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Unified picture of the photoexcitations in phenylene-based conjugated polymers:
Universal spectral and dynamical features in subpicosecond transient absorption
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Using subpicosecond transient absorption spectroscopy, we investigate the primary photoexcitations in thin
films and solutions of several phenylene-based conjugated polymers and an oligomer. We identify several
features in the transient absorption spectra and dynamics that are common to all of the materials which we
studied from this family. The first spectral feature is a photoinduced absor#®nband peaking near 1 eV
that has intensity-dependent dynamics that match the stimulated emission dynamics exactly over two orders of
magnitude in excitation density. This band is associated with singlet intrachain excitons. The second spectral
feature(observed only in thin films and aggregated solutjaas PA band peaking near 1.8 eV, that is longer
lived than the 1 eV exciton PA band, and that has dynamics that are indepéadergakly dependehion
excitation density. This feature is attributed to polarons, generated through a mechanism that is sample depen-
dent. In pristine samples, polarons are generated via a mechanism that is quadratic in exciton density, whereas
in photodegraded samples or samples doped with electron acceptors, the generation mechanism becomes linear
in exciton density.

I. INTRODUCTION photoexcitations in thin films of some PPV derivati@s-

cluding unsubstituted PPV and cyano-substituted P&\é
Conjugated polymers, most notably those belonging to th&inglet intrachain excitons. In studies of different PPV de-
poly(para-phenylenevinylengPPV) family, are technologi- rivatives (MEH-PPV), other authors have concluded that
cally promising materials due to the ease with which theyonly about 10% of the initial photoexcitations are singlet
may be processed and the wide range over which their opteXcitons, with the majority being generated as spatially-

cal and electronic properties may be chemically tuned. Ovelndirect exc_ltonél_*24_or excm_1ers°’.5 Several factors contrib-

the last decade numerous potential technological applicatiori§€ to the disparity in experimental results, including widely

have been demonstrated, including electroluminescent d&/&ying experimental conditions for each particular measure-
vices (light-emitting diode$? and light-emitting electro- ment (e.g. excitation density, wavelength, or polarization of
chemical celld), solid-state laser%;® photodetectoré? pho- the photoexciting light and the fact that the samples under
tovoltaic  deviced, transistord®! and  integrated study have varied considerably in fundamental ways, such as

optoelectronic device¥:*® All of these technologies would chemical structure and morpholod.g., solutions, films

benefit f fiod pict f the fund tal ohotobh cast from various solvents, or thermally converted, insoluble
enetitirom a unified picture of the fundamental pnotop ys'films), or the degree of photochemical degradation.

ics of conjugated polymeric solids, and Zalthough many  \while it would clearly be desirable to have similar experi-
groups have contributed towards this g8afi*there is still  ental conditions for all TA measurements of PPV deriva-

not widespread agreement about such a general frameworlges this is not the case for the large volume of literature
Transient absorptioirA) spectroscopy is a powerful tool cjted above, due principally to the continually evolving na-
for studying the fundamental photophysics of conjugatedyre of pulsed laser technology. It is now well established
polymers, but the interpretation of TA experiments has beefhat the photoexcitation density is a crucial parameter in TA
the subject of much debaté.The transient photoinduced measurements, since the decay dynamics in both solid
absorption(PA) features observed in PPV and its derivativessamples and solutions vary strongly with changing excitation
have been attributed variously to triplet excitdis, density, through a combination of nonlinear decay

polarons?’ singlet intrachain excitor8 (also referred to as mechanisns3339-42  and nonlinear generation
“singlet polaron excitonsy,3%2 spatially indirect excitons mechanisms®3!
(also referred to as polaron paifs2h232430 gnd The degree of photochemical degradation of the sample

biexcitons*®*'More recently, the species previously referredalso is known to be an important factor in determining the
to as spatially-indirect exciton§olaron pairs have been types of photoexcitations created and the relaxation path-
assigned by some authors as exciniéré®In addition to the  ways for these photoexcitations. The degradation has been
controversy over the nature of the fundamental photoexcitaattributed to scission of the conjugated ch@hthe vinylene
tions, there is also significant disagreement over what condidouble bong with corresponding formation of terminal car-
tions govern the branching between different excitations, antionyl and aldehyde grouffs®®334344as a result of photo-
whether various photoexcitations are photo-generated dixidation or high-temperature thermal conversion. The for-
rectly or in secondary processes. Site-selective fluorescenceation of these defects destroys the extended conjugation of
measurement$ and photoluminescence quantum efficiencythe polymer chains, and thereby eliminates the strang
measurements suggest that in excess of 90% of the initial — 7* absorption. In addition, these defects act as efficient
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guenching centers for singlet excitons, since the electroneg#he degree of sample photochemical degradation. However,

tive carbonyl group is a strong electron acceptor, leading tan light of the remarkable similarity of the PA signature

the dissociation of the excitd. across a range of different phenylene-based conjugated poly-
Another factor to consider in interpreting the various TA mers, and, most importantly, between pristine samples and

measurements is the effect of the substituent groups that afieliberately doped samples, we believe that TA in the red

added to the PPV backbone in order to improve solubility oegion of the spectrum is primarily due to polargnsbound

to tune the electronic properties of the mateffaf’ The  charged carriers on the polymer

effect of substituent groups on the electronic properties of

these materials may be conside_zrable, e.g., shifti_ng the Il. EXPERIMENT
ground-state absorption and excited-state absorption and . _ _
emission spectra dramaticdifyand independentl$* so that PFO films were prepared in an argon atmosphere by spin-

some derivatives display stimulated emission, while othergoating from a 3<10™%-M chloroform solution onto sap-
may not. The substituent groups also play a role in determinphire substrates. Thermal annealing of the films resulted in
ing the morphology of samples, which strongly affects theSamples that displayed some degree of aggregatierde-
optical and electronic properties of solid fil#fsSubstituent ~ duced from changes to the linear absorption spetthait no
groups may be added symmetrically or asymmetrically to thelifference was found in the TA spectra or dynamics between
polymer backbone, with a dramatic influence on the degreéhe “aggregated” and “nonaggregated” samples. Multilay-
of aggregation in the sample, the microscopic interchairgred thin films of a water-soluble cationic PPV precursor
packing density and the degree of crystallinity* For a  polymer were prepared by ionic self-assembly with alternat-
given PPV derivative, solid samples cast from different sol-ing layers of a transparent anionic polymigroly(styrene
vents, or from solutions of different concentrations, maysulfonate]>* The films were subsequently thermally con-
have quite different morphological structd®>53Finally, ~ verted to fully conjugated, insoluble PPV filffs. Two
even assuming that one uses the same PPV derivative ag@luble  derivatives ~ of PPV,  pdg-methyl-5-
attempts to account for other experimental variables, experiPropyloxysulfonate phenylene vinylenéMPS-PPV and
ence has shown that different batches of the “same” poly-Poly(2,3-diphenyl-5-hexyp-phenylene  vinylene (DP6-
mer can give somewhat different resiffts. PPV) were also studied. Solutions of MPS-PPV were pre-
In light of the diversity of experimental results in the lit- pared in an N atmosphere at a concentration of £6-10™*
erature, and the multitude of experimental factors responM in deionized water, and the solutions were bubbled with
sible for this diversity, there is a critical need for a more N, for one hour. Thin films of DP6-PPV were made by spin
general description of the fundamental photophysics ircoating onto sapphire substrates from a chloroform solution
phenylene-based conjugated polymexslescription that ap- (5% 1073 M). Approximately seven layers of DP6-PPV
plies to all members of this important class of matetidls ~ were applied, spinning each layer at 1000 RPM for 30 sec-
this paper, we report detailed spectral TA measurements of @1ds in order to obtain an optical density 6f0.5 at the
number of PPV derivatives in various morphologies, and dispump wavelength, and a typical film thickness-ef.50 nm.
cuss their common features and a simple framework for unAll of the processing for the DP6-PPV films was done in an
derstanding their properties, which is general to the entir@rgon atmosphere, including transferring the films into an
class of phenylene-based conjugated materials. The materiadptical cryostat, in order to minimize the effects of photo-
studied include several soluble PPV derivatives in eithechemical degradation. We also study blends of DP6-PPV
spun-cast film or solution-aggregate form, self-assemblewvith cholestanoxy methanofulleretig(Cqo) in @ 1:1 molar
films of thermally-converted PPV, a PPV oligomer, andratio. The same precautions against photochemical degrada-
films of poly(9,9-dioctylfluoreng (PFO. tion were taken for these samples as for the pristine samples
In all of these materials, we find evidence of two differentof DP6-PPV. We also compare our results with those pub-
types of photoexcitations, singlet intrachain excitons andished previously using the model oligomer 2-methoxy-5-
charge-separated excitations. The singlet intrachain excitorf@U-ethylhexyloxy-distyryl benzenéMEH-DSB).**! Solu-
give rise to stimulated emission in the visible regime and dions of this oligomer were prepared usipexylenes as a
pair of excited-state PA bands in the near-infrared, with dy-solvent, and thin films+{ 100 nm) were prepared by vacuum
namics that are strongly dependent on the initial excitatiorsublimation onto sapphire substrates, then transferred into an
density. The PA signature of the charge-separated excitatioraptical cryostat in an argon atmosphere.
is remarkably general to all the materials studied in our labo- The chemical structure of each material is shown in Fig.
ratory to date, and consists of a PA band which peaks in th&, and their linear absorption spectra are shown in Fig. 2.
red region of the visible spectrum, between the near-IR PAVith the exception of the PFO measurements, which were
peak and the SE peak of the singlet exciton. The dynamics afarried out in air, all measurements were carried out under a
the charge-separated species are essentially independentdyhamic vacuum of 10° torr. The TA signals were moni-
the initial excitation density. In pristine polymers, the gen-tored for signs of photodegradatiomanifested as a gradual,
eration mechanism is a quadratic process, whereas in dopéueversible decrease in TA signadnd all results reported
polymers it becomes a linear process. Several different spdiere are for samples that did not photodegrade during the
cies, including excimers, polaron pairs, or excitons that unmeasurement. In some cases, samples contained a large con-
dergo dissociative electron transfer to electron-accepting desentration of exciton-trapping defectdue to thermal con-
fects or dopants, may all contribute to this photoinducedversion, inherent impurities, or deliberate photo-oxidation
absorption, in proportions that are dependent on extrinsigvith dramatic results on TA spectra and dynamics. However,
factors such as sample morphology, excitation density andur procedure ensured that the degree of degradation did not
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The experimental setup used for the chirp-free transient
absorption measurements has been described in detail FIG. 3. The chirp-free transient absorption spectrum of oriented
elsewheré® We emphasize that the instrumentation allowsPFO ata 0.1 ps pump-probe delay time with a pump fluence 5f 10
for compensation of the dispersiéechirp) of the probe pulse, cm 2. The arrows indicate the energy at which the measurements of
so that all spectral measurements reported here are free frof#f dynamics and pump-fluence dependence were made. The spec-
artifacts due to the chirp of the probe pulse. The samplef@ regions corresponding to BR, PAcs, and the SE are also
were photoexcited at 3.1 eV, within the— 7* absorption indicated.
band for all the materials used in this stu@ge Fig. 2. All
samples were optically thin, so that the excitation density+DT) whered is the sample thickness. In the small-signal
was approximately uniform throughout the sample. Crossfegime in which we are operating,ad~ —AT/Ty. Unless
correlation measurements between the pump and the prols¢herwise stated, all measurements reported here were taken
using two-photon absorption in a sapphire plate showed with the pump beam polarized parallel to the probe beam.
system resolution time of 150 fs over the entire spectral
range studied® As a measure of transmission changes we
use the differential transmissio® ('), which is defined as l. RESULTS
DT=(T—Ty)/To=AT/Ty, whereT, andT are the transmis- A. PEO films
sion of the probe beam in the presence and absence of the
pump, respectively. The pump-induced absorption chang}eI
Aw is related toDT by the expressiom o= —1/dIn(1 '

Figure 3 shows the chirp-free TA spectrum for a PFO thin
m at a pump-probe delay time of 0.1 ps photoexcited with
a pump fluence of I8cm 2. The spectrum consists of a
region of negativeA« at energies above-2.4 eV, and a

Wavelength [nm] broad, positiveA « (PA) band from 2.4 eV to 1.2 eV. Since
600 500 450 400 350 the negativeA @ band occurs within the optical gap for this
12 I I I I material (in a region with no ground-state absorptiomwe
PPV-SAM DP6-PPV attribute this band to stimulated emissi¢BE). Within the
1.0 J.»-w.\,,--;.»v-.--- . ~ + PA band, two spectral features can be distinguished, labeled
MPS-PPV | R ] ¥ . ! in Fig. 3 as PAy (peaking at~1.6 eV), and PA:s (peaking
0.8 i T Wi near 2.1 eV.
g """ N The dynamics of the P&, PAcs, and SE bands for PFO
2 06 L "-._‘ \ | at two different excitation densities are plotted in Fig. 4.
£ ; k Figure 4a) shows the dynamics at a pump fluence of*10
) cm ™2 for SE (solid circles and PA:y (solid line), and also
0.4 7] the dynamics at a pump fluence of'36m~2 for SE (open
¢ circles and PAy (dashed ling The SE dynamics corre-
0.2 ! ] spond closely to those of R4 at both excitation densities,
et el d demonstrating that the same species is responsible for both
0.0 - PA:x and SE, namely the intrachain singlet exciton. The
20 25 .30 3.5 dynamics of this species depend strongly on the excitation

density. At low pump fluences (}tm 2) the long term

dynamics appear exponential with a time constant of ap-
FIG. 2. The linear absorption spectra of the materials discussefproximately 500 ps; the limited signal-to-noise ratio at these

in this work. low fluences prevents a more precise determination. Upon

Energy [eV]
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0.5 0.0 0'5. 1.0 L5 20 25 PAcs is exactly quadratic in the singlet exciton population,
Time [ps] both above and below the saturation limit for singlet exci-
tons.

FIG. 4. Panela) shows the dynamics of the SEolid circles ; . .
and PA: (solid ling) for a pump fluence of ¥§cm™2 for unori- Figure 6 shows the growth dynamics of Pfalong with

ented PFO. The open circles and dashed line show the dynamics féie dynamics of PAy, inverted and scaled to highlight the
the SE and PAy, respectively, for a pump fluence of #em~2.  fact that the initial fast decay of RA is complementary to
Panel(b) shows the dynamics of RA for a pump fluence of 1§  the growth of PAs, implying that the PAs forms at the
(solid line) and 16°cm™? (dashed ling for unoriented PFO. The expense of PA¢. Since it is necessary to measure the rise-
inset to pane(b) shows the dynamics of R4 (dashed lingand of  time of PA-g near the zero crossing of the TA spectrim
PAcs (solid line) in oriented PFO at a pump fluence of'6m 2. avoid spectral overlap from RA), in order to obtain a rea-
sonable signal-to-noise ratio the risetime dynamics were ob-
increasing the pump fluence above*idn™2, a fast compo- tained using pump fluences approaching the saturation flu-
nent appears in the dynamics. In this excitation density reeénce (this is true for all the pristine materials we discuss
gime, the early time dynamics{(10 p3 can be characterized here. For the purpose of characterizing the rise-time of
using a double exponential with time constants of roughly
500f5and5p5. 1'04_||'|||||||||1|||||||||||||_'.
. . . A

The dynamics of the PA; feature in PFO are shown in

Fig. 4(b) for pump fluences of Zcm 2 (solid line) and

10" (dashed lingcm 2. The results clearly show that the 038
dynamics are independent of excitation density over thisZ
range. We also note that the dynamics forcRAre slower 5 0.6
than those observed for RA[see inset to Fig. @)], imply- £
ing that the species responsible for RAs longer lived than = 0.4
the singlet intrachain exciton. E '
The dependence on pump fluence of the peak TA signa™
for PAcs and PAcy is shown in Fig. 5. PAy is linear in 0.2
excitation density at low pump fluence, and saturates ai
higher pump flugnces. In order to estimate thg pump fluence I Y A T T T
at which saturation occurs, the data may be fit using 0.0 0.5 1.0 15 2.0 25
TA(@)OC(].* e—d)/(bo)’ (1) Time [pS]

. FIG. 6. The growth dynamics of RA (solid circles and the
where® represents the pump fluence abg the saturation  gecay dynamics of P4 (open trianglesin PFO for a pump flu-
fluence. The fit is shown as the thin dotted line in Fig. 5 antbnee of 185cm=2. The decay dynamics have been inverted and
yields a saturation fluence of 10" cm™2. scaled to highlight the complementary dynamics between the

The thick solid line in Fig. 5 is thescaled result of  growth of the PAsand the decay of P4.. The thin-solid line is a
squaring the data for R4. This line matches exactly the momoexponential fit to the growth dynamics of £fand yields a
data for PA 5, showing that the generation mechanism fortime constant of~500 fs.
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Wavelength [nm] dependent dynamics at various spectral energies. As before,
000 800 700 600 500 these regions are marked PA(the near-IR feature peaking
0.20 : : : : : near 1.2 eV and PAs (energies near 1.9 eV intermediate
PA PA SE T-x between PAy and the SE The probe energies at which
0.15 EX s bleach_| detailed dynamics and pump-fluence dependence measure-
ments were taken for these two features are indicated in Fig.
7 by arrows.

Unlike what is observed in PFO films and in MEH-DSB
dilute solutions, in PPV SAM'’s the PA; band competes
with the SE, as demonstrated by the fact that the zero cross-
ing point of the TA spectrum shifts in time from approxi-

0.10

0.05

-ATIT,

0.00

155107 T P T TR S —_ e e mately 2.0 eV at zero pump-probe delay to around 2.5 eV at
20.05 £ 1(5) - 7] - a delay of 50 ps after photoexcitation. A similar “dynamic
g oLy N blueshift” of the TA spectrum zero crossing has been re-
o0k s PPV SAM — ported before in thin films of at least two PPV
18 éfer;éwl“ 26 _— derivatives?®>?®33This provides clear evidence that a species
-0.15 Lt b bbbt bt o i e b different from the Singlet intrachain exciton is present in in-
12 14 16 18 20 22 24 26 creasingly large proportion to the exciton population, giving
rise to a P4 g band that directly overlaps and competes with
Energy [eV] the SE. This competing PA band can be clearly seen in the

vinset to Fig. 7. The data in the inset depicts the TA difference

- . spectrum, calculated by first scaling the 50 ps spectrum so
If- bled | t lid | d 2 pgdashed | . .
;ﬁm;?;reorge ?jelz; rt]i?naeyfegrs : p@jr?];) ﬂlgggg OM%;S? fhe Igﬁ that its magnitude matches that of the 0.4 ps spectrum at 2.5
rows mark the regions where the dynamics were measured,; eV (the _spectral position of the peak— =" bleach, then
general features R4, PAcs and the SE are also indicated. The Subtracting the 0.4 ps spectrum from the scaled 50 ps spec-
inset shows the difference spectrum which is the result of scaling’Um. The difference spectrum shows that at long delay
the 50 ps spectrum so that it matches the 0.1 ps spectrum at tiénes, a secondary PA band dominates the TA spectrum.
m—m* bleach, then subtracting the 0.1 ps spectrum from thel his spectrum is strikingly similar to the R4 spectrum that
(scaled 50 ps spectrum. can be directly observe@ue to greater spectral separation
between PAs and SE in PFO, MEH-DSB films, and pho-
PAcs, we fit the data to a monoexponentigiin soid line in ~ todegraded or fullerene-doped DP6-Pis¢ée below.
Fig. 6 and obtainr,c.=500 fs. The dynamics of these different spectral features in PPV
The spectral features, their dependence on pump fluenceAM's are dep!cteq in Fig. 8 fpr various excitation densities.
their intensity-dependent dynamics and the complemenatr-%rhe SE dynamickFig. 8(a), solid lin] cross over from SE to
growth time of PA¢ with respect to PA, are qualitatively A W|th|n_one ps after photoe>_<0|tat_|on. The crossover can be
very similar to what was reported in thin films of characterized by an exponential with a 500 fs time constant.
MEH-DSB *3tindicating that the fundamental photophysics For time delays from 1 ps to 1 ns, the decay dynamics at 2.25

of the two materials are closely related. eV (SB and 2.02 eV (PAg) match exactly. The change of
sign from SE to PA, and the exact match of dynamics after 1

ps demonstrate that the SE is completely overwhelmed by
PAcs in this material. The existence of SE for the first ps
The chirp-free TA spectra for PPV self-assembled multi-after photoexcitation leads to the conclusion thatEB5& not
layers (SAMs) at 0.1 and 2 ps pump-probe delay time aredirectly photogenerated, but evolves through an indirect pro-
shown in Fig. 7 using a pump fluence efl0**cm™2. Again,  cess occurring on the time scale of 1 ps at these pump flu-
the spectra show a region of negati%ex above approxi- ences.
mately 2.0 eV at early pump-probe delay times, and a region Figure 8(b) shows the dynamics of RA for pump flu-
of positive A« below 2.0 eV. Since the optical gap for PPV ences of 18 (dashed lingand 16° (solid line). These dy-
is about 2.4 eV, we attribute the negatier above 2.4 eV namics are clearly independent of pump fluence over this
to bleaching of ther— #* transition, and the negativka  range, in stark comparison to the dynamics ofzRAwhich
from 2.0 to 2.4 eV to SE. vary strongly in going from 1% to 10cm™2 [Fig. 8(a)]. In
The positive TA spectrum in PPV SAMs shows lessaddition, the picosecond scale dynamics ofz:RAand PA-g
structure than is observed in either PFO or MEH-DSB. How-are plotted together in the inset to Fighg8 the dynamics of
ever, the general shape is similar, consisting of a broad spe@®Agy are clearly faster than for RA. These results are
tral feature which peaks near 1.2 eV with a shoulder from 1.&imilar to those obtained for PFO and MEH-DSB films.
to approximately 2.0 eV. This additional broadening of the The intensity dependence of PAis compared to that of
PA bands is consistent with the increased degree of structur@®A.g (taken at 2.02 eV, the spectral position where the TA
disorder expected due to the relatively large number of designal crosses zero at the zero time delay due to the exact
fects and resulting large distribution of conjugation lengthscancellation of SE and R4,) in Fig. 9. Both measurements
known to exist in PPV films prepared by this mettf6d. were taken at the peak of the TA signal. The results are
However, two distinct spectral regions within this broad PAidentical to those obtained for PF@ee Fig. 5 We find
band can be identified by examining their different intensity-again that PAy is linear in pump fluence up to a fluence of

FIG. 7. The chirp-free transient absorption spectrum for PP

B. PPV self-assembled multilayers



8506 B. KRAABEL et al. PRB 61

LLRRN RN RN LR R RN RN L RRFRR RN ERRRN RN RN RRRR
1.0 (a) PPV SAM
— 0.8 —
S 06
E 04
=3 2 -
B 0
z 0.0 e 14 2
et bbb b b o D e T o
-1 0 1 2 3 4 5
Time [ps]
(RRRLN AR LRy LR Rl LR RN RN RN RN RN Rl ARRRRRRRRNRRRRY
1.0 — (b) PPV SAM
£ o0 | ST, s
= N e e
E 0.6 H
S 04 !
I
T2 —
'.l,' 0 20 40 60 80 100
0.0 Lt IIII]llII|I|I||IIII|I1’II‘II'T?I[PIS]HIIIIIII|III|||III'III—J
-1 0 1 2 3 4 5

Time [ps]

FIG. 8. Panela) shows the dynamics of the SEolid line) at a
pump fluence of 1 cm™2, and of PA at a pump fluence of 19
(dotted ling and 16*cm™? (dashed ling Panel(b) shows the dy-
namics of PAs (1.9 eV) at a pump fluence of 16 (dashed ling
and 18° (solid line cm 2. The inset to panelb) compares the
dynamics of PAy (dashed lingwith those of PA g (solid line) for

a pump fluence of Tdcm2.

~10®cm™2, at which point saturation begins, and As
precisely quadratic with respect to PA both above and
below the saturation point. Hence PAin PPV SAM's is

1_0 -l-l»l|IlI||||llIll|I]||I|I||I||I|Il|IIII[IIIII|III|IIII|IIII|I|I‘+

-AT/T,, [arb. units]

Time [ps]

FIG. 10. The growth dynamics of RA (solid circles and the
decay dynamics of PA; (open trianglesin PPV SAMs for a pump
fluence of 18°cm 2. The decay dynamics have been inverted and
scaled to highlight the complementary dynamics between the
growth of the PA g and the decay of PA;. The thin-solid line is a
momoexponential fit to the growth dynamics of £and yields a
time constant of~800 fs.

PAgx proves that PAy is due to singlet intrachain excitons.
In PPV SAM’s PA-g strongly overlaps the SE, preventing a
direct comparison of the dynamics of the SE andgRA
However, the initial fast decay of RA is found to be
complementary to the risetime of RA (see Fig. 10,7ise
=800 f9, as was observed in PFO, and which is also found
in all of the materials where there is negligible overlap be-
tween SE and P4As (see below This fact, combined with
the identical quadratic relationship betweenggRfAand PA-g

in PPV SAM'’s as is found in the other materials, leads us to
conclude that PA¢ in PPV SAM'’s is also due to singlet
intrachain excitons.

generated through a mechanism that is quadratic in the exci- In general, we find that the photophysics of PPV SAM's

ton population.

are very similar to those of PFO and of MEH-DSB, with a

In materials where P&s does not compete so strongly PAex band peaking in the near-IR, and a £\band that
with the SE, the exact match of the dynamics of the SE and€aks in the spectral region between the SE and theyPA

1 |_| Ill ML L | ELEL IIII TUTTTT T T T TTT _'-

= PPV.SAM E
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> E — o (PA,)? L3

s = x) /0 e DR .
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FIG. 9. The pump-fluence dependence ofzRAsolid circles
and of PA:-5 (open squargsin PPV SAMs at the peak of the TA
signal. The heavy-solid line is thiscaled square of the data for
PAcx, and the thin-dashed line is a fit using equatidpy, and
yields a saturation fluence of10'°cm™2.

band, that depends quadratically on the intensity of thePA
band and whose growth rate is identical to the initial fast

decay of PAy.

C. MPS-PPV solutions

The TA spectrum of a 10° M solution of MPS-PPV in
water is plotted in Fig. 11 for a pump-probe delay time of 0.1
ps, using a pump fluence of ¥&m™2. The different spectral
regions have again been labeled assRAPA-s, and SE,
with the spectral positions of the measurements of the dy-
namics and pump-fluence dependence for these features in-
dicated by arrows. The spectra show the same general fea-
tures as reported in the spectra discussed above for PFO
films, MEH-DSH films and PPV SAMs. In this material we
also find that the zero-crossing point of the TA spectra un-
dergoes a “blueshift” during the first 2 ps, similar to what
was observed in the PPV SAMs.

The inset to Fig. 11 shows the TA difference band, which
was obtained as discussed above for PPV SAM'’s, by sub-
tracting the zero-time spectrum from the scaled spectrum at 2
ps. The result shows that within 2 ps of photoexcitation, a
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FIG. 11. The chirp-free transient absorption spectrum of MPS- & 2 g7 PAx -"\.:
PPV in water at a pump-probe delay time of 0.1 ps taken using a 021* Ol b b Lo —
LR . & e 0 200 400 600 800 1000
pump fluence of X 10"3cm™2. The arrows mark the regions where <2 Time [ps]
measurements of the dynamics were taken, and spectral regions of VX1 = T SARTRETET RN RRAT] FRRNR FRURE FRUTI RRRE FANNARNTRS"
PAcyx, PAcs and the SE are indicated. The inset shows the differ- 0 2 4 6 8 10

ence spectrum, which is the result of scaling the 2 ps spectrum so Time [ps]

that _it matches the 0.1 ps spectrum in the region of SE, then sub- FIG. 12. Panela) shows the dynamics of the SEeavy solid
tracting the 0.1 ps spectrum from thecaled 2 ps spectrum. line) and PA:y (dashed lingfor MPS-PPV. The thin-solid lines is a
fit using a biexponential, and yields time constants of 500 ps and

secondary (PAg band has emerged. The spectrum of this 5 ps. The inset to pané) shows the same datand fit up to a
difference band is similar to the spectrum of Rfobserved 10 ps pump-probe delay time. Parfe) shows the dynamics of
(or extracted by difference specirf@r all of the phenylene- PA.< (solid circles and the dynamics of the R4 (open triangles
based materials in this paper. inverted and scaled. The thin-solid line is a momoexponential fit to

The dynamics of PA¢ and the SE in the MPS-PPV so- the growth dynamics of PA; and yields a time constant of 1.5
lution are identical on all time scald&ig. 12a)], demon-  ps. The inset to pangb) shows the ns scale dynamics of PA
strating that the same speciginglet intrachain excitonsre  (solid ling) and PA: (dashed lingat the same pump fluence.
responsible for both features. The thin-solid line in Figlal2
is a fit to a double exponential, and shows that the decabands or SE in either of the solutions, up to the highest pump
dynamics contain two time constants: 1.5 and 570 ps. Théuences used. Despite relatively strong interchain interac-
time constant of 570 ps is typical of radiative time constantdions and aggregation, there is no evidence of nonlinear de-
of PPV derivatives in solutio® The 1.5 ps initial decay cay in these solutions. This is consistent with both bimolecu-
corresponds exactly to the growth time of £A as shown in  lar annihilation and amplified spontaneous emission as
Fig. 12b), which displays the SE dynamics inverted andmechanisms for nonlinear decay. Both of these effects de-
scaled to match the growth of RA. As observed for PPV pend on the volume excitation densighotons absorbed per
SAMs and MEH-DSB films, the PAs feature competes di- cm®), which is much lower for partially aggregated solutions
rectly with the SE, but in this case the relative magnitude othan for solid films using similar pump fluences.
the PAcg feature is much smaller than for the two other The ns scale dynamics of RA and PA:x are shown in
materials in thin film form. This is consistent with the inter- the inset to Fig. 1). The decay of PAgin this experiment
pretation that a fraction of the MPS-PPV solution is aggre-may be characterized with using a monoexponential with a
gated, with interchain interactions similar to those observedime constant of 5 ns. Clearly, in view of the limited dynamic
in thin films, but that this fraction is relatively smaller than range of the measurement, this result is not definitive. How-
for films. ever, it is clear that the species responsible fog Pi& much

The MPS-PPV solutions represent an intermediate casenger-lived than the singlet intrachain exciton. This trend is
between the dilute solutions of MEH-DSB studied previ- observed in all the materials discussed in this work.
ously, and the thin films of other materials. The growth of Finally, we show the pump-fluence dependence of the
the PAcsfeature is clearly associated with aggregation of thepeak of the TA signal for PAs and PA-y in Fig. 13. Fitting
polymer in the solutions. This conclusion is strengthened byhe data for PAy using Eq.(1), we again find that PA is
TA measurements in a more dilute MPS-PPV solution (4linear in pump fluence up to a saturation fluence. Since only
X 10~ * M). In this more dilute solution, a PA feature can the relative pump fluence was measured in this experiment,
still be discerned, but its relative magnitu¢eompared to the exact fluence at which saturation occurs is unknown.
those of SE and P#) is reduced. Interestingly, no However, PAg again is exactly quadratic with respect to
intensity-dependent dynamics were observed for either PRA:y both above and below the saturation point ofdRA
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FIG. 13. The pump-fluence dependence of:RAsolid circles 5 4
and of PA-5 (open squargsin MPS-PPV at the peak of the TA '§ 3
signal. The heavy-solid line is thscaled square of the data for %
PAgy, and the thin-dashed line is a fit using Ed). = 2 1
< (b) DP6-PPV
D. DP6-PPV films 0.1 -
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The_chlrp-free TA spectrum take_n at(_).l ps pump-prob_e 0 20 40 60 80 100
delay time for DP6-PPV is shown in Fig. 14, for an excita-
tion density of 18*cm™3. The spectrum is similar to that Time [ps]

observed in the previously discussed materials, with strong
SE from 2.1 to 2.7 eV, and broad PA at lower energies. o b
As with the previous samples studied, the differentfoglsa pump fluence Of,lzjé (solid 9'rC|e5.)’ 1.01 (solid triangle3 a.nd
intensity-dependent dynamics of the nd PA. bands 10™ (solid squarescm™ <. The thin-solid lines are the dynarr_ncs of
Béa S PAcx at the same pump fluences. Pa(i®lshows the dynamics of

a”QW us to identify two differen_t phot_oexcited species, PAcs for pump fluences of 18 (solid line), 10+ (dotted ling, and
which contribute to the overall PA in pristine DP6-PPV. The ;5 (dashed lingcm2.

dynamics of the SE are displayed in Fig.(d5for excitation

denssities2 of 1@3 (solid circles, 10* (solid triangle$, and o |owest pump fluencegtime constant~300 p3, to

10 cm. (S.Ol'd square)_s Thg dynam|cs of P4y are also strongly nonexponential at the highest pump fluences.

plotted in Fig. 1%a) (thin-solid lineg for the same pump The dynamics of PAg are shown in Fig. 1) for exci-

fluences. PAy and SE match exactly at all pump fluences,,[ation densities of 16 (solid line), 10 (dotted ling, and

demonstrating again that the two features arise from th‘::LOlScm*Z (dashed ling and displa’yamuch less pro}lounced

same speciesgsinglet intrachain excitons In addition, the dependence on excitation density than observed fasPA

results indicate a pronounced dependence of the dynamics {cordance with the results for the other materialsX ,In addi-

the excitation density, progressing from monoexponential ion, as was the case for the previous samples, thellong—time
dynamics of PAg are significantly slower than those of

FIG. 15. Panela) shows the dynamics of the SE for DP6-PPV

Wavelength [nm] PAcx at all pump fluences, indicating that the species that
60x10° ”IOO 9?0 7?0 6?0 5?0 gives rise to PAg is Ionger-lived than the single_t e_xciton.
PAsy PAs SE The peak of the. TA S|gn(_':1I for the RA feature is I|.near in
—_— pump fluence, until saturation occurs at an excitation density
40 - —_—— N of ~10%cm 2 (see Fig. 1 PAcs is again quadratic with
| respect to PAy, both above and below saturation of BA
E° 20~ i \ n Also, the growth dynamics of PA; again are complemen-
< ~__' tary to the initial fast decay of P4 (see Fig. 1Y. For this
0 ‘ material, we findr,;s.=350 fs. We are thus led to the same
\_V picture of the photophysics of pristine DP6-PPV as for the
20| DP6-PPV - three previous materials reported above, namely that singlet
L b excitons are responsible for R4 and that the charge-
1.0 L5 2.0 25 separated species is created at the expense of singlet excitons
Energy [eV] via a quadratic process.
FIG. 14. Panel(a) shows the chirp-free transier_lt absorptior_1 E. Photodegraded and Gy—doped DP6-PPV films
spectrum of DP6-PPV at 0.1 ps pump-probe delay time taken with
a pump fluence of ¥10¥cm 2. The arrows mark the regions In this subsection we give the results for films of DP6-

where the dynamics and pump-fluence dependence were measur&@RV that have been either intentionally photodegraded or
and spectral regions of RA, PA-g, and the SE are indicated. doped(1:1 M) with the soluble fullerene derivative PCBM.
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In both cases, we are increasing the density of electron ac-
cepting sites in the material as compared to the pristine ma-
terial, either through the formation of terminal carbonyl and g\ 18 Panela) shows the TA spectrum of “pristine” DP6-
aldehyde ngl!p_S(fO_r the case of phot(_)degradat}omr PPV at<1 ps pump-probe delay time for a pump fluence of*10
through direct injection of electron accepting moleculés  (gashed lingand 16° (dotted ling cm2. The solid line shows the
the case of g doping. TA spectrum of intentionally photodegraded DP6-PPV<dt ps

The subpicosecond TA spectra of DP6-PP}/(:1 M)  pump-probe delay time for an excitation density of“idn~2. The
for a pump fluence of Zdcm™ 2 is shown in Fig. 183) (solid  spectra are normalized at 2.5 eV for ease of comparison. The inset
line) along with the TA spectra of pristine DP6-PPV for to panel(a) shows the TA spectrum at1 ps pump-probe delay
comparison. The spectra for the pristine material are fotime of the intentionally photodegraded sample out to 1.2s}d
pump fluences of 18 (dashed lingand 13°cm 2 (dotted  line) and the normalized spectrum of “pristine” DP6-PPV for com-
line), normalized to the peak of the SE for ease of compariparison(dashed ling Panel(b) shows the early-time TA spectrum
son. Below the saturation density for PA the zero cross- Of photodegraded DP6-PPolid circleg and of DP6-PPV/&,
ing of the TA spectrum in pristine DP6-PPV does not shift(1:1 M, solid line using a pump fluence of #tcm™2. These spec-
significantly in time—in this regime there is negligible time- tra are normalized to one at 1.8 eV for ease of comparison.

Energy [eV]

N e L B L N N dependent competition between SE and PA. However, at the
& saturation density for PA¢, the zero-crossing of the TA
spectrum begins to shift towards the blue. In the doped
sample, the PAs band dominates the TA spectrum, pushing
the zero crossing of the TA spectrum approximately 300
meV towards the blue as compared to the pristine sample at
a similar pump fluence. The subpicosecond TA spectra of
photodegraded and pristine samples are plotted over a
broader spectral range in the inset to Fig(al8
A e PA The subpicosecond TA spectrum of intentionally photo-
0.2 s o (-PAgy) — degraded DP6-PPV is shown in Fig. (b8 (solid circles,
along with the subpicosecond TA spectrum of DP6-
I (I R B R PPV/G. Clearly the two spectra are identical, implying that
0.0 05 1.0 15 20 PAcs is not affected by the nature of the electron accepting
species.

Time [ps] The dynamics of PAgin the pristine material also closely
match the dynamics of R4 in both the intentionally photo-
degraded material and in thg&oped material, as shown in
fluence of 18°cm 2. The decay dynamics have been inverted andF'g' 19. This is in agreement with the .reSl.Jlts of Denton
scaled to highlight the complementary dynamics between th@t al" who Observed_that the TA dynam'cs_m the spectral
growth of the PA< and the decay of PA. The thin-solid line isa  '€gion we have assigned as £Awere identical for both
momoexponential fit to the growth dynamics of £fand yields a  oxidized and pristine PPV film®. In addition, we find that
time constant of~350 fs. the risetime of PAgis still complementary to the initial fast

0.8

0.6 |-
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-AT/T, [arb. units]

FIG. 17. The growth dynamics of RA (solid circles and the
decay dynamics of P4 (open trianglesin DP6-PPV for a pump
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2

decay of PAy in DP6-PPV/G, (see Fig. 2}, as was the

case for the pristine material. The rise time in this case i
Trise= 700 fs. The fact that the rise-time is slower than wa
found for the pristine material is attributed to the higher
pump fluences used in the former case. This is necessa

since PAy dominates PAg in the pristine material, so that

PAcs must be measured near the zero crossing of the TA

spectrum in order to avoid the spectral overlap of:RAINn

the doped material, PA; dominates the TA spectrum, and
hence may be measured at its peak so that high pump fl

AT/T, [arb. units]
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ences are not required in order to achieve a reasonable
signal-to-noise ratio.

Finally, in comparing the dependence of Bfand PAcg
on pump fluence for photodegraded or doped DP6-PPV with
the results presented above for all the pristine materials, we
find a striking difference: PAg is no longer quadratic with
respect to the exciton density, but is nbmear (see Fig. 2D

F. Summary of results

Thus, in all four phenylene-based polymers studied here,
we observe a TA feature peaking in the near-IR £RA
whose dynamics are strongly intensity dependent and match
those of the SE over several orders of magnitude in pump
fluence. This feature (R4 is attributed to a transition of
the primary singlet exciton to a higher excited state. A sec-
ond TA feature is also observed in all the materials studied
(PAc:9) peaking in the region between PAand the SE. We
will discuss the assignment of this second feature in detail
below.

The picosecond scale dynamics of Rfare essentially
Sindependent of the initial excitation density and are much
slower than the dynamics of RA. In all materials we find
that the peak TA signal of P4 is linear in pump fluence,
Xhile the intensity dependence of RAIs sample-dependent.

pristine materials with a low degree of degredation-RA
is quadratic with respect to R4, whereas in photodegraded
materials or materials doped withs§ PAcs is linear with
respect to PAy. In all cases we find that the risetime of
LEACS is complementary to the initial fast decay of the singlet
excitons, implying that in all the materials studied here these
excitations are created at the expense of singlet excitons.

IV. DISCUSSION

The related TA spectral features and dynamics in each of
the phenylene-based materials presented above indicate that
two types of excitations are created in all of these materials:
the primary intrachain singlet excitofresponsible for the
PAcx and SE bands and a secondary species associated
with strong intermolecular interactior(sesponsible for the
PAcs band. There is now wide agreement about the prop-
erties of the primary singlet excitons. However, while many
authors have investigated the secondary species, their prop-
erties(and whether these properties are particular to a given
sample, or general to the entire familemain controversial.

In this section, we examine in more detail the precise nature
of the secondary species, and the mechanisms of their gen-
eration. We first discuss possible contributions tocRAy
excimers, spatially-indirect excitorfpolaron pairg and po-
larons formed from excitons through electron transfer at
electron-accepting defects and dopants. In addition, we ad-
dress the contributions of generation processes that are both
linear and nonlinear in exciton density.

A. Nature of the secondary photoexcitations
in phenylene-based polymers and oligomers

The fact that the species responsible forcRAre created
only in samples with relatively strong intermolecular inter-
actions indicates that either the excited state wave function is
spread over two or more moleculésuch as excimers or



PRB 61 UNIFIED PICTURE OF THE PHOTOEXCITATIONS IN . .. 8511

1.0 FRTUE TR TR O T T O[T LT CE R TRET TR T LT TS tion, and a symmetric redshift of the emission. For other
A chromophores such as styrenes, or for stilbenes in which one
082 e & 4 - of the phenyl units is replaced by aw-naphthyl group,
Asr * “face-to-face” packing is favored instead in tightly packed
monolayers(leading in an extended array toteanslation
lattice), with smaller (but still significanj spectral shifts.
DP6-PPV/Cy, These excimers are substantially less emissive than excitons,
- due to a lower transition probabilitynearly forbidden sym-
® PAcg metry for dipole transitionsof the lower energy excimer
8 o= (PAgy) excited state.
Excimer formation has been reported to be favorable in
0.0 YA RRERARNRRA ARRNARNRNARRRRUARNNUKRRNARRRRARRRRARRR) Conjugated pOlymerS in the case Of CO'faCial “SandWiCh”
0 1 5 3 4 5 packing of the polymer unit cells, with intermolecular dis-
tances in the range of 3—4 A’ Since the ground state of the
Time [ps] excimer is that of the isolated polymer or oligomer mol-
ecules, excimer formation naturally follows from the photo-
. , . excitation of singlet intrachain excitons in solids or aggre-
decay dynamics of Péx (open trianglesin DP6-PPV/G for a gated liquids with the appropriate intermolecular packing.

pump fluence of 1cm 2. The decay dynamics have been in- Th - in th dtof h
verted and scaled to highlight the complementary dynamics be- us excimers in these systems are expected to form at the

tween the growth of the PA and the decay of PA,. The thin-  SXPENse of the singlet intrachain excitons, localized at posi-

solid line is a momoexponential fit to the growth dynamics oA t1ONS Of close interchain packing or crossing. This is consis-
and yields a time constant of 700 fs. tent with the.evo!unon of the P4 feature in the pher)ylene—
based materials in our work. In each of these materialg,gPA

polaron-pairs or that the formation process of the speciesforms with a rise time exactly complementary to the initial
involves two moietiegsuch as exciton dissociation into po- fast decay of PAx and SE. However, the formation of exci-
larons via charge transfer at defects or dopefits’ Regard-  mers would be expected to lead to a linear dependence of the
less of the exact nature of the excited state, this evidenc@agnitude of PAg on excitation density> we observe that
points to an increased charge separation in comparison to tiiee peak PRg signal scales exactly as the square ofgRA
neutral intrachain exciton, and hence we have assigned tHer all four materials studie@provided that the materials are
secondary photoexcitations as charge-separated excitationsiot deliberately doped or degraded

Although this assignment is noncontroversial, the exact Interchain polaron-pairgor spatially indirect excitons
nature of the charge-separated excitations is still subject t8lso have been predicted to form at the expense of singlet
debate. In their initial work, Rothberg and co-workers as-intrachain excitons, and also may be invoked to explain
signed this species to polaron pai?€! More recently, this PAcs.>"?*?'Charge separation is more complete for polaron
assignment has been revised, and recent work concludes thzirs than for excimers, making polaron pairs completely
the secondary species are excim@hss revised interpreta- nonemissive. Like excimers, polaron pairs would be ex-
tion was based primarily on spectrally and temporally re-pected to be strongly localized at the sites of chain crossing,
solved photoluminescence measuremefits and to recombine geminately, leading to intensity-

An excimer is defined as an excited dimer which is dis-independent dynamics up to very high excitation densities.
sociative in the ground staté The wave function of an ex- Calculations have predicted that the formation of interchain
cimer is characterized by resonance contributions of bottpolaron pairs also requires the close proximity of neighbor-
charge transfer and neutral exciton wavefunctihdhe ing polymer chains {4 A) over 2 monomers or moré,a
most complete understanding of the coupling of moleculasituation which is certainly possible even in “amorphous”
excitons on adjacent molecules has come from the study afamples. Hence, interchain polaron pairs may also contribute
small oligomers such as stilbenes, azobenzenes, and relatisd PAcs. However, as for excimers, this process would be
compound$®-5% The most comprehensive work has beenexpected to lead to linear intensity dependence fogp£A
done in solution and in Langmuir monolayers of chro-rather than the observed quadratic dependence.
mophores at a water surface or in supported Langmuir- We now turn our attention to the RA signature for films
Blodgett multilayers. By incorporating the chromophore intothat are known to be dominated by exciton quenching at
a fatty acid structure, one can obtain a preferred orientatiorlectron-accepting defects or dopants. Our systematic study
of the chromophore, which pack in unique ways as theof DP6-PPV films is particularly revealing; our samples
monolayer is spread and subsequently compressed at the aignged in a controlled manner from pristine, highly emissive
water interface. As the concentration of molecules on thdilms, to intentionally photodegraded filmsveakly emis-
surface is increased by decreasing the surface area, the chgive), to films doped 1:1 with the fullerene derivative PCBM
mophores begin to interact, dictated both by the moleculatnearly nonemissivyeIn each case, the spectral signature and
structure and the packing geometry. For example, for thelynamics of the PAg feature are identicalFig. 18 and Fig.
stilbenes and azobenzenes, the molecules pack preferentiall®); this feature simply becomes more prominent. In the case
in an “edge-to-face” geometryleading in an extended array of the fullerene-doped films and the highly degraded films,
to aherringbone latticg®5In this arrangement, the elec-  the SE disappears completely within 1 ps of photoexcitation.
trons on adjacent monomers interact most strongly, leadingn addition, PA-5 changes from quadratic to linear in pump
to a mixing of exciton states, a large blue-shift of the absorpfluence(Fig. 20 and the growth of PAg is exactly comple-

0.6 —

04—

-AT/T,, [arb. units]

FIG. 21. The growth dynamics of RA (solid circles and the
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mentary to the initial fast decay of R4 (Fig. 21), implying ~ feature which extends across the whole family of materials.
linear generation of the secondary excitations from the prilt may be that the excimer states, if created, do not show
mary excitons. It is known that in photo-oxidized PPV films, Strong excited-state transitions in the visible spectral range,
excitons are dissociated by electron transfer to carbonyl dedue to a reduced transition dipole moment to the available
fects(created photochemically at the expense of the vinylendligher stategsimilar to the reduced transition moment for
double bondg?426:334344gimilar ultrafast electron transfer the radiative transition back to the ground state this way,

has been reported for other PPV derivatives mixed withfhe only excitations that would lead to strongly allowed tran-
small amounts of g, leading to a modified PA spectrum Sitions would be the polarons created on adjacent chains due
similar to that reported here for oxidized and fullerene-doped® interchain contact or electron transfer. _
films of DP6-PPV. Hence, we attribute the PAfeature in The only seeming difficulty with this assignment is the
DP6-PPV to charge transfer polarons: polarons which ar@oserved lack of intensity-dependent dynamics, which has
formed upon electron transfer to a defect or dopdite been used to infer a strongly localized, noninteracting spe-
identical spectral shape and dynamics for técs feature ~ Ci€S Which recombines geminatéfy However, if only one
in photo-oxidized and fullerene-doped films suggests that thiyP€ Of carrier(the electron is localized (as a result, for
feature is not related to the electron trapping site, but rather®<@mple, of deep trapping at a defect or dopahen the
is a signature of the hole polaron remaining on the p0|ymerprobab|llty of bimolecular annihilation processes for delocal-
after exciton dissociation and electron transféfence. the 12€d holes is still significantly reduced: annihilation requires
assignment of PAs to hole polarons seems unambiguous inPoth an electron and a holéence, the lack of intensity-
films in which excitons are known to undergo fast and effi-d€pendent dynamics may be taken as evidence only that one
cient electron transfer. type of carrier is localized, not necessarily the electron-hole
However, we stress the fact that the spectral shape arRfr- More generally, once a polaron pair has been created on
dynamics of PAs are similar over the whole range of ma- 2diacent chains, long-range dipole-coupled annihilatog.,
terials studied, including pristine samples of DP6-PPV Forster interactionsis suppressed because there is no matrix
MPS-PPV PFé) PPV SAMs. and MEH-DSB. In these ma_’element coupling the separated electron and hole back to the
terials, charge transfer polarons may be expected to play @ound state. Hence, one should expect a higher threshold for
smaller role (thus, the relative contributions of excimers nonlinear interactions for interchain polarons than for exci-

and/or polaron pairs should be greatén particular, since ©©NS on general grounds. In our stu_d|es,5the7t2hreshold for
PFO does not contain a vinylene double bond, it is not exPimolecular interactions of excitons ks 10" cm 2, while
pected to suffer from the same photodegradation mechanisti€ threshold for PAs is at least an order of magnitude
as the PPV derivatives. Indeed, under our experimental cortgher-

ditions, PFO is much more photo-stable in air than PPV and

its derivatives.

The generation efficiency and electronic structure of both
excimers and interchain polaron pairs has been shown theo-
retically and experimentally to depend sensitively on such It has been established that the secondary photoexcita-
extrinsic factors as intermolecular packing geometry and théons(leading to the PAgband in thin films of the oligomer
spatial separation between adjacent chains. The spectral pstEH-DSB are generated via biexciton stat&s! This may
sition of PAcg, if due to these species, should shift as theinvolve generation of either doubly-excited excitqbgexci-
excited-state energy of the excimer or polaron pair shifts irtong through sequential absorption of two photons from the
response to changes in coupling of the molecular excitonisame intense femtosecond pulse, a process believed to be
states. It is difficult to rationalize that the end result would beresponsible for the subpicosecond generation of triplet exci-
the same in all of the samples studied here, which due to th®ns in isolated chains of pdigiacetyleng derivatives;® or
very different side chains are expected to display a large¢hrough indirect excitation of singlet excitons to biexcitons
variation in interchain interactions. The signature of chargahrough an Auger process involving bimolecular annihilation
transfer polarons, on the other hand, should not be as sengif singlet excitons. In MEH-DSB films, the intensity-
tive to sample morphology. independent rise time of the RA band argues in favor of

We are thus led to the interpretation that thecdRApec-  the first of these two generation mechanisms. Once created
tral feature is in all cases due to polarons created from excivia either mechanism, if intermolecular interactions permit,
tons via charge transfer to a dopant or defect, or via interthe biexciton state may decay to an interchain excitation,
chain charge transfer in pristine materials. One well-giving rise to the PAg band.
documented effect of §&gdoping on PPV derivatives is an In PFO and PPV SAMs, previous measurements of the
increase by several orders of magnitude of the transient anidtensity-dependent magnitude of the PA at the apparent
CW photoconductivity, due to the efficient generation of mo-peak of the PAg band indicated a linear dependence on
bile charge carrierghole polarons These mobile hole po- pump fluencé? However, due to substantial overlap of
larons must be distinguished from polaron pairs and exciPAgy and PA:-g, the results are ambiguous. An unequivocal
mers which are bound strongly to sites with strong interchairmeasurement of the intensity-dependent magnitude in such a
interaction. Similarly, charge transfer polarons which remaincase of overlapping spectral features can only be made at the
tightly bound to the electron trapping site cannot lead to suclpoint where SE and P4 exactly balance to give a zero net
dramatic increases in photoconductivity. The assignment oPA signal from the singlet exciton. This wavelength is cho-
PAcs to polarons is attractive, in that only one type of exci- sen by determining the zero-crossing point in the earliest
tation need be invoked to explain the commonRApectral  time TA spectrum. At this wavelength, the intensity depen-

B. Generation mechanisms for the secondary photoexcitations
in phenylene-based polymers and oligomers
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dence of PAg is exactly quadratic relative to R4 for all compounds. The main elements are as follows. The singlet
four polymers used in this work. This result agrees with thatintrachain excitons are directly created 100 fg following
reported for MEH-DSB, and implies that the creation of thephotoexcitation. The new, allowed excited-state transitions
hole polarons in these materials is also mediated by biexcitol¢ad to strong PA bands, including the BAband docu-
states. mented in detail in this work, and another PA band in the
The determination of which of the two possible nonlinearnear-IR in the vicinity of 0.5 eV?® The stimulated transition
generation processes listed above dominates is hindered Ippck to the ground state leads to an SE band, redshifted from
the extremely small signal-to-noise ratio, since measurethe main7— 7* absorption due to a combination of energy
ments of PA g must be made at the zero-crossing of the TA.relaxation within an inhomogeneous distribution of emitters,
As a result, it is difficult to measure the rise time of &&Zor  and intrinsic vibronic relaxatioriStokes’ shiff. These TA
pump fluences differing by more than an order of magnitudespectral featureéPA and SE bandsshare common dynam-
Fitting the risetime of PAg using rate equations describing ics and intensity dependence. The exciton decay is domi-
either sequential absorption or an Auger process work§ated in pristine samples at low-excitation densities by radia-
equally well in both cases and therefore also does not help itive decay with a time constant of order 1 ns. At higher
distinguishing between the two mechanisms. More work igexcitation densities, strong nonlinear procesgggxciton
needed to resolve this issue. generation, exciton-exciton annihilation, and amplified spon-
Upon doping DP6-PPV with the electron acceptor PCBMtaneous emissigriead to rapid depopulation of the excitons
the intensity dependence of RA(again observed near the either directly to the ground state or to the secondary,
zero crossing of the earliest-time ps TA spectylbacomes charge-separated species. The threshold for the onset of non-
linear, identical to that of PA, as shown in Fig. 20. The linear relaxation processes is approximately>n 2. This
generation mechanism for the hole polarons is therefore linthreshold fluence has been used to estimate the spatial extent
ear with respect to exciton density in the doped polymerof the excitons {-50 A), implying an exciton delocalized
contrary to what we observed in the pristine polymers. Thedver many unit cells of the polymét.This is also a typical
importance of this observation must be emphasized. Statd@ngth scale for dipole-coupled Fter energy transfer pro-
simply, the difference between pristine and doped polymef€SSes.
films is not just the degree of trapping sites available to form For the secondary species we have examined several po-
polarons. The generation mechanism of charge-separaté@ntial candidates that have been discussed in the literature:
states is qualitatively different for the two cas&spristine  excimers, tightly bound polaron paifsdirect excitong and
samples the formation of these charge-separated states prieakly-coupled, charge separat@uterchain polarons. Due
ceeds only via processes that are quadratic with respect t&0 the remarkable similarity of the TA spectrum and dynam-
the density of singlet intrachain exitons, while addition ofics of this secondary spectral feature over a wide range of
dopants or defects changes this to a process that is mediatétiaterials, it is attractive to assign it to a single type of spe-
by electron transfer to the dopant or defect and which iscies. By studying films in which it is known that primarily

linear with respect to the exciton density. positively-charged(hole) polarons are created due to effi-
cient electron trapping, we attribute this secondary species to
V. CONCLUSIONS hole polarons on the polymer chains. In pristine polymers,

the signature may arise from both electron and hole polarons

We have presented an extensive study of the transierfue to near degeneracy of the polaron energy levels. We find
absorption spectra and dynamics of four different phenylenethat the generation mechanism for polarons is quadratic in
based conjugated polymers and an oligomer. Taken togethesxciton density in pristine, undoped polymers, and becomes
these results provide powerful evidence that two types of linear process in heavily doped or severely photodegraded
photoexcitations are created, which are general to all fivgyolymers. The formation time for secondary polarons is ma-

phenylene-based materials studied to date in our laboratoryerial dependent and ranges from the hundred femtosecond

Because of their generality, we conclude that these excitaregime to several picoseconds for the materials studied in
tions form the basis for a unified framework which can bethis paper.

used to understand the photophysics of all phenylene-based
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