser produces the second
b PPVDO(two-photon excitation) 1 pump pulse, and the signal port of the Opal oscillator gener-
B P S S S I ates the probe pulse. In this arrangement, the jitter between
2 0 2 t(gs) 6 8 10 the firs_t and second pump pulses_ does not Iimit_the_ temporal
resolution of the recovery dynamics after reexcitation, since
FIG. 10. Polarized PAdynamics at 1.0 eV following two- the second pump and probe pulses are perfectly synchro-
photon excitatior{left scalé for the probe polarization parallékX)  nized. The two pump and one probe beam polarizations are
and perpendiculafXY) to the pump polarization, and the polariza- parallel to each other. The laser beams are collinear and fo-
tion anisotropy ratiqright scalg in PPVDO films. cused onto a small area 620 um in diameter. The average
power of the second pump is kept low to avoid multiphoton

dynamics following optical reexcitation fromgl, to mA, or excitation.

kAg_ls In this technique, as shown in Fig. (8], 1B, exci- We find that the relaxation dynamics of tiAg states in
tons are initially populated via excitation from the ground theé DOO-PPV and PPVDO films described below are virtu-

state by the first pump puls@) at #w,=E,>E(1B,) and ally the same?® Therefore, in this work we only show results
then reexcited after a delay ting by a second pump pulse for either one of the two polymers, r_emembermg that th.e
(2) atfiw,=E,, tuned to a specific exciton transitiowithin data for the pther polymer are essentially the same. As dis-
PA, or PA, band3. The resulting exciton PM dynamics is CuSSed previously, among ti#, states there are only two
monitored by a probe puld8) at# ws=E at a delay time; prominent states with strong d|pol<_a coupling tB,L mA,
using either an absolute or relative measuring mode. In th8NdKkAg. We first study the relaxation afiA,.

absolute modeAT due to both pump pulses is measured,

whereas in the relative mode only the changjg, due to the A. mA, relaxation dynamics

second pump pulse is detected using a double-frequency ) , ,
modulation (DM) techniqué?® For the DM technique, the The mAy relaxation dynamics are measured following

first pump is modulated at 1 MHz and the second pump at £Bu reexcitation aE,=1.0 eV (within PA,) and four differ-
entt,. The resulting decay ofB,, population is observed by

monitoring the SE dynamid&SSE) at E;=2.0eV, as shown

in Fig. 12a) for the PPVDO film. We see thaj is indepen-
dent oft,, which indicates that only B, excitons are in-
volved in the reexcitation proce$%If any other excitation
were responsible for the switching effect, for instance, with a
shorter lifetime than the exciton lifetime, thepwould be
smaller for largett,. We find thatm Ay quickly relaxes back

to 1B, by internal conversion with a time constant of about
200 fs[Fig. 12a) insef. The origin of a slowerST decay
component with a time constant ef3 ps is unclear. It may

be attributed to B, spatial transfer to the shorter chain seg-
ments due to the release of excess energy following internal
conversion, and then subsequent diffusion back to the longer
segments. However, we have shown previously that this pro-
cess in films occurs in about 0.8 ps. Alternatively, the slower
component could be due to the heating and subsequent cool-
ing of the reexcited PPV chain. F&,=0.8—1.1eV over
99% ofmA, excitons recover back toBl, within 10 ps after
reexcitation.

FIG. 11. (8) Schematic diagram of the three-beam photomodu- /N @ddition to 1B, depletion, as measured by transient
lation technique, showing two excitation pulses and one probe’SE[Fig. 12a) insef,, we also observe concomitant transient
pulse, and the optical transitions induced by them in the polymePA from the reexcitednA, excitons atE;=1.35-1.6eV
films. (b) Schematic diagram of the experimental setup used in th&vith identical SPA dynamics to that ofSE. Figure 12b)
three-beam technique: Ti:S, Ti:sapphire lasers; OPO, optical par&howssPA, dynamics aEz;=1.53 eV following reexcitation
metric oscillator; BBO, barium borate doubling crystal; AOM, into mAy: an increase in PASPA) has the same decay as
acousto-optic modulator. SSE and thus is attributed to the same process. dPis can

410°[

310°[

AT/T
ratio

210° [

110° [

t &

|: Ti:S — OPO

p BBO
Ti:S H=

-
AOM(1MHz)

(b) Sample
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@ H=625F’ST"’-\,E 0.05 |
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158 10* 1+ ; t,(ps)
156 10 | ' FIG. 13. 6T/AT decay atE;=2.1eV with the second pump
15410% | pulse atE,=1.05 eV in PPVDO solution; the inset shows the longer
E ST/AT decay.
1.5210° |
= 4 F : . . . .
> 15107 ¢ Fig. 14@) inset. Figure 14 shows the PAdynamics with
U o14810% [ and without the second pump pulseEt=1.6 eV. Reexci-
N tation into kA, does not result in the ultrafast recovery of
148107 1 1B, . Figure 14b) shows the B, population decay probed
1.4410% at Ez=0.6eV (within PA;) with and without the second
1.4210% Lo
-0. ] LA L S L S B B
t,1,(ps) [
FIG. 12. (a) AT/T decay atE;=2.0eV without(broken ling 2:—
and with (solid lineg the second pump pulse &,=1.0eV, for i
four differentt, in PPVDO films; the inset shows the corresponding E sk
STIT decay and the experimental diagrafin) AT/T decay atE; =
=1.6 eV without(broken ling and with (solid lineg the second §/
pump pulse atE,=1.0eV in PPVDO films; the inset shows the € 1
correspondingdT/T decay and the experimental diagram: 1, exci- ' I
tation by the first pump; 2, reexcitation by the second pump; and 3, !
. o 05}
absorption or emission induced by the probe pulses. i
be tentatively assigned to a transition fram#, into the B, 07
state corresponding to band Il in Fig. 1, sinE§mA) 3
+E;=E(bandlll)=4.7eV. X
Very similar mA, relaxation dynamics are measured in 253_ ok 3
the dilute polymer solutions. Figure 13 shows th&, Yecov- —r =L b
ery, as monitored by SE at 2.1 eV, in the PPVDO solution in E oF S ]
chloroform following reexcitation aE,=1.05eV. The ul- a I “w ]
trafast decay component 68E is the same as that in films. & ; St ]
However, the slower component in solutions is much more ™ e e e s
pronounced and longer lived than that in filffSg. 13 in- 5P ]
se). We believe that the origin of this discrepancy is the ]
poor heat exchange in solutions. This observation support: : ]
) . 0.5F .
the hypothesis that the slower component in tiBg, tecov- C (b) 1
ery dynamics(from mA,) represents the cooling of a reex- o:J' N
cited PPV chain. 0 50 100 o) 150 200 250

3

FIG. 14. () AT/T decay atE;=1.0 eV without(broken ling
and with (solid line) the second pump pulse BL=1.6 eV andt,
=6 ps in DOO-PPV films; the inset shows the experimental dia-
gram.(b) AT/T decay aE;=0.6 eV without(broken ling and with
(solid line) the second pump pulse B,=1.6 eV andt,=25ps in
DOO-PPV films; the inset shows the normaliz€t decay.

B. kA4 relaxation dynamics

We find drastically differentdT dynamics when we in-
creaseE, up to 1.6 eV(within the PA band and access the
kAg state!® In these measurements we probe tii, tecov-
ery dynamics aE3=0.6—1.0 eV(within PA;), as shown in

205209-8



EXCITED-STATE RELAXATION IN 7-CONJUGATED POLYMERS PHYSICAL REVIEW B55 205209

Ll s e S HELA i B B R E 4

SPA, 1
‘,-‘,fn‘ '-‘l.\o‘-‘\|‘.."'-"""\‘.“‘ _..I

LY
™ Y E=135V

&
5 o

(=]

E—- - {.I‘-l.rl'.

s b
> &

1F

w
T T
S§T/AT(arb. units)

-]
=

ST/AT(%)
1
105(-AT/T)
[\»]

-

0 L A\/\I/AVNJ\V
0.8 1.2 1.6 2.0
Probe Energy (eV)

FIG. 16. Steady-state millisecond PM spectrum in DOO-PPV
films showing the triplet PA band; the inset shows the PA quench-
ing (6PA) for E;=1.5eV att;=60 ps (solid line and —60 ps
(dashed lingcaused by the second pumpBt=1.6 eV.

In this caseST decay consists of two parts: an ultraf@stA
component lasting 1 ps and a sI@RA (SSE) component for
E;=1.6eV (1.8eV). We attribute the ultrafa8PA compo-
nent to the formation and relaxatigwithin 350 f9 of kA, .
However,kAy does not relax into B, since SSE, 6PA,
and SPA, last musch longef>250 p3. We therefore con-
clude thatk Ay decays with high quantum yield into a rela-

16 18 20 22 24

t(ps) tively long-lived state other thanBl,. Similar KAy relax-
ation dynamics are observed in polymer solutions.
FIG. 15. (a) 6T/T decays forE,=1.6 eV (solid line) and E, Few different relaxation route®ther than internal con-

=1.35eV (dashed ling with E;=1.0eV in DOO-PPV films(b)  version back to B,,) can be envisioned fdtA,.*® One route
oT decays with the second pump pulseEgt=1.5€V probed, re- s the internal conversion directly to the ground state. The
spectively, atE;=1.8eV (solid line) and 1.6 eV(dotted ling in  Franck-Condon factors for this nonradiative transition, how-
DOO-PPV films. ever, are smaller than those for thB lstate itself and thus
make this process highly improbable. We note that in a
pump pulse at,= 25 ps. As can be seen from the normalizedsmaller molecule like stilbene, internal conversion to the
oT decay[Fig. 14b) inset, the 1B, recovery if any is very ground state can be facilitated by the cis-trans isomerization
slow in comparison to the exciton recombination. Figure(rotation about the CC double bord In polymers such
15(@) comparesdT dynamics obtained withE,=1.6eV  jsomerization is impossible. The second route is singlet fis-
(solid line) and 1.35 eM(dashed ling In the latter case, an sion, where onekA, singlet exciton decomposes into two
intermediate behavior is observed where both ultrafast angiplets with opposite spin¥. Finally, the third route is exci-
long-lived 6T components are present, possibly due to siton dissociation into free chargésr polarong. Both of these
multaneous excitation ahA; andkAy, since PA overlaps  last two paths are energetically possible and in fact they may
with PA, (see Fig. 2 We note that varying the probe energy occur concurrently. However, it is knownhat triplets are
E; in the spectral range from 0.6 to 1.1 eV did not affect thecharacterized by a lifetime of few microseconds at room
observed PM dynamics. We therefore assume in this workemperature and a strong PA band peaking at 1.45FY.
that the broad PAband is due to a singlmA, state, which  16). This long-lived PA band is measured in DOO-PPV films
is certainly a naive simplification. The RAand likely con-  at the modulation frequency of 1 kHz, using a steady-state
sists of a broad continuum of levels resembling thé, PM setup described elsewhéréddditional production of
state found in most calculations on smaller molecules. Betriplets then should result in increased PAT(0) for E;
cause at the moment we cannot identify them as separate1.4—1.5eV; instead, we observe a decrease in BA (
levels, we prefer to use the simplest possible picture with & 0) in this probe rangéFig. 16 inseL The inset to Fig. 16
single broad level. Similar considerations apply to K%,  showszvst, for t3=60 ps(solid line) andt;= 60 ps(dashed
state. line); PA at t3<0 characterizes the in-phase component
We find thatkAy relaxation can be probed directly by long-lived PA at the modulation frequency of 1 MHz. The
monitoring transient PA that originates frokA; at E;  solid line thus corresponds to the switching efficiency of
=1.6-1.8eV. Fig. 18) shows sT decays in DOO-PPV singlet excitons (£B,), and the dashed line corresponds to
films atE;=1.6 eV (PA, range andE;=1.8eV(SE rangg the switching efficiency of triplet excitons (3B,). The ratio
obtained following reexcitation aE,=1.5eV (,~16ps). between the two suggests that only about 75% of reexcited
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FIG. 17. (a) CorrelatedsPL (dashed line, right scaleand AT 2 25 3 35 4
(for the second pumpmlynamics(solid line, left scalgin DOO-PPV Photon Energy (eV)
films atE,=1.0 and 1.6 eV; the offset is for claritjt) Concurrent

SPL (dashed line, right scalelynamics aE,=1.6 eV andAT dy- FIG. 18. (a) PL quenching efficiencysp o) spectrum in DOO-
5 . * . .
namics (solid line, left scale measured simultaneously using the PPV films;E; marks the onset of PA (b) Photocurrentsolid line)

probe pulse aE;=1.0 eV in DOO-PPV films. and triplet PA(dashed ling excitation spectra in DOO-PPV films;
Esr marks the singlet fission threshold aBg is the onset of the

intrinsic PC.

kA, states ever transform back tdB]. The intermediate

state betweek A and 1B, is likely to have a long lifetime _
compared to the inverse of the laser pulse repetition rate1.6 eV andAT decay atE,=1.0eV, measured simulta-

(12.5 ng, so that its associated PA would not be observed ieously on a short time scale. Even with such a poor signal,
our transient PM measurements. We can observe a vetlyis possible to tell that théPL onset is delayed with respect
weak negativaﬁ“r in DOO-PPV films arouncE3: 1.7eV at to the PA_ onset. We Suggest that the Spatial exciton diffu-
t;=100 ps, where only steady-state population accumulate8ion leads to this effect, i.e., excitons tend to diffuse towards
from several pairs of pump pulses is monitored. These medlaces where exciton quenchiignd thus PL quenchings

surements reveal a possible n@RA band extending from facilitated. o N
1.6 to 1.8 eV and no correlated contributions-a0.6 and The ratio between PL switching efficiencyyg) and PA

~0.15 eV? as expected for free polarofisThus both sce- switching efficiency pa) att,=5 ps is defined as the PL
narios, singlet fission and exciton dissociation, do not appeaguenching efficiency §p g); both 75, and 7p, can be mea-
to be supported by our transient spectroscopy measuremengired simultaneously using the same second pump pulse. For
In order to elucidate the nature oA relaxation we study 7. Measurements we use the PL signal, whereaspfor
changeg PL) in cw photoluminescencéL) from the first ~measurements we use an additional probe puldg;atl.0
pump pulse that are induced by the second pump dhise  or 2.0 eV.7p g is therefore equal ttNs/Ng, whereN, is
PL plays the role of the probe beann these measurements the number of dissociatddA, excitons that recombine non-
we do not use the probe beam. InsteaBL is measured radiatively andNg is the number of reexcitedBl, excitons.
using the DM technique simultaneously WifT/T (whereT ~ Figure 18a) showszp g spectrum in DOO-PPV films: PLQ
is the transmission of the second pumps shown in Fig. is inefficient atE,<1.1eV, but it is rather pronounced at
17(a) for variouskE,. While SPL is proportional to the num- E,;>1.1eV. PLQ aE,<1.1eV may be mediated by defects
ber of quenched excitons, th&€T/T magnitude is propor- in this spectral range However, p o abruptly increases at
tional to the number of reexcited excitons. The decayrRlf =~ E}~1.1eV, which corresponds to the edge of the, BAnd
versust, follows the 1B, decay; this explains the divergence (see Fig. 2 Thus the appearance of a dramatically different
between SPL and AT dynamics atE,=1.6eV att, recovery dynamics and PL quenching are both associated

>100ps. Figure 1(b) compares thedsPL decay atE,  with the kA, state.
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Next, we correlate the PLQ spectrum with the cw tripletously observed in g-doped®3* and pristine PPV films®
exciton and photoconductivityPC) excitation spectra in  Some supporting evidence comes from Fig(kl7 which
DOO-PPV films, shown in Fig. 18). The triplet excitation  shows the delayed onset 6PL with respect taAPA;. This
spectrum is measured at 80 K, using a probe beam tuned gélay may be due to the time necessary to reach an appro-
1.4 eV and a xenon lamp as an excitation source. The P@riate position on the chain, e.g., close to a kink, which
excitation spectrum is measured using a setup similar to thagould then not only facilitate exciton dissociation, but also
of Ref. 14. Triplets are mainly produced via intersystemprevent the subsequent radiative recombination.
crossing, which is indicated by the steplike triplet yield with Although it has been showhthat bothm 1Ag andk 1Ag
an onset aE(1 'B,)=2.2eV. There is an additional rise in have a charge-transfer character, it appears that lonHy,
the triplet yield due to singlet fissiofSP (“hot” 1 'B,  assists exciton dissociation. The'A, state, unlikem Ay,
—13%B,+13%B,) with an onset atEs=2E[1°B,] contains contributions from and|* (these come from the
=2.8eV. This rise, however, does not correlate with thetriplet-triplet configurations’’ The same MO’s appear in
PLQ spectrun{Fig. 18a]. We note that Ref. 31 suggests band Ill in Fig. 1; they are believed to assist electron-hole
that E[1 °B,] may be significantly larger that the value ob- separation®'4 We argue thatk 1A, may possess similar
tained from the triplet excitation spectrum, in which case theproperties and also assist charge separation. Alternatively,
singlet-fission process is even less likely to occur. The PG A may relax into another intermediate CT state, facilitat-
spectrum, on the other hand, does correlate with the PLGhg polaron pair formation. Earlier theoretical work indicated
spectrum: the onset of intrinsic PAPC) occurs atEjpc  the existence of a dipole-forbidden state near bartBig). 1),
=3.2eV¥*which is in agreement with the PLQ onset at produced by an antisymmetric combination of delocalized
E3+E(1 'By)~3.3eV. These results indicate that PLQ and localized MO's involved in the formation of band III,
should be associated with exciton dissociation rather thane., d—|* —1—d*.%° This state cannot be accessed di-
singlet fission. Since similar dynamics are observed in DOOrectly from the ground state viB,-type excitations; how-
PPV and PPVDO dilute solutions, we argue that this dissoever, it may couple té& 1Ag, providing an efficient route for
ciation is an intrachain process. exciton dissociation. Our results suggest that the PC action

Our data show a clear difference between théy and  spectrum measured by two-photon absorption spectroscopy
kA4 relaxation pathways and illustrate the different characmay provide further insights into the correlation found here
ters of these states. The classificatiomAgfstates in PPV as between thek Ay states and PC excitation spectrum.
consisting of two distinct classes is therefore justified. In the
earlier studie¥ mA, was described as an excite® ] exci- VI. CONCLUSIONS
ton W|th.energy clos_e to_ the continuum ed_ge, whereas In summary, we have studied ultrafast relaxation pro-
was assigned to a biexciton. The latter assignment, however : .
has been recently questionEdThe authors of Ref. 17 use cesses 0B, andA, exciton states, which are known to play

the diagrammatic exciton basis valence-band approach to dg_domlnant role in the photophysics atconjugated poly-

scribe the low-energy excited states in PPV. The Iow-energgers' TheB, states can be studied using a regular pump-and-

even-parity states are produced as combinations of chargBOP€ SPECtroscopy, whereas igstates require new spec-

transfer configurationgone-type excitation, in which an roscopic met_hods. W(_a have u;ed a three-beam transient
electron is moved to the neighboring unit on the same ()hainphOtomOdUIat'on technique to uniquely probe the re!axatlon
and triplet-triplet configurations(two-types excitations, dynamics of two-photon allowed states. Two different

which are composed of two coupled triplets on differentCIasseS O states are d|st|ngu|sh_ed: one classAy) ex- .
units with overall zero spin all of which involve the delo- periences ultrafast internal conversion back to the lowest sin-

calized MO's(d and d*) much the same way &8, states glet exciton, whereas the other clag\{) in violation of the

corresponding to bands | and Il. The high-energyueven-parit)éav'I(.)V'KaSh.a rule_unde_rg_oes_a different re_laxatlon pathwa_y.
states contain configurations of the same charge-transfer on DSL:t'ng eéi'ton dlss.omatl.ct);]] tlr?to at!ong-l|ve(tj polarorjl patlr
type-excitations; however, the triplet-triplet conﬁgurationsresu s n quenching wi € action spectrum simiiar 1o

here involve both delocalized and localized M@kandd* that of intrinsic photoconductivity. It is a demonstration of
| and!*) ' direct all-optical exciton dissociation without the assistance

Recent theoretical wotk!4 suggests that special charge- of defects or electric field. We argue that tha, state may
transfer (CT) states may be involved in PC. We SpeculatebeIong to the charge-transfer states that mediate carrier pho-

that correlation between the PLQ and PC spectra is due to t,ggeneratlon.
CT state involved irk lAg relaxation. This state in the pres-

ence of an electric field dissociates into free carrighsis

producing the observed PC action spectvdithout the field, We thank R. Meyer for the two-photon absorption spec-
these carriers remain bound in pairs by Coulomb attractiontrum of DOO-PPV and M. C. DeLong and G. Levina for the
The local microscopic fielddue to defects, inhomogeneity, linear absorption spectrum of DOO-PPV. The work at Utah
photodoping, et¢.may stabilize the formation of bound po- was supported in part by the DOE, Contract No. DE-FGO03-
laron pairs; this type of excitations has in fact been previ-93ER 45490.
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