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Using both time-resolved emission and cw photoinduced absorption spectroscopy as a function of tempera-
ture, the aggregation phenomena(b-phase formation) observed in poly(9,9-dioctyl)fluorene is studied. All
spectra of theb phase, including absorption, prompt and delayed fluorescence, phosphorescence, and photo-
induced triplet absorption feature very narrow linewidths, which are unique within the class of conjugated
polymers. From the comparison of the latter data with amorphous polyfluorene, poly(9,9-diethylhexyl)fluorene,
as well as with the fully planar ladder-type poly(paraphenylene), we conclude that the origin of theb phase
cannot simply be an extended intrachain conjugation, but interchain interactions are involved. Furthermore, the
b phase acts as an energetic trap for both singlet and triplet excitons initially created on amorphous chain
segments. The delayed fluorescence kinetics of theb phase were measured at different temperatures. From the
analysis of these decays within the framework of dispersive triplet migration in a Gaussian density of states
distribution, further evidence is provided that the delayed fluorescence originates from triplet-triplet annihila-
tion. At room temperature, it is clear that triplet excitons migrate over large distances, exceeding that of singlet
excitons. Also, the segregation time between dispersive triplet migration and classical thermally activated
hopping, is in the case ofb-phase containing samples, dependent on the separation of theb-phase domains.
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I. INTRODUCTION

After a decade of intensive research efforts the first com-
mercial applications equipped with displays based on conju-
gated light emitting polymers are now emerging on the con-
sumer markets.1 This, however, might merely be the first step
on account of the large number of advanced “potential” ap-
plications. These justify the ongoing, intense research efforts
on the fundamental properties of light emitting conjugated
polymers. A topic of current interest is the ability of certain
conjugated polymers to self organize to some extent. In this
context, the most prominent representative is the blue emit-
ter, poly(9,9-dioctyl)fluorene(PFO), which was studied ex-
tensively, especially by the Sheffield group.2–11Applying cer-
tain treatment protocols to PFO thin films, such as annealing
at high temperature, cooling and reheating to room tempera-
ture or exposure to certain solvent vapors modifies part of
the films into a different structure, which has been termed a
“b phase.” The primary photophysics of this modified poly-
fluorene structure are characterized by sharp absorption and
emission lines, redshifted compared to the amorphous PFO
spectra. Theb phase is also observed in solutions made of
poor solvents and, interestingly, the induced state is con-
served upon using such solutions to produce thin films. On
account of the similarities of these induced spectra with the
fully planar ladder-type poly(paraphenylene) (LPPP), it has
been conjectured that twists between neighboring rings to-
wards a more planar backbone conformation are the under-
lying microscopic origin of theb phase.6 However, in situ
experiments show a grow-in of the new spectral features, i.e.,
they appear at a fixed position in energy—the peak position
is not smoothly changing from amorphous PFO towards the
modified structure.6,8 Also, as rather different treatment pro-
tocols cause the same changes, they must emanate from a
certain well defined modification, which is characterized by
its own absorption and emission spectra and average conju-

gation length. The latter(measured in terms of the singlet
energy) is intrinsically limited, as in LPPP’s, and is certainly
shorter compared to the size of the modified structure itself.6

Initially, relying on experiments on 1% PFO blended into
a polystyrene matrix, theb phase was explained solely as an
intrachain process.6 However, at such concentrations the
polymer chain can by no means be considered as isolated but
phase segregation will occur.12 Furthermore, the formation of
the modified structure in solution requires a minimum poly-
fluorene concentration.6,13 Recently, experiments on a series
of polyfluorene derivatives having different length side
chains clearly demonstrated that interchain interactions of
the linear side chains cause the observed changes in the
backbone structure.13–15 Thus, it is an interchain phenom-
enon, giving rise to unique spectral characteristics, compared
to common excimer or dimer luminescence. It is still an open
question what, on a microscopic level, exactly causes these
alternations in the polymer chain structure.

Since its first application by Romanovskiiet al.,16 studies
using the technique of time gated emission spectroscopy
have provided major contributions to our knowledge and un-
derstanding of conjugated polymers. We refer in particular to
phosphorescence(Ph) spectra, which still represent the only
direct way to obtain information on the polymer triplet
state.16–19Along with this usually very long-lived emission,
all conjugated polymers exhibit delayed fluorescence(DF),
emission from excited states whose lifetime is considerably
longer than the typically 400 ps radiative lifetime of a regu-
lar singlet state.16–19 Thus, gated spectroscopy should pro-
vide a powerful tool to gain insight in the photophysics be-
hind the aggregated PFO. Further, quasi-cw photoinduced
absorption spectroscopy has already shown the existence of
several long-lived excitations including triplet excitons9,20

and possibly polarons,20 associated with theb phase.
This contribution is divided into three parts. First we re-

port singlet absorption, transient triplet absorption as well as
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prompt, delayed fluorescence and phosphorescence spectra
of the b phase of PFO at different temperatures. These ab-
sorption and emission data are compared to corresponding
data obtained for an all-amorphous polyfluorene derivative
and the fully planar ladder-type polymer poly(paraphe-
nylene) (MeLPPP). In the second part temperature-
dependent time-resolved luminescence spectra obtained after
exciting both, theb and the amorphous phase of PFO, are
analyzed. These data qualitatively prove that theb phase
within the amorphous polymer matrix acts as low-energy
traps for both the singlet and the triplet exciton. In the third
section, decay kinetics of theb-phase delayed fluorescence
are given and analyzed within the framework of dispersive
triplet hopping, which results in the observed, dispersive de-
cay of the triplet-triplet-annihilation type delayed fluores-
cence.

II. EXPERIMENT

In order to produce PFO thin film samples, which partly
exhibit theb phase, 10−2 wt. % of the polymer was dissolved
at 60 °C in the moderately good solvent methylcyclohexane
(MCH). Clear films of high quality were obtained by spin
coating the latter, still warm, solution onto previously
cleaned spectrosil disks at 2500 rpm for one minute. Using
similar protocols the reference thin film samples of the
all-amorphous polyfluorene, poly(9,9-diethylhexyl)fluorene
(PF2/6) and the ladder polymer MeLPPP were prepared. All
chemical structures are included in Fig. 1. Additionally,
10−5 wt. % solutions using either MCH or toluene, which
were degassed by three freezing thaw cycles, have been pre-

pared as well. Only for PFO, cluster formation has been ob-
served if the 10−5 wt. % MCH solution was allowed to settle
at ambient temperature. In some cases those solutions were
used to drop cast films of high absorbance but poor quality,
which nevertheless showed identical behavior to the above
spin coated PFO thin films.

For the time-resolved photoluminescence studies, excita-
tion in the amorphous polyfluorene absorption band at
3.5 eV s355 nmd was provided by the frequency-tripled out-
put of a 160 ps pulsed Nd:yttrium aluminum garnet laser. For
selective excitation of theb phase at 2.86 eVs434 nmd the
latter Nd-YAG laser was employed to pump a home built
single pass coumarin 120 dye laser(excitation profile is de-
picted in Fig. 1). The luminescence emitted by either the
liquid or solid sample was passed through a spectrometer and
detected by our intensified CCD camera(4 Picos, Stanford
Computer Optics). In all cases spectra are measured, being
characterized by two tunable time periods: the time between
pulsed excitation and the start of the light detection(delay or
gate time) and the duration of the light detection(integration
time). The latter can be chosen as short as 200 ps. In order to
obtain decay kinetics each spectrum was integrated over the
desired energy region and plotted in a double logarithmic
fashion versus the appropriated time(delay time plus half the
integration time). A temperature controlled displex helium
cryostat additionally allowed to vary the temperature of solid
samples between room temperature and 11 K. By means of
several spectral lamps the overall spectral resolution of the
whole setup was measured to be better than one nanometer.
Further information about the time-resolved luminescence
setup is given in Ref. 12.

For the quasi-cw photoinduced absorption measurements
either the liquid or solid sample was excited using our
3.1 eV s400 nmd blue laser diode module(Laser2000),
modulated by the in-phase reference output of the lock-in
amplifier (EG&G 7520). The probe beam was provided by a
conventional tungsten lamp, which was monochromated af-
ter passing through the sample and subsequently detected by
a Si-pin diode attached to a transimpedance amplifier. For
temperature-dependent measurements a liquid nitrogen cry-
ostat was used. The spectral resolution of this setup is
,5 nm.

III. RESULTS AND DISCUSSION

A. Primary photophysics of the b phase

In the recent literature a fully planar chain configuration
has been conjectured as the microscopic origin of theb
phase.11 To test this notion it would be interesting to compare
the b phase with the ladder-type polymer MeLPPP, which is
by its chemical structure forced to be fully planar. On the
other hand the branched side chain polyfluorene derivative
PF2/6 never adopts theb phase. This was tested as we ap-
plied some of the treatment protocols outlined in the Intro-
duction, namely, cycling at low temperature, annealing at
160 and 230 °C and preparing a thin film sample from the
poor solvent(MCH), to PF2/6 thin films—none of the typi-
cal b-phase features could be detected. Therefore, only poly-
fluorene derivatives having linear, aliphatic side chains form

FIG. 1. Compendium of room temperature, solid-state absorp-
tion spectra including PFO, PF2/6, and MeLPPP. All spectra are
normalized and offset for clarity. The coumarin 120 dye laser pro-
file for selective excitation of theb phase is shown as dashed line.
The insets show the chemical structures of the polymers investi-
gatedsR1=n-C6H13; R2=1,4-C6H4-n-C10H12d.
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the b phase;14,15 PF2/6 will hereafter be referred to as all
amorphous. Therefore, by comparing PF2/6 with PFO spec-
tra allows identifying typicalb-phase features by distin-
guishing them from amorphous polyfluorene. In this section
the singlet and triplet absorption and emission spectra of the
b phase shall be compared to those of MeLPPP and PF2/6.

Figure 1 shows a compendium of typical room tempera-
ture, thin-film absorption spectra, including PFO, PF2/6, and
MeLPPP, on a common energy scale. For the ease of com-
parison, the spectra are arbitrarily scaled and offset to each
other. Consisted with literature data, and compared to the
rather unstructured absorption of amorphous polyfluorene18

the b phase features a new, low-energy absorption band,
whose first peak appears at 2.84 eVs437 nmd followed by a
vibronic satellite at 3.04 eV, which for our data only appears
as a shoulder on the amorphous polyfluorene absorption
band.6,10,13As can be seen from the included laser profile, the
two excitation energies used throughout the study, 3.5 and
2.86 eV, enable selective excitation of the amorphous poly-
fluorene and theb-phase structure, respectively.

Normalized low temperature fluorescence spectra, ob-
tained upon selectively exciting theb phase at 2.86 eV, are
shown in the center part of Fig. 2. The prompt emission,
which was detected over the first nanosecond after excita-
tion, is characterized by a sharp transition at 2.77 eV fol-
lowed by broader vibronic replicas at 2.59 and 2.41 eV. With
our spectrometer we are able to resolve two subtransitions
underneath the 0–1 band at low temperature; however, using
higher spectral resolution at least three separate contributions
can be distinguished.11 At room temperature selective exci-
tation of theb phase reveals the peak position at 2.800 eV
(data not shown). Thus, the 300 as compared to the 11 K

fluorescence is 30 meV shifted to the blue spectral region,
which is a typical value for conjugated polymers. The low-
temperature three nanosecond delayed spectrum is distorted
by the occurrence of an additional broad yellow emission
band centered at 2.3 eV, which is caused by unavoidable
keto defect states. These will be discussed in more detail in
the following section. No further striking differences be-
tween prompt and delayed fluorescence spectra are observed.
For the sake of comparison, normalized low temperature
prompt fluorescence spectra of PF2/6 and MeLPPP, which
were obtained after exciting at 3.5 eV, are depicted in Fig. 2
as well. The 0←0 transitions are centered at 2.61 and
2.89 eV for MeLPPP and PF2/6, respectively; therefore the
b phase emits at an intermediate energetic position.

Thin film phosphorescence spectra, including the all-
amorphous PF2/6, the selectively excitedb phase of PFO
and the fully planar MeLPPP, are shown in Fig. 3 on a com-
mon energy scale. All spectra were obtained at 11 K using
10 ms gate and 80 ms integration time. As with the data
shown in Figs. 1 and 2, these spectra are offset and normal-
ized for clarity. The phosphorescence of both MeLPPP and
PF2/6 are consistent with the spectral shape and position
previously measured.16,21 From the long lifetime of this
emission as well as its spectral appearance the observed de-
layed b-phase emission is self-evidently assigned to phos-
phorescence from the first excited triplet state. The latter
emission spectrum consists almost entirely of a very sharp
0←0 transition located at 2.08 eV, thereby following the
general trend in conjugated polymers that phosphorescence
spectra are dominated by the leading mode compared to cor-
responding fluorescence spectra, indicative of very similar
ground and excited state chain(chromophore) geometries.
Nevertheless, likewise for the fluorescence, at the energetic

FIG. 2. Normalized prompt fluorescence spectra of PFO, PF2/6,
and MeLPPP obtained with thin film samples at 11 K using one
nanosecond integration time. The PFOb phase was selectively ex-
cited at 2.86 eV. A three nanosecond delayedb-phase spectrum is
shown as well.

FIG. 3. Thin film phosphorescence spectra of the three polymers
investigated. All spectra were obtained at 11 K upon integrating the
delayed emission from 10 to 90 ms; PFO was excited selectively
in the b phase at 2.86 eV. For the ease of evaluation the data are
shown normalized and offset.
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position where the 1←0 transition is expected,,1.9 eV,
there are two weak bands just about visible. The singlet-
triplet splitting is for all three polymers of order 700 meV.
The redshift of theb-phase phosphorescence compared to
the amorphous one amounts to 70 meV, which is an ex-
pected value considering the corresponding singlet shift of
120 meV.

Quasi-cw photoinduced transient absorption(PIA) spectra
are shown in Figs. 4 and 5. This time theb phase could not
selectively be excited due to the lack of an appropriate cw
laser, all data are obtained after excitation at 3.1 eV. A com-

pendium of such data for the three polymers in dilute room-
temperature solution(all 10−5 wt. %) is shown in Fig. 4.
Spectra similar to the ones shown here for MeLPPP and
PF2/6 have been assigned to transient triplet absorption.12 In
the center part of the figure the PIA spectra of PFO dissolved
in a good(chlorobenzene) and a poor(methylcyclohexane)
solvent are shown. The PIA spectrum of PFO in the good
solvent clearly resembles that of the all-amorphous PF2/6
and hence is attributed to triplet-triplet absorption originating
from non-b-phase amorphous domains(from now we refer
to such triplet excitons as “amorphous triplets”). The slight
s10 meVd redshift of the PFO spectrum compared to PF2/6 is
likely due to the different solvents polarities, which will have
an enhanced effect on higher excited states. Upon using the
poorer solvent MCH, the PFO PIA spectrum splits into two
clearly distinct contributions. Because it is absent in the all-
amorphous spectrum of PF2/6, the sharp feature centered at
1.44 eV is assigned to triplets located on theb phase. Since
in this experiment the triplet excitons(formed via intersys-
tem crossing) are not selectively excited in theb phase, there
is also a contribution of amorphous triplet absorption in the
PIA spectrum. Again the blueshift of the latter spectral com-
ponent is attributed to the reduced polarity of MCH com-
pared to toluene and chlorobenzene. Note, the increasing sig-
nal above 1.8 eV is due to prompt fluorescence. Apparently,
even for the good solvent for PFO there is a shoulder just
about visible around 1.46 eV, which indicates that any film
made of PFO will contain a fraction ofb phase. Due to
efficient triplet exciton migration, which will be discussed in
detail in the following two sections, it appears that the trip-
lets readily migrate to theb phase allowing cw PIA to sen-
sitively detect this latter component.

Independent of temperature(in the accessible range be-
tween 77–300 K), using thin PFO films the solid-state PA
spectrum is dominated byb phase triplet absorption. A typi-
cal dataset, obtained at 77 K, is shown in Fig. 5. In addition
to a small broad contribution around 1.6 eV, which is likely
due to a residual amorphous triplet absorption, two further
peaks can clearly be distinguished, a strong one at 1.44 and a
,12 times weaker one at 1.95 eV. Apparently the linewidth
of both peaks is identical. Furthermore, the relative intensity
of both peaks is independent of the chopping frequency used
to detect the PIA spectrum(i.e., the decay kinetics for both
features are identical), and also independent of temperature.
In light of these experimental observations the assignment of
the low-energy peak to triplets but the high-energy to peak
polarons by Wohlgenanntet al., who observed a similar
solid-state PIA spectrum using PFO samples, appears very
unlikely.20 Much more probable is that both signals are
caused by triplet transitions but to different higher lying,
symmetrically allowed triplet levels, which consistently ex-
plains the above observations as both absorptions originate
from the same excited species, theb-phase triplet exciton. To
our knowledge this is the first conjugated polymer that shows
such a double PIA spectrum, though other polymers might
feature similar behavior but it would be harder to observe
due to the spectrally broader transitions.

A reevaluation of the spectra shown in Figs. 1–5 yields
some general trends and relationships between the three
polymers under investigation. First, considering energetic

FIG. 4. Compendium of photoinduced quasi-cw transient ab-
sorption spectra. All data were measured on 10−5 wt. % solutions
(solvent as indicated) at room temperature, excitation was made at
3.1 eV; the chopping frequency was 72 Hz.

FIG. 5. 77 K photoinduced transient absorption spectrum of a
PFO thin film sample. The sample was excited at 3.1 eV; the chop-
ping frequency was 72 Hz. The area around 2 eV is shown on a
magnified scale.
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position, theb phase lies at intermediate values between
amorphous polyfluorene and fully planar polyparaphenylene.
From this one concludes an increased conjugation length
compared to polyfluorene, which, however, is not as long as
that of MeLPPP. Further, allb-phase transitions are very
narrow, which is unique within the class of conjugated poly-
mers. This suggests a reduced dispersity of conjugation
length, resulting in a narrower width of the density of energy
states(DOS) (either for the singlet or for the triplet). From a
simple extended conjugation length picture one expects a
similar DOS compared to MeLPPP. The electronic transi-
tions, relatively to MeLPPP, are dominated by the 0←0 tran-
sition, which is most obviously seen in Fig. 3. Furthermore,
the Stokes shift of theb phase is the smallest within the class
of conjugated polymers.13 Both these observations are very
interesting, as they point to more excited state(geometric)
relaxation for the fully planar MeLPPP as compared to theb
phase, though only the latter in principle has the freedom of
ring rotations. Finally, we note the high luminescence aniso-
tropy value only for theb phase.13 The above experimental
observations indicate that theb phase is more ordered than
the fully planar ladder-type polymer MeLPPP. Additionally
the driving force for the occurrence of theb phase has an
intermolecular origin.13–15 Both the higher ordering as com-
pared to MeLPPP as well as the intermolecular origin pro-
vide indirect evidence that the excitations of theb phase
itself are located in interchain as opposed to intrachain orbit-
als that are forced into an extended planar backbone confor-
mation by the close packing of the polymer chains. Though
final evidence is lacking, the interchain picture is much bet-
ter suited to consistently explain the dissimilarities between
MeLPPP and theb phase.

B. Singlet and triplet energy transfer from the amorphous
to the b phase

In the following we do not speculate about the micro-
scopic nature of the aggregated phase but make use of the
miscellaneous character of any PFO thin film for exciton
migration studies, by considering theb phase as an emissive
low-energy trap within the amorphous PFO matrix. In this
framework, theb-phase sensitizes the fluorescence and de-
layed fluorescence of singlet and, indirectly via triplet-triplet
annihilation(TTA), triplet excitons, originally excited in the
amorphous PFO manifold at 3.5 eV. Upon measuring the
b-phase emission contribution in the prompt and delayed
fluorescence spectra, one is able to draw qualitative conclu-
sions about singlet and triplet migration, respectively. Rep-
resentative results, itemized by prompt(PF) and delayed
fluorescence(DF) and also by room and low temperature, are
shown on a common energy axis in Fig. 6. For the PF, four
nanoseconds integration time and zero gate time was chosen,
the DF was detected from one to ten microseconds after ex-
citation. The room temperature PF is dominated by amor-
phous polyfluorene emission, although an unresolved, small
fluorescence contribution from theb phase(expected from
room-temperature site selective measurements at 2.800 eV)
just appears as a broadening on the blue side of the second
vibrational mode of the amorphous fluorescence. This re-

mainingb phase luminescence could either result from direct
b phase absorption, at 3.5 eV or, more likely, it originates
from direct singlet energy transfer such as Förster transfer. A
somewhat reverse situation is observed for the one microsec-
ond delayed room temperature emission. Apart from the
broad defect emission contribution that peaks at 2.3 eV and
which will be considered below, now the emission from the
b phase with its prominent peak at 2.800 eV clearly domi-
nates the spectrum—only leaving a small contribution of the
amorphous polyfluorene delayed fluorescence visible. Keep-
ing this important dissimilarity between the 300 K prompt
and delayed fluorescence in mind, we pass to low tempera-
ture. Here, the vibronic structure of the spectra is generally
much better resolved compared to the ones obtained at am-
bient temperatures. A redistribution of emission strength be-
tween the first and second vibronic mode of the amorphous
polyfluorene emission is observed when comparing the
room- with the low-temperature fluorescence spectrum.
However, this is not caused by theb phase but is observed in
conjugated polymers in general, i.e., also in branched side
chain polyfluorene derivatives, which do not form aggre-
gated structures at all, such as PF2/6.22 Quantum-chemical
modeling generally shows that such a redistribution towards
the leading 0←0 vibrational mode originates from an in-
creased conjugation length.23,24 A small s25 meVd shift of
the fluorescence to lower energies upon cooling the film is
also observed.9 Most importantly and at variance to the room
temperature results, both promptand delayed fluorescence
are now dominated by the amorphous polyfluorene emission.
However, in both cases theb phase fluorescence contribution
at 2.770 eV is better resolved and appears as a pronounced
shoulder on the blue edge of the second amorphous vibronic
replica rather than just causing broadening. Further, both low
temperature spectra(PF and DF) appear identical in spectral
shape, i.e., there is no redistribution between the amorphous
and b phase luminescence contribution when observing ei-
ther the prompt or delayed fluorescence, respectively. This
clearly indicates that prompt and delayed singlet exciton
emission arises from identical sites.

In order to discuss the above experimental results we shall
reiterate recent findings about triplet excitons and their mi-

FIG. 6. Normalized prompt(upper part) and one microsecond
delayed(lower part) emission spectra of a PFO thin film sample,
either obtained at ambient or at low temperature after excitation in
the amorphous PFO absorption at 3.5 eV.
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gration in conjugated polymers. The delayed fluorescence
observed in thin films, covering the vast majority of conju-
gated polymers, originates from triplet-triplet annihilation
(TTA). Upon analyzing laser dose dependencies and tran-
sient triplet absorption kinetics, this, in particular, was shown
for films of the all-amorphous polyfluorene derivative
PF2/6.12,18,19 The migration of the triplet is not solely an
intrachain process, but interchain diffusion must occur. This
fact was confirmed, since for a typical laser excitation dose
of 100 mJ/cm2 on average less than one triplet is created on
a single polymer chain.12

In view of this background knowledge we shall summa-
rize and interpret the above experimental findings: nearly
independent of temperature, for excitation in the amorphous
phase, most of the prompt fluorescence is also emitted from
the amorphous phase, thus in our samples the majority of
singlet excitons do not reach the low-energyb phase during
their radiative lifetime,,300 ps. This implies that intersys-
tem crossing mostly occurs on amorphous polymer
segments—initially the majority of the triplet excitons reside
on the amorphous phase. At low temperature the delayed
fluorescence exactly matches the prompt fluorescence in
spectral shape, which indicates that on average the triplets
(prior to their annihilation) and the initially created singlets
are located in the same environment. Thus, we conclude that
in the absence of thermal activation triplet energy migration
is inefficient and the triplets remain within close proximity to
their parent singlet exciton. Whereas at ambient temperature,
in contrast to the prompt fluorescence, thedelayedfluores-
cence is dominated by sharp emission originating from theb
phase. Using the above argument again: the PF mainly origi-
nates from the amorphous phase whereas the triplets encoun-
ter each other on theb phase, giving rise to the observed
strongb-phase component in the delayed fluorescence spec-
trum. Note, singlet exciton Förster transfer to theb phase
followed by intersystem crossing can safely be ruled out,
because the prompt fluorescence shows no significant
b-phase contribution. A straightforward explanation is that
the triplet excitons, during their rather long existence com-
pared to the singlet lifetime, manage to populate theb phase
and any subsequent diffusion is only possible within this
(low-energy) b-phase trap. This does not imply that the trip-
let hopping rate itself is equal or higher as compared to that
of the singlet excitons, since the lifetime of the latter is much
shorter. These experimental results clearly prove that at room
temperature the absolute distance traveled by the triplet ex-
citon clearly exceeds that of the singlet—at least in the case
of polyfluorene. The general assumption of efficient Förster
transfer for the singlet excitons compared to inefficient trip-
let transfer by the Dexter mechanism is an oversimplification
of the situation. Further and common with earlier results,12

the triplet migration is thermally activated rather than being
caused by direct transfer mechanism, because no delayed
fluorescence from theb phase is observed at low tempera-
ture. This interesting conclusion is fully consistent with the
lack of room-temperature intrinsic phosphorescence in every
conjugated homopolymer investigated so far. In the compe-
tition between radiative decay with long lifetime and en-
countering another triplet or a nonradiative decay site, the
rather high mobility of the triplet exciton favors the latter

possibilities. Unfortunately, the exact spatial distribution of
the b phase embedded in the thin PFO film is unknown.
Most likely, theb phase is rather inhomogeneously distrib-
uted, forming islandlike structures.25 However, without this
knowledge a serious estimate of the absolute distance trav-
eled by the triplet is impossible. We are currently performing
combined spatial and temporal resolved measurements on
PFO thin films, which hopefully shine some light on this
important issue.

Above it has been established that the amorphous triplet
excitons in polyfluorene are essentially immobile at 11 K,
but do efficiently migrate at room temperature. There is in-
deed further evidence for this notion. Upon measuring the
temperature dependent phosphorescence intensity, we previ-
ously found that the average amorphous polyfluorene triplet
trap depth is,4.5 meV, thus roughly speaking the triplets
are mobile above 50 K and trapped otherwise.21 Therefore
detecting the photoinduced transient triplet absorption spec-
trum at 77 K probes mobile triplets, which in the case of
PFO populate theb phase. Further, so called “as spun” films
are not completelyb-phase free, which is proven by Fig. 4,
because their parent polymer solution also shows signs of
aggregation, even for supposedly good solvents such as tolu-
ene and chlorobenzene. Such interchain interactions would
be even more pronounced in the solid state. As a result, any
film made of PFO will contain someb-phase fraction. Keep-
ing in mind the quasi-cw technique used to detect the PA
signals, the mobile triplet excitons will have enough time
s,msd to occupy whatever low density ofb-phase traps exist
in the film, which explains why any cw-PA spectrum of PFO
is dominated byb-phase signals.

Using this background knowledge we can also understand
the initial cw photoinduced absorption spectra of theb phase
published by Cadbyet al.9 and again by Wohlgenanntet al.20

At 80 K the authors found a very sharp triplet absorption
signal located at 1.44 eV, both for the presumably all-
amorphous(as spun) and b-phase(thermally treated) PFO
film. Their spectra are identical in spectral shape and position
to the one shown in Fig. 5. However, from our own measure-
ments on the truly all-amorphous derivative PF2/6(Ref. 12)
as well as on PFO in chlorobenzene, we locate a rather broad
amorphous triplet signal of amorphous polyfluorene at
1.63 eV. Undoubtedly, the above authors simply measured
the b-phase triplet signal in both cases, either with low(un-
treated) or high (thermally treated) b-phase content films. In
the latter case the authors further observed a five- to tenfold
reduced signal intensity. This observation is a consequence
of enhanced triplet migration betweenb-phase domains, ac-
companied by more triplet-triplet annihilation events leading
to an accelerated triplet decay. With lowb-phase content,
isolatedb-phase traps greatly reduce the probability of triplet
migration between traps, NB. The triplets cannot migrate be-
tween b-phase domains by hopping back onto the amor-
phous chains.

Within this study we tried to show the effect of
freezing-in of the triplet migration on the photoinduced ab-
sorption spectrum after excitation in the amorphous phase as
well. From the above said, we expected a substantial change
between a 11 K compared to the 77 K spectrum for excita-
tion in the amorphous absorption. Unfortunately we have not
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succeeded in doing so because small sample vibrations in our
closed cycle helium cryostat prevented its use for PIA mea-
surements.

Finally, we shall make some comments on the observed
broad emission, which almost dominates the one microsec-
ond delayed room temperature spectrum of Fig. 6. After a
long debate about this issue, it has now been firmly estab-
lished that this emission does not originate from excimers
but from an emissive on-chain defect state, i.e., fluorene
units that have been oxidized at the remote nine position to
fluorenone.26,27The tendency to form these keto defect states
in polyfluorene derivatives is very high if linear side chains
(PFO) or hydrogen is attached;26 it is reduced for branched
side chains(PF2/6) and spirobifluorene is virtually inert
against oxidation. Accordingly, PFO emission spectra are of-
ten accompanied by the broad keto signal, i.e., compare Figs.
2 and 6 or Refs. 4 and 14. Recently, it has been shown that
these defect sites can either be directly excited at around
2.8 eV, which was essentially done in Fig. 2 or they can be
populated via thermally activated singlet exciton migration.27

This is why after excitation at 3.5 eV only the room tempera-
ture, one microsecond delayed spectrum of Fig. 6 shows a
strong keto signal, but not the corresponding low tempera-
ture one. Note, a lack of keto emission in fluorescence spec-
tra does not at all prove that these states are absent in the
investigated polymer. In fact, none of our prompt fluores-
cence spectra show any keto emission contribution. How-
ever, using time-resolved spectroscopy it is very easy to de-
tect even weak signals that are not visible in cw experiments,
provided that the lifetime is different from other strong emis-
sion components. In the present case, gating out the prompt
fluorescence enables us to observe the keto emission, which
decays with a monoexponential lifetime of 5.8 ns,27 i.e.,,20
times longer compared to the prompt fluorescence. Essen-
tially, this was done in Fig. 2 if one only compares the
b-phase spectra. Experience in our laboratory shows thatany
PFO sample contains keto defect sites—it is only the level
that varies. Due to population via thermally activated inter-
chain singlet migration the defect states will most likely
show up at room temperature in solid samples. Additionally,
keto emission is easily observed in electroluminescence de-
vices, because fluorenone is an electron trap and thus acts as
a recombination center in a working device.

C. Decay kinetics of theb-phase delayed fluorescence

One of the observations described in the previous sections
is the occurrence of delayed fluorescence, which is identical
in spectral shape and energetic position to theb-phase
prompt fluorescence. Independent of temperature, only the
latter DF is observed, provided that excitation is selectively
made in theb phase of PFO. In this section we shall eluci-
date the selectively excitedb-phase fluorescence decay ki-
netics and compare it to the kinetics previously observed in
the all-amorphous polyfluorene PF2/6. The measurements
were done on thin solid films and we state again that here the
DF is caused by triplet-triplet-annihilation.12 Since delayed
fluorescence arises via triplet migration, it yields valuable
information about this, otherwise dark, excited state. In order

to understand the DF results it is helpful to first discuss the
characteristics of the underlying triplet migration, which is
rate limiting for the TTA. For this we draw heavily on earlier
work about triplet-triplet annihilation in a disordered
polyfluorene;12 we shall not attempt to reproduce this work
in detail, but highlight important findings.

At low temperature, it is reasonable to neglect the mono-
molecular decay contributions(both radiative and nonradia-
tive) and in doing so to assume that annihilation is the domi-
nating decay mechanism for the triplets in the time domain
much shorter than the triplet lifetime, i.e., fort,100 ms:

DF ,
dnT

dt
= − gTTnT

2 s1d

with nT being the time-dependent triplet density,gTT denotes
the triplet-triplet-annihilation “constant.” Within the field of
disordered materials, such as conjugated polymers, the only
successfully applied theory to date describes the triplet dif-
fusion as a series of incoherent jumps within a material de-
pendent density of localized energy states(DOS). After
pulsed excitation the diffusion of the triplet excitons, which
for photoexcitation experiments have to be formed via inter-
system crossing from the singlet manifold,28 evolves in two
fundamentally different migration regimes. First, motion is
governed by fast energy relaxation towards low-energy sites
inside the DOS. For the migrating triplet, neighbor sites that
qualify for the next jump, i.e., of lower energy, become
fewer with the elapse of more and more time after excitation.
This renders the diffusion(and concomitantlygTT) time-
dependent or dispersive, respectively, which itself asymptoti-
cally decays proportional tot−1 for any Gaussian-type
DOS.29–31 Furthermore, time-resolved transient triplet ab-
sorption studies prove that during the dispersive time regime
the triplet density itself is nearly constant,12 thus, the triplet-
triplet annihilation does not substantially reduce the initially
created triplet exciton reservoir. Therefore, the second, qua-
dratic term in Eq.(1) is constant and the decay of the ob-
served delayed fluorescence directly reflects the deceleration
of the triplet diffusion,gTTstd and consequently obeys an
algebraic law with an exponent close to −1. After a tempera-
ture dependent segregation timets, defined as

tssTd = t0e
scd/kBTd2 s2d

with t0 being a material constant andc,1, the mean energy
has settled −d2/kBT below the center of the DOS, character-
ized by a widthd. At this (temperature dependent) delay time
the diffusion due to thermalization within the DOS equalizes
thermal activated hopping. Now the nondispersive, classical,
regime is attained, which is described by a time-independent,
but temperature-dependent diffusion constant. According to
Eq. (1) with time-independentgTT the DF obeys an algebraic
decay law with exponent −2, which reflects the bimolecular
depletion of the triplet reservoir. Concomitantly, the triplet
densitynT decays with a slope of −1.12 Within this theory of
migration in an energetic DOS, the observed redshift of the
PF upon cooling is partly a consequence of the tempera-
ture-dependent energy relaxation within the DOS. A special
case applies at zero temperature. Because of the lack of ther-
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mal activation energy only diffusion due to thermalization is
possible, therefore the classical time-independent regime is
never achieved. Already at moderately low temperature
(typically ,100 K), depending on the width of the DOS the
segregation timets might be longer than the lifetime of the
hopping exciton. This hopping theory with its major features,
time-dependent exciton migration and energy relaxation, has
been successfully applied on conjugated polymers covering
both, singlets,32 and triplet excitons.12 In particular for the
DF due to TTA in amorphous polyfluorene, the two succes-
sive time regimes, characterized by decays proportional to
t−1 and t−2, respectively, could clearly be distinguished.12

This material independent, universal decay pattern is the fin-
gerprint of triplet-triplet annihilation in a Gaussian distribu-
tion of states.

In Figs. 7 and 8 the fluorescence decays of PFO and

PF2/6 thin films are shown together at 11 K and ambient
temperature, respectively. In these double logarithmic plots
each data point represents an integrated fluorescence spec-
trum, which was recorded upon accumulating spectra over
50 laser shots. Both PFO decays were excited selectively in
theb phase at 2.86 eV, therefore exciton migration from the
amorphous towards the low energyb phase does not inter-
fere with the measurements. Since we are mainly interested
in the delayed fluorescence kinetics, the initial nearly expo-
nentially decaying prompt fluorescence has been omitted in
all but the low-temperature curve of PF2/6. The latter dataset
is rather unique for conjugated polymers as it covers the time
span of eight orders in logarithmic time and the signal de-
cays by 13 orders of magnitude in intensity. The low tem-
perature DF kinetics itself are rather simple. Up to a few
nanoseconds the emission is dominated by the tail of the
nearly exponentially decaying prompt fluorescence, here
only simulated for PF2/6 using 300 ps lifetime, the radiative
singlet lifetime of theb phase is slightly shorter.13 Subse-
quently, for both polymers the decay of the DF due to TTA
asymptotically approaches an algebraic law with exponent of
−1.04. Consistent with Eq.(1) and assuming a nearly con-
stant triplet density, the latter(universal) exponent reflects
the decaying triplet diffusion in a Gaussian density of state.
Within the time period spanned by the graph, 100 ms, no
further turning point in the kinetics is observed. Therefore,
the classical equilibrium triplet migration regime is not real-
ized within these 100 ms at low temperature and diffusion is
achieved by thermalization towards low-energy states of the
DOS only. For further increased delay times both DF curves
feature an accelerated decay compared to the algebraic one
(not shown), which reflects the reduced triplet-triplet-
annihilation activity due to the monoexponential radiative
triplet decay, which for both polymers is of the order of one
second.12

Next, we pass over to the more complex kinetics observed
at ambient temperature. For the sake of comparison in Fig. 8
identical conditions(except of the temperature) as in Fig. 7
have been used. Again, after the prompt fluorescence decay,
the typical slope of −1.04 is observed at intermediate times
in both cases, which is caused by triplet energy relaxation—
even at room temperature. Subsequently, after dissimilar de-
lay times, each of the decays accelerates now obeying an
algebraic law with slope −2, which reflects the depletion of
the triplet reservoir according to Eq.(1). Note, in order to
realize the sudden depletion of the number of triplets as soon
as the triplet diffusion approaches a constant value, one
needs to think of the number of triplet jumps per unit time
that occur, which in a logarithmic plot rapidly increases once
equilibrium diffusion is attained, i.e., once the retarding ef-
fect of the decaying triplet diffusivity vanishes. For both
polymer films thermally activated equilibrium triplet migra-
tion is achieved at room temperature but after dissimilar seg-
regation timests. The time it takes to approach equilibrium
triplet diffusion increases from 250 ns to 10ms for the amor-
phous and theb phase, respectively. What is the significance
of the dissimilar segregation times? Apparent from Eq.(2),
two further variables influencets in addition to the tempera-
ture, the width of the DOSs, and the prefactort0. In fact,
from Fig. 3 theb-phase triplet DOS is obviously narrower

FIG. 7. Comparison of the PFO(directly excited in theb phase
at 2.86 eV) and all-amorphous PF2/6 delayed fluorescence decay at
11 K using thin film samples. In this double logarithmic presenta-
tion the solid lines refer to power law decays, characterized by an
exponent of −1.04. The exponential decay of the prompt fluores-
cence of PF2/6 is simulated using a lifetime of 300 ps. Note, the
relative emission intensity between both curves is arbitrary.

FIG. 8. Decays of the spectrally integrated, room-temperature
fluorescence of PFOslexc=2.86 eVd and PF2/6slexc=3.5 eVd thin
films. The solid lines refer to power law decay kinetics with slope
of −1.04 and −2, respectively. The data are arbitrarily scaled to each
other.
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compared to the amorphous DOS and therefore cannot ac-
count for the observed longer segregation time. The material
dependent prefactor of Eq.(2) describes the time that is
needed for a jump between two isoenergetic sites separated
by Rij

t0 = f6v0e
s−2aRij dg−1 s3d

with a being the inverse localization length of the triplet
exciton andy0 the attempt-to-jump frequency. If we assume
thata andy0 are identical for theb and the amorphous triplet
phase, it follows that the average site spacing for triplet
jumps in theb phase must be larger compared to the amor-
phous one. It is certainly misleading to assume that the site
spacing in the supposedly well-orderedb phase itself is
larger than in corresponding amorphous polymer films. How-
ever, theb phase does not form large connected areas but
rather isolated domains of 25–30 nm diameter within the
PFO film, which was recently shown by near field scanning
optical microscopy.25 Within such domains the triplet migra-
tion might be highly efficient. However,rate limiting for the
observation of long-lived delayed fluorescence due to triplet-
triplet annihilation is the triplet jump between separatedb
phase domains embedded in an amorphous PFO matrix. Ob-
viously, on account of its higher triplet energy, the amor-
phous PFO matrix cannot participate on theb phase triplet
migration, and therefore acts as an energetic barrier. To sum-
marize the above, the increased time it takes to approach
equilibrium triplet diffusion qualitatively reflects the larger
average separation of individualb-phase domains when
compared to the site spacing in an all-amorphous polymer
film. Concomitantly, the segregation time is a qualitative
measure of theb-phase level within the PFO film and in this
way is sensitive to the sample preparation protocol. Of
course a hypothetical polymer film that consists only of theb
phase will show a very short dispersive diffusion regime, due
to its reduced disorder, when compared to common conju-
gated polymers.

IV. CONCLUSIONS

In this contribution PFOb-phase spectra, including sin-
glet, transient triplet absorption, fluorescence, and phospho-
rescence are presented and analyzed, most have been mea-
sured using the selectively excitedb phase. Within the class
of conjugated polymers, the uniquely narrow transitions ac-
companied by very little excited state relaxation, together

with the intermediate energetic spectral positions between
amorphous polyfluorene and the fully planar polyparaphe-
nylene suggest an interchain extension of the conjugatedp
orbitals as opposed to just a simple increase in intrachain
conjugation length.

It is also clear that theb phase acts as an energetic trap
for both singlet and triplet excitons, originally photoexcited
on non-b-phase, amorphous, chain segments. Photoinduced
cw triplet absorption is found to be a very sensitive tool to
probe theb fraction in either liquid or solid PFO samples.
Using the latter technique it has been established that any
PFO thin film, even the so called “as spun” samples, contain
a certain amount ofb phase, which is partly already pre-
formed in solution. Further, using theb phase as an emissive
trap that sensitizes delayed emission from triplet-triplet an-
nihilation, we have shown that triplet as compared to singlet
migration is equally active at room temperature. For that
reason it has to be in general carefully checked whether
Förster transfer is the dominating population mechanism in
guest-host systems based on conjugated polymers. Thermally
assisted exciton migration could also be the rate-limiting
step.

Finally, the temperature-dependent delayed fluorescence
kinetics of the selectively excitedb phase have been given
and analyzed within a well-established framework of triplet-
triplet annihilation in a broad distribution of localized states.
Consistent with foregoing work on different polyfluorene de-
rivatives, we confirm that triplet migration is a thermally
activated hopping process. Further, the triplet migration is
dispersive for any delay time after excitation that is smaller
than a temperature-dependent segregation time. Time-
independent classical triplet migration is approached for
longer delay times. Inb-phase containing films, the segrega-
tion time, between dispersive and thermally activated migra-
tion, is strongly dependent on the separation between
b-phase domains and indicates thatb-phase content grows in
via further nucleation of sites as opposed to growth of larger
domains.
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