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Biexcitons in wr-conjugated oligomers: Intensity-dependent femtosecond
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We report femtosecond transient-absorpt{dA) studies of a five-ring oligomer of padlgara-phenylene
vinylene prepared in two different forms: solid-state films and dilute solutions. At high pump fluences, in both
types of samples, we observe generation of two-exciton states, which are detected by the evolution of TA
spectra and dynamics with increasing pump intensity. In solutions, double excitation of molecules results in the
formation of stable biexcitons with enhanced oscillator strength, leading to an increased efficiency of the
radiative decay and a superlinear pump dependence of the stimulated emission. In solid-state samples, the
two-exciton states are unstable and decay on the subpicosecond time scale due to ultrafast charge transfer,
accompanied by generation of interchain excitd®§163-182@08)03336-0

I. INTRODUCTION conductors is hindered by their small binding energies,
which are typically in the range of several meV. Theoretical

Light-emitting polymers such as pdjyara-phenylene vi- calculations show that the biexciton binding energy can be
nylena (PPV) have been intensively studied recentlgr a  enhanced in quantum confined systethsyhich has been
review see, e.g., Ref)1The electronic and optical proper- confirmed experimentally by measurements of semiconduc-
ties of these materials such as the energy gap and the emit®r quantum-dot structuréé.Several theoretical papers have
sion wavelength can be tailored over a wide range by relasuggested the existence of biexcitons in organie
tively simple chemical modifications of the molecular conjugated systenfs;2#?but clear experimental verifica-
structure. Despite numerous investigations into the phototion of biexcitons as a general feature in these materials is
physics of 7-conjugated polymeric systems, the nature andbtill lacking. Multiexciton states have been observed in or-
mechanisms of formation of the primary photoexcitations inganic charge-transfer crystafsThe superlinear growth of
these materials remain a matter of substantiaktimulated emission at high intensities in luminescent conju-
controversy: 31t is widely accepted that in dilute solutions gated polymers has been attributed to cooperative emission,
with weakly interacting molecules, the dominant excitationspossibly due to biexciton$:?%?° However, there is now
are intrachain singlet excitons that have been described eitheridespread agreement that this effect is due solely to ampli-
as Coulombically bound electron-hole pafr® or self- fied spontaneous emissidhA short-lived photoinduced ab-
localized “polaron excitons.’*®" In solid-state samples sorption feature in a thiophene oligomer has been attributed
with strong intermolecular interactions, ultrafast chargeto an “intermolecular biexciton state,” but without any sys-
transfer can lead to the formation of nhonemissive interchainematic investigation of its dynamics and intensity
species, sometimes referred to as “indirect excitons” ordependencé’ Hence it remains unclear under what condi-
bound polaron pair¥:® These species have been cited bytions biexcitons are created, what their effects are on nonlin-
some authors as primary excitations in solid-stateear absorption, and whether the properties of biexcitons in
sample$8 although this point of view is not universally organic systems are similar to those in inorganic semicon-
accepted:1018 ductors.

Another issue that has been actively debated recently is In the present paper, we apply methods of femtosecond
the existence of coherent many-particle states such asansient absorptiofiTA) to provide an experimental demon-
cooperatively emitting excito® and biexciton€®2°  stration of the existence of stable biexcitonsmtonjugated
Biexcitons have been extensively studied in inorganicmolecules. To evaluate the role of intermolecular interac-
semiconductord’=3? They were initially detected experi- tions at high excitation densities, we study two different
mentally in wide-gap materials, such as CdS and CuCl byorms of the same material: dilute solutions and solid-state
their signatures in photoluminescen@l) spectr&>**One films. We demonstrate that in solutions, at low pump densi-
of the effects associated with the formation of biexcitons isties, both the stimulated emissi¢8E) and the photoinduced
the enhancement of the oscillator strength of the excitonabsorption(PA) can be explained in terms of the generation
biexciton transition due to coherent interactions of twoof a single species: intrachain singlet excitons. With in-
excitons®! this is analogous to the effect of giant oscillator creasing pump intensity, the TA of solution samples clearly
strength observed for excitons weakly bound to anexhibits signatures of interaction between photoexcitations
impurity.3 The observation of excitons in inorganic semi- occupying a single chain, which we attribute to the formation
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of stable biexcitons with oscillator strength enhanced dueto 77 L ! ! ! '
the coherent interaction of two excitons. We also observe
biexciton signatures in films. However, due to strong inter-
molecular interactions, two-exciton states in films are un-
stable and decay on the subpicosecond time scale with thi  0.05
formation of inter chain species. ¥
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As a model system for our studies we have selected ¢
five-ring PPV oligomer 2-methoxy-82'-ethylhexyloxy @) Ox@“‘ﬂf‘—ﬁx@
-distyryl benzengMEH-DSB) [see Fig. 1a), insef. MEH- 005 MEH-DSB & SE T BL
DSB can be prepared as high-quality thin films by vacuum L ! L L L L !
sublimation and is also solubf.Investigation of a model
oligomer system allows us to avoid the effects of inhomoge-
neous broadening resulting from a distribution of conjuga-  °'.F
tion lengths that are always present in amorphous polymel
films. These distributions can lead to associated ultrafast
“random-walk” energy relaxation dynamiéshat compli-
cate the interpretation of experimental data on subpicoseconfg
time scales. MEH-DSB was prepared and purified as de-9
scribed in Ref. 40. Solutions were prepared ugiagylenes
as a solvent. Amorphous thin films~(100 nm thickness 001
were deposited by vacuum sublimation onto sapphire sub-
strates and transferred into an optical cryostat in a dry box to o . . . . . .
minimize the effects of photo-oxidation. As several authors 0 100 200 300 400 500 600
have discussetf;*°~*’the similarities in the optical and elec- Delay Time (ps)
tronic properties of conjugated oligomers and polymers sug- . )
gest that the results reported below are of general importance FIG: 1. (@ TA spectra for MEH-DSB in solution recorded at
also for conjugated polymers. w,=0.08 mJ cm for dl_fferent _delay times\t between pump and

TA studies were performed using a femtosecond pumpprobe pglseg{lndlcate(_j in the figure The scaled 600-ps spectrum
probe experiment. The samples were excited at 3.1 eV usingm.teq “ne.'s nequy identical to the spectrum takenﬂ:. 10ps
100-fs frequency-doubled pulses from a regeneratively améect),l'Otlhlén2&2‘:;;%:%;2?&;2?:3 (:/?éa)f;é;p:ﬁgs:% ﬂzgogﬁam_
plified mode-locked Ti-sapphire lasdClark-MXR CPA- '

. absorption cross section of MEH-DSB in soluti@@otted ling. (b)
1000. The pump-photon energy slightly exceeds the enel’gbynamics of SE1.4 eV) and PA(1.4 and 1.8 eVin the sample fit
of the 7-7* transition in MEH-DSB ¢-2.9 eV), corre-

. v to an exponential decay with a time constant of 650 ps. The 2.6-eV
sponding to near-resonant band-edge excitation. The trangzgative TA peak is labeled BL, for “bleach(see the text
mission of the excited sample is probed by delayed pulses of

a femtosecond continuum generated in a 1-mm-thick sap; .1 much higher accuraciup to 10°® in DT) using phase-
phire plate using-2 uJ of the fundamental beam at 800 nm. sensitive detection with a lock-in amplifier synchronized to a

The reported spectra have gaps near the fundamental wavi 7opped pump beam. In addition to the improved sensitivity,

length due to stron% variations of pr:obe intensity nﬁarde? he above method can be used for recording chirp-free TA
nm. As a measure of transmission changes we use the diffef- . :

X o X t th h t It I
ential transmission (DT), defined as DT= (T—Tg)/Tq §pec ra by scanning the monochromator and simultaneously

o . adjusting the relative pump-probe delay according to the
=AT/T,, whereTy and T are transmissions in the absence l 9 pump-p y 9

; i3
and in the presence of the pump, respectively. In the case gfahbrated chirg:
negligibly small resonator effects, DT can be transformed
into a pump-induced absorption changex) using the rela- I1l. EXCITON AND BIEXCITON DYNAMICS FOR
tionshipAa= —(1/d)In(1+DT) (d is the sample thicknegs ISOLATED MOLECULES (DILUTE SOLUTIONS )
In the small signal limit DPT<1), A« is simply proportional
to DT: Aa=~—DT/d.

Time-resolved DT data were obtained in two different Figure 1 displays time-resolved spectra of absorption
experimental configurations. DT spectra at a fixed delay time€hanges of the MEH-DSB solution sample recorded in the
At between pump and probe pulses were recorded with Bw-pump-intensity regime at a pump fluencev,
0.15-m spectrometer coupled to a liquid-nitrogen-cooled=0.08 mJ cm?. Given the absorption cross section at the
charge coupled device camera by averaging the signal ovg@aump wavelengthr,=2.3X 10 ¢ cm™2 (derived from lin-
1000-2000 pulses. This type of measurement provides inforear absorption datathis corresponds to the excitation of
mation on the spectral distribution of the nonlinear opticalN.,~0.04 electron-hole pairs per molecule on average
response over a broad spectral raf@d5-1.1um) with an  [Nep=o0,(Wp/fiwy), iw, is the pump photon energyThe
accuracy up to 10° in DT. In the other configuration, DT DT spectra show a pronounced negative bajpdimp-
spectra and single-wavelength DT dynamics were monitorethduced bleachingat high spectral energid2—-2.7 e\ and
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A. Transient absorption of MEH-DSB solutions
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a broad weakly structured positive bafl@A) below 2 eV
with a maximum at-1.39 eV[see Fig. 18)]. The bleaching
band shows two weakly pronounced maxima at 2.45 eV and
2.6 eV. The maximum at-2.4 eV is located below the ab-
sorption edge, which suggests that it is due to SE in respons
to probe photons. This assignment is in agreement with TA
data from Ref. 5 and the demonstration of efficient lasing in g
MEH-PPV solutions in Ref. 44. The 2.6-eV maximum oc-
curs in the range of the onset of the strong absorpitsme

-Aod

SE (2.43eV) 3

the absorption spectrum in the inset to Fi¢p)1and is likely Fx <H on o 076mrem® ]
dominated by pump-induced bleaching due to depopulation L+ oif. ' gfgﬁzﬁj 1
of the ground state; the contribution from SE at this wave- 0BT L x 005 mJ em”
length is expected to be small, due the relatively large ab- 0001 | Pump Fluence () cm ) . | | A
sorption and small luminescence. The absorpfieee Fig. 0 100 200 _ 300 400 500 600 700
Delay Time (ps)
T T

1(a), insef and emission spectra for solution and film are
quite similar, other than the additional inhomogeneous
broadening observed in the film. Hence the ground-state op:
tical properties are not significantly affected by interchain
effects(e.g., excimer formation i
In the low-pump-intensity regime, the TA decay is spec- 3
trally uniform, which is seen from the close match of the &
scaled 600-ps spectrufidotted line in Fig. 1a)] and the
spectrum recorded at 10 ps after excitafisalid line in Fig.

0.1

1(a)]. The TA dynamics recorded at the SE maximum and at N PA (L46cV)
two different spectral energies within the PA bdfdh. 1(b)] T 0 oT6ndcar
show nearly identical exponential decay, with a time con- ° a0 olsmcm?
stant of 65@50 ps. The spectrally uniform TA dynamics = *"&(——b——b—Jb— A ——L——L——&
indicate that all TA featuredPA and SE are due to the same Delay Time (ps)

species. As these species are associated with the efficient SE, . _ .
they can be assigned to intrachain singlet excitons, in agree- F!G- 2. Pump-intensity-dependent dynamics@fSE (2.43 eV
ment with previous measurements in MEH-PPV solutfons, and(0) PA (1.46 eV). Symbols are measured data, while the fits to
The TA relaxation dynamics give a measure of the radiativeé® model accounting for generation of singlet excitons and biexci-
lifetime of excitons in MEH-DSB:r,~650 ps, which is tons are shown as lindsee the text for details of the mogeThe

T ,

A . inset in(a) shows quadratic correlations between amplitudes of the
C'Oﬁi to the reported values for MEH-PPV in solutigid0 fast (A¢) and slowq(AS) SE components derived from the double-
P9 . ) exponential fits.

At pump levels exceeding-0.4 mJ cm<, both the PA

and the SE dynamics start to deviate from a single exponen-
tial (Fig. 2. The high-intensity SE dynamics indicates the oscillator strength f(,,) of the exciton-biexciton transitiot.
presence of an additional fast componigfiy. 2&)], whereas  The enhancement fact@= fy,,/f, (f, is the exciton oscil-
the initial PA becomes slower at high excitation densitieSator strength scales roughly as a ratio of the biexciton-to-
[Fig. 2(b)]. These opposite trends lead to increasing deviaexciton volumes, which can be understood in terms of the
tions between the PA and the SE relaxation dynamics witsuperradiant emission of two coherent oscillatbss coher-
increasing pump intensity. A simple analysis of SE dynamicsnt exciton-exciton interactions. Superlinear PL has been
using a double-exponential fit shows that all time transientsvidely observed in PPV polymet&2%4647 there is now
can be well described using two time constants488 ps  widespread agreement that this effect is due to line narrow-
(fast decay and 65050 ps(slow decay, which are essen- ing of amplified spontaneous emissitnn contrast, ouf\«
tially the same for all pump intensities. Analyzing the corre-measurements contain no line-narrowing effect; the superlin-
lation between amplitudes of the fasA{) and slow @s)  ear SE is therefore only due to an increase in the oscillator
componentgsee the inset to Fig.(d)], we arrive at the re-  strength.
lationship AfocAg, which is indicative of two correlated The difference in PA and SE dynamics in the high-pump-
components, contributing to the SE feature. Given the obintensity regime can be explained by the fact that biexcitons
served quadratic pump dependence\ef it is reasonable to contribute differently to SE and to PA. This is not surprising
infer that the fast SE component originates from doubly exsince the final states involved in these two processes are
cited moleculegintrachain two-exciton states or biexcitons different. SE is associated with theterband conduction to
which are generated during the pump laser pulse via sequeralence-band transitignwhereas PA is due tintraband
tial reexcitation of singly excited molecules. The fact that thetransitionswithin the same band. The fact that the species
lifetime of the biexciton is shorter than that of an exciton isgenerated at high intensities have a different effect on SE and
indicative of strong interactions between excitations occupyPA is also clearly seen from the TA pump dependence re-
ing a single chain, leading to the enhanced radiative decaygorded at 1.64PA) and 2.45 eV(SE) (see Fig. 3. At low
This effect has been previously observed in inorganic semipump fluences, the PA signdl.64 e\) is greater than the SE
conductors and explained in terms of the enhancement of theignal (2.45 e\). With increasing pump intensity, PA grows
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n
W=Wntog(t)nx——, (3.2

4 wherew,=<1 is the pump fluence normalized by its maxi-

] mum value used in the experiments with solution samples
] (Whay=1.52 mJ cm?) andg, is the magnitude of the maxi-

] mum pump rate. The relative value of the biexciton genera-
tion rateB was determined from the population of excitons
and the corresponding values of the photoinduced bleaching
at the pump wavelengthA(e/ «), using the expression

SE,PA

T Aa
B=1-

(3.3

an,’

0.1 The SE signal was modeled as proportional 1

+ Bnyy, Which accounts for the enhanced oscillator strength
of the biexciton. The PA signal is assumed to be proportional
1 to ny+ ynpy, Wherey is the ratio of the biexciton to exciton
" empHuence micm® ] absorption cross sections at the PA wavelength. In our mod-
| eling, we used the time constant= 650 ps derived from the
measured TA dynamics at low intensity. The biexciton radia-
tive time constantr,, is given by 7,,= 7./B. From the
double-exponential fits above, we estim@ge-4. The only
FIG. 3. Pump dependence of SE43 e\ and PA(1.46 e}  adjustable parameters in the fitting procedure @andgj.
signals(symbol$ measured at 5 ps after excitation in comparison ~We first modeled the pump-dependent SE dynamics in
with modeling resultglines) obtained assuming that the ratio of the Fig. 2(a) and the pump dependence of the peak (Sbe
biexciton to the exciton contributions to the SE and PA are 4.5 andime delay 2 psin Fig. 3. The value oy, (go=0.7) was
0.5, respectively. Inset: pump dependence of the amplitude correghosen to fit the SE time transient taken at the highest pump
tion coefficients used to model SE and PA dynani&me the text |evel in Fig. 2a), where the superlinear SE is most evident,
for details. using B=4. B8 was then varied withy, fixed to obtain the
best fits to the data in Figs(&@ and 3. Time transients taken
lower pump intensities are fit by using experimentally
easured pump intensities,, without further adjustments
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almost linearly withw,, whereas SE shows a superlinear
increase that leads to the intersection of the PA and SE pu
dependence at around 0.4 mJ¢&nisee Fig. 3. Above this

threshold value, SE is greater than PA. in go. To achieve a closer match between calculated and
measured SE amplitudes, the computed curves are multiplied
B. Modeling of transient absorption for solution samples by a correction factokg (Fig. 3, insel.

To analyze the high-intensity TA in more detail we have Using the abqve procedure, we obtained excellent fits to
performed numerical modeling of the TA dynamics takingthe SE d}g”am'cs over a pump range from .0'05 to
into account contributions from both excitons and biexcitons0-76 MJ cm* [see Fig. 2a)]. Our model also provides a
To describe the generation of excitons, we use a pump ra@0d fit to the pump-dependent SE amplitudegg. 3. As
g(t) with a Gaussian temporal profile and a unit area, mul-S€€n from the inset to Fig. 3, over the pump-intensity range
tiplied by a factor 1-n, (n, is the exciton density normal- studied, the ampl!tude correctmn factor varies by less than
ized by the total density of molecules) that accounts for +15%. From this modeling, we conclude th#=4.5
saturation of the exciton density in the limit—1. In our ~ *0.5.
model, the biexcitons are generated by a sequential reexcita- 10 fit the pump-dependent PA time transients, we used
tion of singly excited moleculegxcitons. The correspond- the parameteg, derived from the SE fits, so that only one
ing generation rate iBg(t)n,, whereB=0.85 is determined adjustable parametey was used. The fit to the PA trace
experimentally as detailed below. We further assume that theecorded at the highest pump intensity in Figo)2yields y
exciton and biexciton decay is dominated by radiative pro-=0.4=0.05, indicating that PA is dominated by the exciton
cesses with corresponding time constantsand 7,,. The  contribution (o, /op,=2.5). This value ofy is further used
ratio of these constants is determined by the enhancemefft fit the traces recorded at lower pump levels. To adjust the
factor 3 for the biexciton oscillator strength; /7, = 8. The  amplitudes of the computed PA curves we introduce the
radiative decay of the exciton leads to generation of a phoPump-dependent correction facty. As seen in Fig. 3, this
ton, whereas the biexciton decays into a photon and an exrocedure leads to a systematic overestimation of the PA,
citon. Under the above assumptions, the rate equations fdlecessitating a monotonic reductionkip in order to match
normalized exciton rf,) and biexciton @) concentrations the absolute magnitude of the PA.

can be written as As seen from the fits in Fig.(B), the above simple model
allows us to understand the principal trends in the pump-
%_ 01— ) —W.B . — &Jr Nbx dependent PA dynamics. The model predicts correctly the
dt =WnGog () (1N = WnBGog(t)ny Ty Tohx slowing down in the initial PA decay at high pump intensi-

X
(3.2 ties and the characteristic negative curvature of the early
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FIG. 4. Results of the modeling for th@ pump intensity-
dependent exciton antb) biexciton dynamics. The inset ith) DT spectra of the MEH-DSB filmw,=2.5 mJ cm?). (b) Match-
shows the calculated SE and PA dynamias in Fig. 2, normal-  ing dynamics of the SE2.32 eV} and PA (1.46 e\} features along
ized to the signal population at long times, to highlight the oppositewith distinct dynamics of the PAfeature(1.81 e\).
trends in intensity-dependent dynamics for Gpper seriesand
PA (lower series

FIG. 5. (a) Two PA features (PAand PA) in the time-resolved

slowed decay and the delay of the peak exciton population

time-dependent PA signal. The fit to the PA amplitudes idS€€ Fig. 48], which is due to regeneration of excitons dur-
somewhat worse than for the SE signal. With increasing"d the biexciton decay. Since PA is dominated by the exci-
pump level, the correction parametey monotonically de- 0N contribution, this behavior transfers to the PA dynamics,
creases from 1 to around 0.6. This is a reflection of the satdeading to the slowing down of the PA relaxation in the
ration of the measured PA signal abov®.8 mJ cm? (see  high-intensity regime. Due to the enhanced biexciton oscil-
Fig. 3. This saturation is not predicted by the model andlator strength, the SE at high pump levels is dominated by
occurs probably due to saturation of absorption at the pumpiexcitons, which results in the increased amplitude of the
wavelength and/or higher-order effects, such as generation dfiexciton-related fast component in the SE signal. These op-
triply excited molecules. posite trends in the PA and SE pump dependence lead to the
The strongest point of the model is that the same set dihcreasing deviation in their dynamics at high pump intensi-
parameters derived by fitting the time transients allows arties [inset to Fig. 4b)], as also seen from the experimental
excellent fit of the pump dependence the PA and SE as sedime transientgFig. 2). Interestingly, our simple model pro-
from Fig. 3(lines). The model describes well both the slopesvides a very accurate description of the absolute carrier den-
of the SE and PA pump dependence and the crossing isities generated in the material. For example, the estimate of
pump-dependent SE and PA amplitudes at aroundhe carrier density at a pump fluencewf=0.5 yieldsNj
0.4 mJcm? =0.35. This is in close agreement with the computed value
A deeper insight into the TA transient behavior is pro-of 0.34, determined as,+2n,, [see modeling results in
vided by analysis of the calculated pump-dependent excitofrigs. 4a) and 4b)].
and biexciton dynamicésee Fig. 4. At low pump intensities Since our measurements were limited to a single-length
(ny<0.1), the ratio of concentrations of doubly to singly oligomer, we cannot yet determine whether the observation
excited molecules is below 10%. Since the biexciton concenef biexcitons in short-lengthr-conjugated systems is facili-
tration scales approximately as the square of the pump fluated by spatial confinement. However, theoretical and ex-
ence, this ratio grows with increasing pump intensity; forperimental data available for inorganic semiconductors indi-
n,~0.4 it exceeds 40%. The generation of biexcitons has aate a crucial role of quantum confinement in the
significant effect on the exciton dynamics, leading to thestabilization of two-exciton state§:
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namics of the PA feature, forw,=6mJ cm? (open triangles 0.0 0.5 1.0 15 20 25 3.0
3mJcm? (solid squares and 0.6 mJ c? (open circles Solid
and dashed lines are data taken at 3 and 0.6 rﬁicmspectively,
scaled to the 6-mJ ¢ data. Inset: PA pump dependence indicat- g, 7. Pump-intensity-dependent time transients of fAture

ing a quadratic correlatiofPA,~(PAy)?] in the peak magnitudes of 4t 1.46 ev(symbol$ plotted together with double-exponential fits

Delay Time (ps)

the PA and PA features. (lines). Data are shown fow,=2.1 mJcm? (open triangles
IV. EXCITONS AND BIEXCITONS IN SOLID-STATE 1mJem® (solid diamonds 0.44 mJcm® (solid triangles,
FILMS 0.22 mJ cm? (open squarésand 0.06 mJ ci? (solid circles. In-
set: quadratic correlation in the pump dependence of the magni-
A. Transient absorption of film samples tudes derived for the fas#¢) and the slow A;) components from

In Fig. 5 we show time-resolved DT speciiig. 5a)] the double-exponential fifsA;~ (As)*].

and single-wavelength DT time transiertSig. 5(b)] re-
corded for the MEH-DSB film. In contrast to solutions, The fact that we do not see any SE features associated

which display relatively slow(subnanoseconcexponential  with the PA band indicates that this band might be related to
DT dynamics, the DT decay in films is much fastpicosec- the nonemissive interchain excitons predicted in Refs. 6—8.
ond time scalpand is strongly nonexponential. We also seeThis explanation is consistent with the observed pump-
an increase of the PA signal at1.8 eV, indicative of the independent dynamid&ig. 6) that are expected for strongly
formation of a new short-wavelength PA band. The fact thatorrelated geminate electron-hole pairs located on closely
two distinct spectral bands are present in solid-state samplesparated chairfsAdditional PA features may be expected
is confirmed by an analysis of the DT dynamics at varioudfor triplet excitonst® however, this explanation is not consis-
wavelengths. The 1.4-eV band (PAshows much faster de- tent with our data. Although singlet fusion could account for
cay than the feature at 1.8 eV (PAsee Fig. B)]. In ad-  fast rise times of triplet excitons, we only observe the second
dition to that, the dynamics of two PA features have mark-PA band in solid-state samples and not in solutions. In addi-
edly different pump dependencEigs. 6 and 7. On the 3-ps  tion, the shoripicoseconyidecay dynamics of this band are
time scale shown in Fig. 6, RAexhibits pump-independent inconsistent with the long lifetime expected for triplet exci-
and almost exponential decay with an initial fast relaxationtons.
time constant of about 6 gsiote the overlap of the scaled  To examine in more detail the pump-dependent dynamics
time transient of the lower-intensity daf$ines) and the of the PA feature, we performed a double-exponential fit to
higher-intensity datéopen trianglesin Fig. 6]. In stark con-  the PA time transients as shown in Fig. 7. As a result of this
trast, the dynamics of the RA&and are clearly nonexponen- fit we find that both the initial fast and subsequent slow
tial even at short delay timegsee Fig. 7 and showa pro-  decay time constants are essentiaigependentf the pump
nounced pump-intensity dependensbich will be discussed fluence and are close to 450 fs and 6 ps, respectively. The
below. apparent intensity-dependent decay on the shortest time
The existence of two distinct PA bands with different dy- scales results from an evolution of tredative magnitudesf
namics in solid-state samples clearly indicates contributionghese two decay components. The pump-intensity depen-
from at least two different species to the TA. Although thedence of the amplitudes of the fask{) and the slow A,)
PA,; decay dynamics are intensity dependent, in pristine filmsomponents is displayed in the inset to Fig. 7. As in solution
they match very closely the SE dynamics over a wide pumpsamples, these data reveal the dependéqee\g, which is
intensity rangdsee Fig. B) and the data in Ref. 18This  indicative of generation of two-exciton stat@siexcitons.
clearly shows that, as in solutions, the Pfeature arises However, in contrast to solutions where biexcitons are rela-
from the same species as the SE, namely, from emissiviively long lived, two-exciton states in films decay on the
intrachain singlet excitons. sub-picosecond time scale, due to enhanced intermolecular
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12F 1 T T T I T 7 fects have their origins in the generation of two-exciton
states, but with a different outcome depending on the
10 - strength of intermolecular interactions. In solutions, double
excitation of molecules leads to the formation of biexcitons
08 with the associated enhancement of the oscillator strength,
whereas in films, doubly excited molecules are the source for
£ 06 the formation of nonemissive interchain species, which leads
zj to the reduction of SE and PL efficiency at high pump flu-
04 : ences.
- pump-probe.
02 ; crosscorrelation M g:;; . B. Photodegradation in solid-state films
o © The interpretation of the ultrafast PA features in solid-
00 [Wo © | e | | L] state samples of PPV derivatives has been highly
02 00 02 04 06 08 10 controversiaf®13-13|n films of PPV®’48 methoxy-PP\?
Delay time (ps) MEH-PPV® poly[2-butyl-5{(2’-ethyl-hexg)-1,4-phenylene

inylengl,®> and a ladder-type polpara-phenylene
erivative’ the SE and PA dynamics were observed to be
ifferent. Hence, for these materials it was concluded that the
A is entirely or partially due to species that are different
from those responsible for the SE. However, correlations be-
interactions. In dilute solutions with well-separated mol-tween the SE and PA decays have been reported for films of
ecules, intermolecular interactions are suppressed and doutf#V;" poly (3-hexyl thiopheng® and poly@-pyridyl
excitation of molecules leads to the formation of stable revinylene.'* We believe that the reason for many of the in-
laxed biexcitons that decay primarily via radiative processesconsistencies in previously published experimental data is
In films with densely packed chains, strong intermoleculaithe uncontrolled photo-oxidation of the samples, which has a
interactions facilitate the decay of doubly excited moleculesstrong effect on the TA dynamidg:?13:4850
due to an ultrafast charge transfer with the formation of in- Our measurements show that irreversible photochemical
terchain specieginterchain excitons responsible for the changes take place in MEH-DSB films, even in an evacuated

FIG. 8. Complementary subpicosecond dynamics recorded fo\é
the PA and PA features in the film, plotted together with the
pump-probe cross correlation, which defines the temporal resolutio
of the experiment.

PA, band. cryostat, under moderate pulsed excitation levels. Photo-
This mechanism for the biexciton decay is confirmed bychemical degradation is characterized by an overall reduction
an analysis of the short-term RAnd PA dynamics(Fig. 8.  in the magnitude of DT and a dramatic change in the dynam-

The buildup of the PAband is very fast and occurs essen-ics of the SE emission as detailed below. These effects were
tially within the duration of the pump pulse. On the otherobserved at per pulse excitation levels above
hand, PA shows a delayed builduftime constant of about ~4-5 mJcm? andwhen irradiating the films with a cumu-
500 f9 that is complementary to the initial fast relaxation of lative fluencelmultiple pulses at a single spot on the sample
the PA feature(time constant of about 450 )fsssociated greater tham-1 kJ cni 2. In photodegradetphoto-oxidized
with the decay of the two-exciton states. These data are corsamples, at pump intensities above4 mJ cm? we ob-
sistent with the scenario in which the charge-transfer specieserved that the SE dynamics no longer matched those of the
are generated at the expense of the doubly excited moleculd8A; band[Fig. 9a)]. The TA signal at 2.32 e(SE maxi-
which can be considered as unrelaxed “hot biexcitons.” Ad-mum in pristine samplggsapidly switched from SEpositive
ditional support for our interpretation of the TA data is pro- DT) to PA (negative DT [Fig. 9a), solid circleg, similarly
vided by the observation of a quadratic correlation in theto the crossover previously observed in PPV fifmshere
pump dependence of the PAnd PA features, evident from the difference in PA and SE dynamics was cited as evidence
the data in the inset to Fig. 6. It is also important to mentionof a distinct species contributing to the near-IR PA band.
that the PA feature can only be observed at high pumplnterestingly, by lowering the pump intensity we again return
intensities (above ~0.6 mJ cm?), for which the ratio of to the regime where PA and SE dynamics match each other
concentrations of doubly to singly excited molecules exceedBFig. 9(b)], although the magnitude of the TA signal is then
10%. reduced by approximately a factor of 4 for both SE and PA.
We believe that our model allows the explanation of an Our observations can be explained within the following
important trend that has been observed for many phenylengicture. Prolonged laser irradiation of sufficiently high inten-
based conducting polymers and oligomers: The PL and SEKity results in generation of defects via, e.g., loss of conju-
efficiencies in solid-state films are often significantly reducedgation due to cleaving of the vinylene double bonds to form
in comparison to the corresponding efficiencies interminal carbonyl species as was previously suggested in
solutions™®1°Our measurements of SE pump dependence ifRef. 48. These defects contribute to TA by a PA signal that
MEH-DSB films and solutions show that at low pump levelsis likely spectrally overlapping with SE. However, the defect
the SE efficiency is comparable in these two types ofstates cannot be photoexcited directly by incident photons,
samples. However, at higher pump levels, in the regiméut rather only via a charge transfer mediated by intrachain
where significant numbers of molecules are doubly excite@xcitons. As in the case of interchain excitons formation, the
by a laser pulse, we seesaturation of the SE in filmenda  charge transfer is only efficient at high pump intensities in
superlinear SE growtlin solutions. We think that both ef- the regime where a large number of molecules are doubly
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LOfF T ' T Pump fluence = 5 mJ cm> | a excited, we observe deviations from a single-exponential de-
cay for both the PA and SE features. In this pump-intensity
08 Photodegraded fim T regime, the SE decay exhibits an additional fast component
o6 AR with a time constant of- 160 ps. The amplitude of this com-
g ] ponent grows quadratically with respect to the amplitude of
g 04 (@ | the slow component, indicating the generation of two-
exciton states. The shortening of the initial SE relaxation is
02 2| explained in terms of enhanced radiative de¢aghanced
oscillator strengthof biexcitons. The enhanced biexciton os-
0.0 oot v "W"“'“”"\/'V\/' cillator strength is also responsible for superlinear growth of
L L ! L ! L ! the SE signal at high pump intensities. We observe increas-
05 00 05 Delaytme o) 0 ing deviations in PA and SE dynamics with increasing the
pump level, which is due to different relative exciton/
b . - - . . M) biexciton contributions into these two signals. A simple
' model taking into account the generation of biexcitons via a
osk | sequential reexcitation of singly excited molecules allows an
excellent fit of both the TA dynamics and pump dependence.
£ 06k LI i In addition to the long-wavelength PA band (PAob-
g served in solutions, film samples exhibit a short-wavelength
04} dog PA feature (PA), which has distinct dynamics and pump
Photodegraded film . .
® 2326V (SE) dependence from those of PAThe matching dynamics of
02f o eV BA ) 4 PA; and SE in pristine films over a wide pump-intensity
A — 1456V (PA ) range demonstrates unambiguously that these features origi-
0.0ks ! L ) ! I = nate from intrachain singlet excitons. On the other hand, the
00 05 Y ey dme g 0 0 0 pump-independent dynamics of RAalong with the fact that

it is only observed in solid-state samples, suggests that this
FIG. 9. Comparison of the SE and PAynamics in the photo-  feature is due to strongly correlated geminate electron-hole
degraded film ata) high and(b) low pump fluences. In contrast to pairs located on adjacent chaifisterchain excitons As in
pristine films, the SE and PAlynamics strongly deviate from each sojutions, we observe an additional fast component in the SE
other at high pump levels. and PA signals growing quadratically with the pump flu-
ence, which we attribute to generation of two-exciton states
. ._or biexcitons. However, in films this quadratic component is
excited. Therefore, at low pump fluences the SE dynamicg,remely short livedsubpicosecond decay tifpéndicating
are not significantly affected by the presence of defects. Th at biexcitons are unstable. We observe clear correlations
main effect of photodegradation in this case is the overalloyyeen the subpicosecond relaxation of the fast TA compo-
reduction of the TA signalPA and SE due to reduced con- ot anq the buildup dynamics of the short-wavelength PA
centration of conjugated molecules, Wh'ch also leads to thCEand, indicating that the subpicosecond biexciton decay is
quenching of PL observed previously in photodegradedy o 14 yjtrafast charge transfer accompanied by the forma-
samples'~>* At high pump intensities, defect states get ac-iio of interchain species

tivated via_charge transfer mediated by doubly excited mol- Additionally, we observe a strong effect of photodegrada-
ecules. This results in a new defect-related PA feature, su fon on TA in solid-state films, manifested as an overall re-

pressing th? SE. The subpmosecc_)nd buildup of a new P#y,(ion of the TA signal and a drastic shortening of SE dy-
band[see Fig. @a)] is cons!stent W't_h u!trafast grovvth'dy- namics at high pump levels. This is explained in terms of
namics of the PAfeature(Fig. 8), which is generated via a generation of defects that contribute to TA by a negative
similar charge-transfer mechanism. signal spectrally overlapping with SE. Defect states can only
be activated at high pump fluences via a charge-transfer pro-
V. CONCLUSIONS cess mediated by intrachain two-exciton states. Therefore, in
egraded films, SE and RAlynamics match each other at
ow pump intensity but are strongly different at high pump
fluences.

We have performed femtosecond TA studies of a five-rin
PPV oligomer(MEH-DSB) prepared in two forms: solid-
state films and dilute solutions. In solutions, at low pump
intensities, all of the TA feature(SE and PA are due to a
single species, which we identify as singlet excitons. The
decay of these species leads to wavelength-independent ex- We thank I. Campbell for the preparation of MEH-DSB
ponential relaxation of the TA with a time constant of 650 samples. This work was supported by Los Alamos National
ps, associated with radiative processes. At high pump interlzaboratory Directed Research and Development funds under
sities for which a significant fraction of molecules is doubly the auspices of the U.S. Department of Energy.
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