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Exciton dynamics of 9,9-di-hexylfluorene/anthraced®HF/ANT) statistical copolymers have been mea-
sured using femtosecond transient absorption spectroscopy. An investigation of the excitation intensity depen-
dence over the range of 0.1-1.0 fdilse cnd) for solutions and 1.0—1ZJ/pulse cm) for thin films has
been conducted to explore exciton relaxation mechanisms below excitation densities where exciton-exciton
interaction is important. Intrachain relaxation of photoexcited singlet excitons is observed in dilute solutions. In
contrast, interchain relaxation mechanisms become predominant in thin films. Decay dynamics are independent
of excitation intensity for dilute solutions and thin films of DHF/ANT when probed at 790 and 750 nm. In
addition, time-resolved measurements for a DHF homopolymer and two copolymer thin films have been
carried out as a function of probe wavelength. A stimulated emigS&nhfeature and a photoinduced absorp-
tion (PA) feature are observed in the visible region. The SE and PA dynamics are similar for the copolymers,
suggesting that the same excited state species, the singlet exciton, is responsible for both the SE and PA. There
is a significant difference between the SE and PA dynamics for DHF thin films on the 0—3-ps timescale. The
SE dynamics show a pulse-width limited rise and a subsequent decay. In contrast, both the 600 and 750 nm PA
dynamics show a “double” rise that represents contributions from two separate photophysical processes.
These results, in combination with the steady-state photoluminescence spectrum, which indicates excimer
emission, lead to the conclusion that interchain species, such as excimers, are forfiegdsinn DHF
homopolymer films following photoexcitation. That the copolymer dynamics show no evidence of excited state
species other than the singlet, emissive exciton, is consistent with the interpretation that anthracene substituents
in the polymer backbone prevent interchain interactions in films.

[. INTRODUCTION state interchain interactions. Interchain interactions that are
stable in both the ground and excited states are defined as
Conjugated organic materials offer several advantageaggregates® These species have been reported in
over inorganic materials for light emitting display technol- poly-para-phenylene ladder polymeté!® In contrast, an
ogy, such as synthetic flexibility, ease of processibility, andexcimer consists of a pair of identical molecules whose in-
relatively low cost. Considerable effort has been directed toteraction is repulsive in the ground state but becomes attrac-
ward the development of conjugated, organic polymerdive if one of the molecules is excité&!® Radiative recom-
which emit in the 420-500 nm region of the spectrum. Intro-bination from either excimer or aggregate states leads to a
duction of efficient and long-lived blue light emitting diodes bathochromic shift of the emission spectréfrt’
(LED’s) would complete the color spectrum and allow gen- One approach to decrease interchain interaction is copo-
eration of combinations of red, green, and blue, in varioudymerization. A second molecule, a spacer unit, can be in-
percentages, to produce white light. corporated into the polymer chain that is oriented perpen-
Recently, a number of materials have been introduced adicular (orthogonal to the planar 9,9-di-hexylfluorene
possible candidates for the emissive layer in blue LED®. unit. At each site along the polymer chain where the second
One of the most promising is polyfluorene and its variousunit resides, there will be a break in the conjugation due to
derivatives>’ Polyfluorenes exhibit a strong emission cen-the different directionality of the two units with respect to
tered at approximately 450 nm in solutidh$However, the  each other. The conjugation lengths within a single chain can
emission band shifts toward green in the solid state due tbe changed by varying the ratios of the two molecules. A
aggregation or localization of excitons to lower energygreater amount of spacer molecule results in shorter average
excimerst® Planar conjugation segments, along the rigidconjugation lengths. In addition, the stacking of neighboring
polymer backbone in 9,9-di-hexylfluorene (DHF) ho-  chains in the solid state can be minimized so that a true blue
mopolymers can interact by stacking together in the solictemission is observed. Copolymerization of DHF and anthra-
state. The hexyl groups are not bulky substituents and effe@ene(ANT) produces a chain containing conjugation inter-
tive 7r orbital overlap between adjacent polymer chains octuptions which result in the polymer being an assembly of
curs. A distinction is made between excited state and groundligomers of various lengths. Figure 1 shows a molecular
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excitation intensities exceeding those presented in this
paper”® Contributions from nonlinear processes, such as
exciton-exciton annihilation, were observed in thin films at
relatively high excitation intensities. Our motivation for
R = hexyl studying the photophysics in thin films at relatively low ex-
_ citation intensities was to eliminate exciton-exciton interac-
FIG. 1. Molecular structure of a 9,9-di-hexylfluorene/  tion and attempt to reproduce the charge carrier density in
anthracene copolymer. operating LED’s. In the following, the steady state absorp-
tion and emission spectra are presented, followed by
structure representative of a copolymer containing DHF andhe transient absorption dynamics, in dilute solution, of a
ANT monomer units. Photoabsorption can cause excitatiompandom copolymer containing 85% by  weight
of conjugation segments of all lengths. Energy transfer may,9-di-n-hexylfluorene and 15% by weight anthrace(8s
occur from a shorter to a longer conjugation segment, oDHF/15 ANT) and of DHF, 85 DHF/15 ANT and 50
from a polyfluorene conjugation segment to an anthracenpHF/50 ANT thin films. The intensity independent dynam-
molecule, since the energy of the first excited singlet state ots for 85 DHF/15 ANT in solutions and in thin films are
anthracene is slightly lower than that of the polyfluorenecompared. The wavelength independent dynamics for the 50
conjugation segment. In this paper, it is not argued whethepHF/50 ANT copolymer thin film are compared to wave-
energy transfer occurs or if the emissive Singlet exciton refength dependent dynamics of the DHF homopolymer' re-
combines locally within a dihexylfluorene or anthracene unityealing a significant difference on tk& ps time scale, which
Inan LED, electrons are injected at the cathode and holeg attributed to a differing degree of interchain interaction.
at the anode, both species subsequently migrate, under the exciton is created within the laser pulse200 fg. Lo-
influence of an applied electric field, in the polymer layer tocalization of the exciton may occur as an excited state aggre-
form an exciton. The radiative relaxation of the exciton togate, or excimer, if sufficient orbital overlap exists between
the ground state produces light, although the desired emisreighboring conjugation segments on separate chains. Alter-
sion competes with nonradiative chann€ig he formation natively, the exciton may undergo rapid energy migration
of competing nonradiative species and their subsequent dgom higher energy to lower energy conjugation segments
cays on the ultrafast timescale are not well defined. The |derb|ther on the same or adjacent chains. Excimer emission
tity and decay mechanisms of these excited state specieom DHF thin films has been observed in steady-state pho-
which relax to the ground state nonradiatively have been thgygluminescence measurements and we propose that excimer
subject of intensive investigatidri:*~*2Studying the nature  formation occurs i1 ps based on transient absorption mea-
and lifetimes of these excited states helps to understand thgrements. The effectiveness of incorporating anthracene

photophysics in conjugated organic polymers and the corrento the dihexylfluorene backbone to decrease interchain in-
lation to their performance in LED applications. teractions is discussed.

Studies of the photophysics in conjugated polymer thin
films are directly related to their applications. In thin films,
interchain interactions lead to more complicated photophys-
ics than in solutions. It is constructive to investigate the pho-
tophysics in dilute solutions to gain insight into the events Synthetic procedures and NMR characterization for
that occur on single-polymer chains and to make compari9,9-di-n-hexylfluorene/anthracene copolymers have been
sons to events observed in the solid state. In the solid statpublished®?%2’ Dilute solutions of DHF homopolymer, 85
formation of aggregates and excimers are possible, and the®#HF/15 ANT, and 50 DHF/50 ANT(percent by weightin
species can significantly influence the exciton lifetime andp-xylene were prepared to attain an optical density of ap-
light emission efficiency. Recently, excited state aggregateproximately 1.0 at 390 nm in a 1-cm pathlength quartz cell.
(excimerg have been reported in pgB-methoxy-5¢2,ethyl-  Solutions used for photoluminescence measurements had op-
hexyloxy)-1,4-phenlyene vinylerle (MEH-PPV) solutions tical density of 0.1 at 390 nm. Thin films were prepared by
and thin films>> Rothberget al. reported the quantum yield mixing 15-30 mg of the respective polymer with 1 ml
for excimer formation in(MEH-PPV) thin films to be ap- p-xylene, heating at approximately 60-90 C for 60 s to aid
proximately 45%, and found excimer emission to contributedissolution, filtering throuly a 1 micron syringe filter while
a neglible amount to the total photoluminesceffcEorma-  hot and spin coating onto clean quartz substrates at 1500
tion of weakly emissive excited states are important to confpm. Thickness measurements were done on an Alpha Step
sider when fabricating devices since the efficiency of elecProfilometer. Optical densities of thin films ranged from
troluminescent conjugated polymer LED's is directly related0.85-1.3 at 390 nm, with corresponding film thicknesses
to the ratio of emissive to non-emissive species formed. from 100—200 nm. Static absorption measurements were re-

In this paper, we compare solution and thin film transientcorded with a Hewlett-Packard 8452A Diode Array Spectro-
absorption dynamics to explore the difference between intraphotometer with 2-nm resolution. Photoluminescefiee)
chain and interchain exciton relaxation mechanisms. In addimeasurements were obtained from a Perkin Elmer LS 50B
tion, we investigate the time-resolved measurements for Auminescence Spectrophotometer with 2-nm resolution. PL
dihexylfluorene homopolymer and two copolymer thin films excitation was 400 nm. Accurate quantum yield measure-
as a function of both probe wavelength and excitation intenments for DHF hompolymer, 85 DHF/15 ANT, and 50
sity. We have previously examined the intensity dependenDHF/50 ANT in solutions and thin films are in progress.
dynamics for similar copolymers in solution and thin films at The dynamics measurements were carried out with two

IIl. EXPERIMENT
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different laser systems. The studies of dilute solutions were
performed using a pump-probe scheme with a regeneratively
amplified, mode-locked femtosecond Ti-Sapphire laser sys-
tem. The laser system and setup have been described
previously?® A zero-order half-wave plate and a Glan-
Thompson polarizer were placed in the pump and probe
beams, respectively. The data were collected with the polar-
izers set at the magic angle. The energy of relaxation dynam-
ics were measured at 790 nm following excitation at 390 nm.
The pump intensity was varied over the range-0110 mJ/
(pulse cm).

The thin film experiments were collected on a separate
system, using a regeneratively amplified Ti:Sapphire laser
(Clark-MXR CPA-1000 emitting 100 fs pulses of 1 mJ en-
ergy at a wavelength of 800 nm and a repetition rate of 1
kHz. The majority(90%) of the fundamental beam was fre-
guency doubled to provide the pump excitation source at 400
nm, with incident energy controlled with a calibrated neutral-
density filter wheel. The remainder of the fundamental was
attenuated to<2 uJ and focused through a 1-mm sapphire
plate to generate a broadband white-light continuum probe
pulse with spectral components from 450-110 nm. The de-
tails of the instrumentation for fs high sensitivity, broadband
chirp-free transient absorption measurements has been de-
scribed elsewher® The samples were excited in vacuum at
a fixed wavelength of 400 nr(8.1 eV). The pump-photon
energy is slightly less than the-7* transition for the ho-
mopolymer and copolymers, corresponding to a near-
resonant band-edge excitation. Thin films mounted in an op-
tical cryostat under high vacuum were systematically 300 400 500 600
adjusted to expose pristine polymer and to avoid effects of Wavelength (nm)
photodegradation. As a measure of transmission changes, the
differential transmissioiDT), defined as follows: FIG. 2. Electronic absorption and photoluminescence spectra for

DHF (a), 85 DHF/15 ANT (b), and 50 DHF/50 ANT(c). Absorp-
DT=(T—To)/To=AT/Ty, (1) tion spectra of dilute solutions are indicated by solid lines and thin

was usedT, andT are the transmissions in the absence andIIrns by dotted lines. PhoFqumlnescen_ce spectra are represen.ted by
rge- and small-dashed lines for solution and thin film, respectively

in the presence of the pump, respgctlvely. The pump'Ind"JC(:"@xcitation at 400 nm Peak values have been normalized to unity
absorption change, %A, is proportional to In(3DT). for all spectra

Absorbance
Alsuaiul 14

IIl. RESULTS AND DISCUSSION fluorene molecular structure. As the amount of anthracene is
increased the vibrational structure becomes less distinct, in-
dicating a more flexible polymer backbone. For the 85
The electronic absorptiofdotted line$ and photolumi- DHF/15 ANT and 50 DHF/50 ANT copolymers, the photo-
nescence(PL) spectra(small-dashed lingsof DHF, 85 |uminescence mirrors the absorption spectra. In contrast, the
DHF/15 ANT, and 50 DHF/50 ANT thin films are shown in PL spectra of DHF homopolymdiFig. 2(a)] has a band
Fig. 2. The absorptiofsolid lineg and emission spectra for shape that does not mirror its absorption spectra. Emission
dilute solutions(large-dashed lingsare also shown in com- from a dilute solution of DHF has maxima at 413 and 436
parison. The absorption consists of a strong featurelessm, assigned to the 0-0 and 0-1 transitions. The DHF thin
m-7* transition that peaks at 382 nm for DHF filfrig.  film spectrum contains an excitonic emission peak, in the
2(a)] 378 nm for 85 DHF/15 ANT film[Fig. 2(b)], and 380 same region where the exciton emission is observed for 85
nm for 50 DHF/50 ANT[Fig. 2(c)] thin films. The absorp- DHF/15 ANT and 50 DHF/50 ANT thin films, plus an addi-
tion spectra of the thin films are similar to those of dilute tional broad peak centered at 526 nm that dominates the PL
solution except that the peaks are broader. The pronouncegbectrum. The blue component in the PL spectrum of DHF
broadening of the DHF thin film absorption spectra can bethin film is similar to the PL of both the copolymer thin films
explained as the homopolymer consisting of an array of oli-and therefore this component is assigned to emission from
gomers of statistically varying length. This change in absorpisolated conjugation segments. The 0-0 peak is absent in the
tion spectrum from dilute solution to thin film can be attrib- DHF thin film PL, possibly due to self absorption. The broad
uted to inhomogeneous broadening and has been previousigdshifted peak indicates that a significant number of the
observed in polyfluoren®. The broadening could also be initial photoexcitations have migrated to lower energy states
attributed to aggregate formation. The emission spectra shoprior to relaxation to the ground state. This redshifted emis-
vibronic structure, consistent with the rigidity of the poly- sion has been previously proposed to be due to excimer or

A. Steady-state absorption and emission spectra
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aggregate emissidii:?%31Excimer formation is often as- 2.0 -
sociated with decreased emission quantum yi&ld&Since " )
the electroluminescence and photoluminescence spectra are 15 1 > e
correlated® for devices prepared from these materials, it is 1.0 -
important to understand how film morphology affects exci- % SRas e
mer or aggregate formation. Either excimer formation or ag- ° 05
gregate formation could result in the redshifted emission ob- 0.0 -
served in the homopolymer thin film. } i

It is evident from the photoluminescence spectra of the 6 8

copolymer thin films that excimer or aggregate formation is
reduced by incorporating the anthracene molecule into the
DHF backbone. The ANT is oriented approximately perpen-
dicular and is not in the plane of conjugation of the DHF,
thereby preventing stacking or aggregation of the fluorene
units on adjacent chains. The work described here explores
the question of whether anthracene in the chain affects ul-
trafast dynamics as well as increasing the efficiency of de-
sired blue emission in DHF-based polymers.

%AA

B. Exciton Dynamics of 85 DHRF15 ANT in Dilute Solutions

The exciton dynamics for a dilute solution of 85 DHF/15 20 »
ANT in p-xylene have been studied as a function of excita- 15+ | O 0.9-1.0 mJ/(pulse °m2)
tion intensity, as shown in Fig. 3. Three panels display low- O 0.4-0.5 mJ/(pulse cm")
to high-excitation intensity results on three different time < 1.0 + A 0102 mJ(pulse om®)
scales with probe wavelength at 790 nm following excitation & L

of 390 nm. The highest intensity used, corresponding to data . b s
with the largest amplitude, is about 0.9 fpiflse cnd). The 0.0 ﬁ
lower intensities are approximately 0.46 and 0.12(mulse ) '

cn?), respectively. On the 0-10 ps time scale, the data show 0 200 400 600
a fast rise, limited by the laser pulse width, followed by a delay time (ps)

fast decay and a relatively slower decay. The single dotted

line is the lowest pump fluence data scaled to the same ar‘rE)-|_“:/15 ANT in p-xylene. (O.Dyg=1.0). The separate panels

plltude as the high p””?p ﬂuen_ce data. The .fItS shﬁsl id show intensity independent dynamics on three different timescales.
lines) are generated using a triple exponential function con-

. ; . Excitation intensities are 0-10.2 mJ(pulse cnf) (open triangle
volved with a Gaussian to represent the pulsewidthl (p ) (op glek

. . 0.4-0.5 mJ{pulse cm) (open squards and 0.9-1.0 mJ(pulse
width at half maximumFWHM) of 400 fs|. All data shown cnP) (open circles The single dotted line is the low intensity data

in Fig. 3 are fit with 2.6¢-/—0.8 p9, 15(+/—3 p9, and  gcaied to the same amplitude as the high-intensity data for compari-
220(+/—20 p9 time constants and the corresponding am-son, pump and probe wavelengths were 390 and 790 nm, respec-
plitudes scale to the pump intensity. These results are comjyely, and were oriented at magic angle to each other. The decay
parable to previous measurements in DHF copolyrfrers, dynamics are shown accompanied by a triple exponential fit with
containing 9,9-diphenylenefluorene as a spacer, where thgne constants of:r;=2.6(+/—0.8 p3, 7,=15(+/—3 p9, 73
intensity independent transient absorption dynamics at 796 220(+/—20 ps3.
nm were fit to a double exponential with time constants of
30(+/—5 p9 and 330¢-/—30 ps. expected where interaction between chains is weak and the
The data were analyzed for qualitative comparison bedominant excitations at low intensities are noninteracting in-
tween different data sets. Conventional fitting to a sum ofrachain singlet excitons.
two or three exponentials yields a method for analyzing
differences in decay rates. In dilute solutions the primary
excitations are confined to individual polymer chati®ho-
toluminescence quantum yields are high, suggesting that Figure 4 shows the chirp-free transient absorption spectra
emissive singlet excitons are the primary species formed bfor the DHF homopolymer, and the two copolymer thin films
photoexcitation. The fastest decay can be assigned tobtained at=0, where the maximum transient absorption is
exciton-phonon coupling in the first excited state, or to exci-measured. These spectra are obtained with excitation at 400
ton migration from higher energy to lower energy conjuga-nm, and scanning the probe wavelengths from 450—-750 nm
tion segment$? The two relatively longer time constants and 850-1150 nm, at a fixed time between the pump and
represent a variety of radiative and nonradiative recombinaprobe. Three bands are observed intthé® transient absorp-
tion mechanisms. The amplitudes of each of the decay contion spectrum of the DHF homopolymer. The first band with
ponents scale to the excitation intensities at the signal maxia maximum at 450 nm is a stimulated emissi&@k) band,
mum. In dilute solutions the dynamics are independent of th@nd the second and third bands at 600 nm and approximately
pump power for 790 nm probe wavelength over the excita750 nm are due to photoinduced absorpti®#). The PA
tion intensity range studied. Lack of intensity dependence igeatures are poorly revolved, and the term “band” is used

FIG. 3. Energy relaxation profiles for dilute solutions of 85

C. Exciton Dynamics in Thin Films
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FIG. 4. Transient absorption spectra for DHF homopolymer, 85 % ® 106 pJ(pulse cm °)
DHF/15 ANT, and 50 DHF/50 ANT thin films at 0-ps delay be- 40 - © =5ps
tween pump and probe pulses. A stimulated emis§gf band is ! O 3.3 wlpulse cm %)
observed in the region of steady-state fluorescence. Two photoin- 30 4 t, =50 ps
duced absorptioriPA) bands are observed at approximately 600 < . 2 A 1.0 pYpulse cm %)
and 750 nm. The window around 800 nm is due to saturation of the =
lock-in amplifier by the laser fundamental.
loosely in this case. The maxima are identified from the tran-
sient absorption spectrum. The dynamics at these wave- ; ,

lengths are useful in determining the lifetimes of both radia- 0 50 100 150 200 250
tive and nonradiative excited state species.

The spectra are similar for the DHF homopolymer, 85
DHF/15 ANT, and 50 DHF/50 ANT thin films, this suggests  FIG. 5. Transient absorption profiles for an 85 DHF/15 ANT
that incorporation of anthracene into the dihexylfluorene, tahin film spin cast fronp-xylene for 0—3 and 0—250 ps. Excitation
break the rigidity of the polymer backbone and to interruptintensities are 1.QuJ/(pulse cm) (triangles, 3.3 pJi(pulse cmi)
the conjugation length, has a little effect on the features ofsquarey and 10.6uJ/(pulse cn) (circles. The single dotted line
the transient absorption as a function of wavelength on thés the low-intensity scaled to the high-intensity result. 400 nm pump
0-ps timescale. The PA features at 600 and 750 nm are sepaRd 750 nm probe wavelengths. The decay dynamics are shown
rated for the DHF thin film, but are not distinct for the 50 accompanied by a double exponential fit with time constants:
DHF/50 ANT thin film, which suggests a mixing of the two =5(+/—1 ps and7,=50(+/—5 ps.
bands.

The intensity independent transient absorption dynamicsadation of polyfluorene based films and light-emitting de-
for an 85 DHF/15 ANT thin film spin cast frop-xylene are  vices, both in the presence of oxygen and in an inert nitrogen
presented in Figs. (8 and 3b). Thin film measurements atmosphere, have been previously repoffeiwo primary
were done in vacuum using 400 nm excitation and 750 nnmodes of degradation were identified: oxidation of the poly-
probe wavelengths, on the 0-3 and 0-250 ps timescalemer matrix with formation of carbonyl groups, that act as
Excitation intensities were 1.2J/(pulse cnd), 3.3 uJ/(pulse  fluorescence quenching centers, and a second mechanism, in
cn?), and 10.6uJ/(pulse cn). The single dotted line is the an inert nitrogen atmosphere, signified by physical aggrega-
low intensity scaled to the high intensity result. The fitstion. In the absence of oxygen, changes in photolumines-
shown(solid lineg are generated using a double exponentialcence are not accompanied by evidence of chemical changes
function convolved with a Gaussiat~230 fs FWHM  in the polymer® Decreased emission was observed in the
to represent the pulsewidth. The data shown are fit withexperiments carried out under inert nitrogen atmosphere. A
5(+/—=1 ps and 5@+/—5 p9 time constants with a small mechanism involving physical/structural processes was in-
(~5—7%) offset. The amplitudes for both decay compo-voked to explain the enhanced nonradiative recombination of
nents scale linearly to excitation intensity. Similar to the di-the excited state. In the transient absorption measurements,
lute solution dynamics, there is no distinguishable differencet excitation intensities exceeding those given above, the am-
between the thin film dynamics over this range of excitationplitude of the observed signal decreased between successive
intensities. This lack of intensity dependence suggests thacans, which we attribute to photodegradation. Oxygen was
the primary photophysical processes, along the polymeremoved from the cryostat prior to our measurements, sug-
backbone or between adjacent conjugation segments ayesting a degradation mechanism that does not involve oxy-
separate chains, are due to noninteracting, excited staggen. Further investigations into the nature of the polymer
species® films after photodegradation were not pursued in the present

Significant photodegradation was evident above 1618  experiments.

(pulse cm) for both of the copolymer thin films in vacuum. Figure 6 contains the 0—3 ps dynamics at 450, 600, and
The DHF homopolymer was stable up to excitation intensi-750 nm probe wavelengths, for the 50 DHF/50 ANT thin
ties of 168uJ/(pulse cm). Electrical and photoinduced deg- film. Changes in the excited state population were monitored

delay time (ps)
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FIG. 6. Transient absorption profile for 50 DHF/50 ANT thin FIG. 7. Transient absorption profile for DHF thin film from 0-3
film from 0-3 ps following excitation at 400 nm. Probe wavelengths ps following excitation at 400 nm. Probe wavelengths are (@&
are 450(diamonds, 600 (solid line), and 750 nm(circles. Excita- monds, 600(solid line), and 750 nnicircles. Excitation intensities
tion intensities are 16.8.J/pulse cnf) and 5.3 uJpulse cn).  are 16.8uJ/(pulse cm) and 5.3uJ/(pulse cnd). Peak values have
Peak values have been normalized to unity. been normalized to unity.

at excitation fluences of 16.8 and 5.3/(pulse-crd). The SE The steady-state absorption spectra provides insight as to
data have been multiplied by a factor of negative one fowhether the red-shifted emission is due to excimers or
ease of comparison with the PA. In addition, the 450, 660ground-state aggregates. Aggregates are directly accessible
and 750 nm sets at similar excitation intensities have beem optical absorption and their formation would be signified
normalized. Each data set shows a fast rise, limited by they a red-shifted absorption in the thin-film relative to the
laser pulse width, followed by a fast decay and a slowerdilute solution. The appearance of an extended low energy
decay. On this timescale, the transient absorption dynamidsil in the absorption spectrum of ladder-type paraphenylene
at 450, 600, and 750 nm are comparable within the noisepolymers has been previously obserfeahd was attributed
There is no apparent wavelength dependence in the dynans aggregates. As seen in FiggbRand Zc), the absorption
ics for this copolymer at these three wavelengths, suggestingpectra of dilute solutions and solid films of 85 DHF/15
that the transient absorption and stimulated emission are dW&NT and 50 DHF/50 ANT are quite similar. In the ground-
to the same excited state species in the copolymer. Thstate absorption spectra there is no evidence of interactions
stimulated emission can be assigned to the singlet excitobetween polymer chains in the copolymers. The absorption
and by the similarity between the SE and PA, the PA carspectrum of the DHF homopolymer thin film is broader than
also be attributed to singlet exciton decay. The incorporatiorthat of the dilute solution. The broadening is symmetric
of anthracene into the polyfluorene backbone has effectivelground the wavelength of maximum absorption, and the
reduced physical aggregation in the ground state and/or exvavelength of maximum absorption is not red-shifted rela-
cimer formation in the excited state. Anthracene stericallytive to dilute solution spectrum. Since lower energy aggre-
inhibits the electronic conjugation along the chain to sup-gate states are directly accessible optically, we would expect
press interchainr stacking. Similar results were obtained for red-shifted absorption and photoluminescence excitation
the 85 DHF/15 ANT copolymer thin film. spectra if aggregates were formed in the homopolymer thin
Figure 7 show the dynamics measured for the DHF hofilms. Although broadening of the DHF absorption band was
mopolymer thin film. There are two features in the rise, a fasbbserved, we did not observe an extended low-energy tail in
component which seems to follow the rise of the SE, and @he absorption, indicative of aggregate states. The redshifted
relatively slower component that grows in after a few hun-emission is thereby assigned to excimers, in agreement with
dred femtoseconds. This “double rise” feature is absentarlier studies® Excimers may form directly following pho-
from the 450 nm, SE data, which is unambiguously assignetbexcitation or as a product of exciton-exciton annihilation
to the emissive singlet exciton. In comparison to 50 DHF/50(at high excitation intensitigs Excimers are localized rela-
ANT (Fig. 6), where interchain interaction has been sup-tive to singlet excitons and recombine radiatively from a
pressed by incorporation of anthracene into the polymelower energy state, typically with lower quantum yields.
backbone, there appears to be evidence of contribution from The PL spectrum for the DHF homopolymer film shows a
a secondary process on the ultrafast timescale for the DHBEignificant amount of excimer emission. The dependence on
thin film, as indicated by this secondary rise in the transienprobe wavelength of the transient absorption measurements
absorption profile. This secondary rise, in combination withsuggests that different species are responsible for the SE and
the broad red-shifted band in the steady-state photoluminefA signals. Formation of secondary species, in addition to
cence spectrum, leads us to propose that energy migration tbe emissive singlet exciton, is facilitated by the close prox-
lower energy, more localized conjugation segments occursnity of conjugation segments on adjacent chains. We pro-
within a few hundred femtoseconds in the DHF homopoly-pose that the two “separate” rises observed in both the 750
mer thin film. and 600 nm PA are contributions from two different pro-
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cesses on slightly different timescales. The “second” pro-creasing the complexity of the decay processes. Differences
cess may be associated with secondary excitations. Thesetween the decay dynamics for stimulated emissBiB)
secondary excitations are not confined to individual polymeiand those for photoinduced absorpti@®A) provide infor-
chains, and are likely interchain excitons, or excinfér¥. mation regarding the nature of the excited state species re-
The second apparent rise could be direct evidence of excimeponsible for the PA bands. That SE dynamics differ signifi-
formation on the 100-500 fs timescale. In solid state samplegantly from PA dynamics suggests that excited state species
with strong intermolecular interactions, interchain speciesther than emissive singlet excitons have formed in DHF
may be formed in a linear process directly from excitdh®.  thin films. The excimer emission observed in the steady-state
Interchain excitons formed at the expense of intrachain sinPL, in combination with the wavelength dependent transient
glet excitons are less likely to recombine radiatively and areabsorption measurements, lead us to suggest that excimers

correlated with a decrease in emissive light ouffSut. are forming within a few hundred fs in DHF films. Statistical
copolymers designed to prevent formation of interchain spe-
IV. CONCLUSION cies exhibit decay dynamics associated primarily with singlet

o ~excitons. In thin films, at low-excitation intensities, the emis-
In summary, polyfluorene statistical copolymers whichgjye singlet exciton decays via linear processes, which im-
emit in the 420-500-nm region have been studied using ulpjies exciton-exciton interactions are minimized. Incorpora-
trafast transient absorption spectroscopy to provide insighfion of anthracene into the chain to break the rigidity of the
into the energy dissipation mechanisms. If the polymefagder-type structure of the DHF inhibits excimer formation,

chains are sufficiently separated in space such that an excitegys promoting radiative recombination of singlet excitons.
state species is confined to a single chain, then only the for-

mation and decay of intrachain species will be observed.
This is the case for dilute solutions and thin films of
di-n-hexylfluorene/anthracene copolymers at low excitation This work was supported by the CULAR ollaborative
intensities. Analysis of the energy relaxation dynamics ofUniversity Los Alamos Researglrund, the Department of
photogenerated emissive, singlet excitons reveals that the deducation(M.A.K.) through a GAANN grant, the Petroleum
cay processes are independent of excitation intensity over tHeesearch Fund administered by the American Chemical So-
range investigated. ciety, and the Faculty Research Fund of the University of

In the solid state, individual intrachain photoexcitationsCalifornia at Santa Cruz. M.A.K. is grateful to the OLED
are capable of migrating to overlapping conjugation seggroup at the IBM Almaden Research Center for stimulating
ments on neighboring polymer chains, thereby greatly indiscussions.
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