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Abstract The fundamental optical properties and processes that occur in the polyfluo-
renes are discussed. Details are given on the production of singlet and triplet excitons,
their emissive decay channels via fluorescence and phosphorescence and non emissive
decay via quenching, together with exciton lifetime and quantum yields of production.
The interaction of excitons in these polymers is then discussed at length describing exci-
ton migration dynamics, exciton-exciton annihilation processes and delayed fluorescence
and the trapping of excitons at defect sites. Photogenerated charge state production is
described along with intra-chain charge transfer states in fluorene co-polymers. Finally,
sections describing the optical properties of the beta-phase of polyfluorene are given
along with amplified spontaneous emission which occurs at high beta phase exciton pop-
ulations.
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1
Basic Optical Properties

As the archetypical “blue” emitting polymer, polyfluorene has been studied
extensively using a wealth of optical techniques to elucidate its photophysical
properties. Moreover, as it is a simple homopolymer that can be synthesized
to very high purity, it offers a unique platform to help us understand many
aspects of the excited state behavior of conjugated polymers in general. Here
we address the main properties associated with excited state, i.e. exciton, be-
havior and the many possible interactions between excitons that can occur,
although this is by no means an exhaustive review.

1.1
Absorption

Measuring the steady state optical absorption and emission properties of
any luminescent polymer is the most basic but fundamental photophysi-
cal measurement we can make. Figure 1 depicts both the absorption and
emission spectra for a series of polyfluorene oligomers and poly[9,9-di-n-(2-
ethylhexyl)fluorene] (PF2/6), along with the fully rigid ladder type MeLPPP.

Upon photo-excitation, any excess vibrational energy of the fluorophores
is transferred to their environment on a subpicosecond time scale [1].
Through this process of vibrational cooling, emission originates from the
N S? transition in accordance with Kasha’s rule, causing a Stokes shift,
i.e. an energy separation between the peak in absorption and peak of
emission. After this rapid vibrational relaxation the polymer can undergo
further structural relaxation and exciton migration through the energetic
disorder [2-4] of the bulk polymer causing an additional (“apparent”)
Stokes shift. These latter processes also break the mirror symmetry be-
tween S} — S and S <S¢ spectra (absorption and emission) as ab-
sorption is an instantaneous process allowing all possible states to ab-
sorb, whereas on the whole only the lowest energy states emit. Thus,
absorption spectra of conjugated polymers are commonly structureless
and broad, whereas emission spectra can be well-resolved even at room
temperature.

From Fig. 1 it can be seen that as the number of repeat units increases both
absorption and emission energies red shift but saturate at around 5-7 repeat
units, also the Stokes shift decreases for longer oligomers. This is a result of
the strong influence of ring rotations on the excited states and the degree to
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Fig.1 The steady state absorption and emission spectra of (a) methyl ladder
type polymer, MeLPPP (b) poly[9,9-di-n-(2 ethylhexyl)fluorene] (PF2/6, n ~ 60) (c),
pentafluorene (d) trifluorene and (e) monofluorene measured in dilute toluene solu-
tion are compared. The insets depict the chemical structures of each. All spectra were
measured in dilute MCH solution

which the rings are free to rotate has a large impact on transition energy, vi-
bronic structure and Stokes shift [4, 5]. This is most clearly exemplified by the
fully rigid analogue of PF2/6, ladder type MeLPPP, where no ring rotations
can occur. Here the spectra are red shifted with respect to PF2/6 and also both
absorption and emission bands are highly structured, but there is virtually
zero Stokes shift.

1.2
Emission

Comparing thin film to solution state, we find that there is very little change to
the absorption spectrum apart from a small red shift of the whole absorption
band, although in solution the band position can be both solvent and time de-
pendent due to conformational changes of the PF backbone in solution [6].
Typical emission spectra of PF2/6 100 nm film at both 295K and 20K, ex-
citation at 3.5 €V (10 uJ, 200 ps pulse excitation) are shown in Fig. 2. At low
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temperature, the clear vibronic replicas of the electronic transition centered at
2.925 eV are seen. At room temperature this progression is still clearly visible
but not as well resolved. A constant energy separation of 175 meV is observed
which is associated with a C = C bond stretching mode [7], although high-
resolution site-specific fluorescence measurements reveal each replica to be
made up of at least three distinct modes [2]. One also sees the characteris-
tic increase of quantum yield at low temperature, rising from ca. 0.3 at 295K,
as measured in an integrating sphere at room temperature [8] to 0.7 at 20K
obtained by comparing areas under the emission spectrum for an estimate
of the yield at 20 K. It should be noted also that these values vary greatly
between different samples of polyfluorenes and the history of the polymer be-
fore measurement. Spectra measured in solution are very similar to that seen
in films at low temperature [4].

The lack of mirror symmetry between absorption and emission is indica-
tive of nuclear displacements following excitation [9]. Differences in ground
and excited state geometry lead to conformational rearrangement and, for
solution samples, to local solvent relaxation following excitation. Both Sluch
et al. [10] and Karabunarliev et al. [5,11] report that the excited state po-
tential of conjugated systems favors ordered planar structures much more
strongly than in the ground state. A high degree of torsion [12, 13] between
the repeat units and a wide distribution of torsional angles translates directly
into a high excited state energy [14] and large energetic spread of excited
states (density of states distribution, DOS). Rapid energy relaxation down the
DOS gives rise to a red-shift of the emission energy. Consistent with theor-
etical prediction, the experimentally observed Stokes shifts are pronounced
for the highly twisted polyfluorenes and polyphenylenevinylenes (PPV) [13]
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Fig.2 Room temperature and well resolved 20 K thin film fluorescence spectra of PF2/6
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in contrast to the extremely low Stokes shift observed for molecules chem-
ically forced into a planar conformation, i.e. rigid-rod polyparaphenylenes
(LPPPs) [15] as seen in Fig. 1. Exciton migration through the DOS will also
lead to energetic relaxation and spectral red shifts and will be discussed in
Sect. 2.

The planarity of PF2/6 can be controlled by the local environment via its
bulky side groups. In Fig. 3 the absorption and emission spectra of dilute
PF2/6 in MCH is shown at room temperature and at 77 K (MCH being an ex-
cellent glass forming solvent). It is clearly seen that in the low temperature
glass, steric distribution and reorganization is hindered and so the absorp-
tion band becomes structured and the emission band features sharpen [4].
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Fig.3 Excitation and emission spectra of PF2/6 in dilute MCH solution at 295K (a) and
77 K (b). Excitation wavelength of the fluorescence measurements was 380 nm
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More importantly, the ratio of the intensity of the 0-0 to 0-1 vibrational
modes increases. This indicates a decreased Huang-Rhys factor and is as-
cribed to a low configurational relaxation in the excited state [16]. Thus,
torsional motion is hindered by the viscosity of the solvent (glass) and so the
excited state has a geometry very similar to that of the ground state. This is
also seen in the rigid rod ladder polymer, Fig. 1, where torsional motion is
prevented by the inter chain bridging bonds. In this case the line width is
narrower but still inhomogeneously broadened, which arises as a result of
polydispersity of conjugation lengths and dynamic variation of conjugation
lengths [13].

13
Fluorescence Lifetime

For most luminescent polymers fluorescence lifetimes lie in the range of
100 ps to 2 ns with multiple decay components, and so the most accurate way
to measure this is by the time correlated single photon counting (TCSPC)
technique. This is one of the most popular methods to determine excited state
lifetimes. The technique makes use of modern pulsed lasers with a very high
repetition rate (~80 MHz), typically mode locked Ti:Sapphire lasers. A por-
tion of the excitation pulse is used to generate a START impulse for a time to
amplitude converter (TAC) and the remaining light used to excite the sam-
ple. The first detected photons emitted by the sample are then sampled by
a constant fraction discriminator to generate a pulse that STOPs the TAC.
A signal proportional to the elapsed time between START and STOP sig-
nals is then produced and the event collected in a memory location with an
address proportional to the detection time. After averaging many 1000s of
pulses, a histogram of the emission decay is built up which represent the de-
cay curve of the emission. An excellent review on the technique has be written
by Becker [17].

Polyfluorenes, like other luminescent polymers show complex fluorescence
decays both in thin film and solution, with minor amplitude fast rise and
decay components together with a predominant decay time. Although there
is still some controversy regarding the origin of the fast components, there
is already strong evidence that fast conformational relaxation and energy
migration are the cause of this complex behavior. For example, poly(9,9-di-
n-octylfluorene) (PFO), usually shows a complex decay where sums of two or
even three exponential functions are required to achieve excellent fits. This
also depends on emission collection wavelength as well.

As a typical example, Fig. 4 shows the decay of PFO in dilute (107> M)
toluene solution with the emission collected at two different wavelengths.
A fast component of around 16 ps is found which is more important (greater
amplitude) on the onset of the emission band (blue edge), and loses impor-
tance when going to longer wavelengths (red edge). Depending on viscosity
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Fig.4 Time-resolved fluorescence emission decays of PFO in toluene solution obtained at
295 K, with emission collected at 400 nm and 540 nm. Also shown is the instrument re-
sponse function (IRF) which is deconvoluted with the decay fits to yield a time resolution
of 3 ps for the fitted decays

and temperature, this component also appears as a rise time (negative am-
plitude) when the decay is collected in the emission tail and is the signature
of fast conformational relaxations of the polymer backbone. In the rigid lad-
der polymer, MeLPPP, such fast rise and decay components are not observed,
whereas in small fluorene trimers (in dilute solution where processes such
as energy migration are not possible) the fast decay and rise components
can be readily observed [4, 18, 19]. A minor intermediate component is also
observed around 90 ps, which loses importance when going from short to
longer emission wavelengths, and is ascribed to weak quenching at impu-
rity sites. A predominant decay time around 360 ps is observed independent
of the emission wavelength and attributed to the PFO fluorescence lifetime.
Given that the typical PLQY in toluene is 0.8, gives a radiative lifetime of ca.
450 ps. A fast rise of the emission, before decay takes over is clearly observed
when the emission is collected at 540 nm. Table 1 summarizes the fitting re-
sults, decay times and amplitudes, obtained from time resolved fluorescence
decays of PFO in toluene solution and in other organic solvents.

In thin films a similar pattern is observed at short wavelengths, see Fig. 5.
The decay is composed of a sum of three exponentials, see Table 2. However,
at very long wavelengths, the decay is almost completely dominated by a long
component of around 3 ns, attributed to the presence of photooxidized, keto
defects or other emissive defects, which are very easily populated by efficient
energy migration. This is described in Sect. 1.6. The fast component appears
as a rise time of the emission intensity and a component with 349 ps indicates
the PFO lifetime.
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Table 1 Decay times and amplitudes obtained from time-resolved fluorescence decays of
PF2/6 and PFO

Compound  Solvent Aem (nm) 73 (ps): (A3) T2 (ps): (A2) 71 (ps): (A1)
PF2/6 MCH 400 40: (0.11) - 371: (0.89)
446 41: (- 029) - 373: (1.00)
PFO MCH 400 15: (0.49) 71: (0.07) 340: (0.44)
toluene 400 16: (0.54) 89: (0.07) 363: (0.39)
540 16: (-0.10) - 360: (1.00)
chloroform 417 360: (1.00)
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Fig.5 Time-resolved fluorescence emission decays of PFO films obtained at 295K, with
emission collected at 425 nm and 580 nm. Again IRF also shown

Table2 Decay times and amplitudes obtained from time-resolved fluorescence decays of
PFO in film

Aem (nm) 73 (ps): (A3) w2 (ps): (A2) 7 (ps): (A1)
PFO film 425 36: (0.57) 109: (0.41) 403: (0.02)
580 28: (- 0.25)  349: (0.28) 3050: (0.72)
14
Phosphorescence

For all device applications based on organic materials, the energy of the first
excited triplet state is of great importance as it is this state that is mainly
populated during electrical excitation i.e. via charge recombination [20-22].
An obvious way to measure the triplet energy is by phosphorescence (Ph) de-
tection, i.e. detection of the radiative decay of the first excited triplet state to
the singlet ground state. This however, is not easy for most of the polyflu-
orenes, as the transition is formally spin forbidden. In consequence, the
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radiative lifetime of the triplet state is, under most experimental conditions
much longer than the non-radiative lifetime thus diffusion activated triplet
quenching dominates the decay of the state. To get around this, triplet dif-
fusion has to be restricted, usually by performing the measurements at low
temperatures, typically below 20 K. Under continuous excitation, the consid-
erably stronger fluorescence long wavelength tail would completely mask the
weak phosphorescence signal. Therefore, pulsed excitation in combination
with highly sensitive gated spectroscopy has to be applied, where the collec-
tion of the spectrum starts some micro- or milliseconds after the excitation
pulse [23-25]. Alternatively, a non-optical excitation method can be used
such as pulse radiolysis-energy transfer to measure triplet energies, especially
in cases where no phosphorescence can be detected [26, 27].

Figure 6 shows a typical delayed luminescence spectrum of PF2/6 thin film
after optical excitation. Delayed fluorescence, which appears at the identical
spectral position (2.925 €V) as the prompt fluorescence, see Fig. 2, arises as
a result of triplet-triplet annihilation, discussed in Sect. 3.2. The phosphores-
cence spectrum peaks around 2.2 eV, which sets a lower limit for the triplet
energy of polyfluorene. Very similar spectra have been recorded in frozen so-
lutions [24, 28], or using electrical instead of optical excitation pulses [25],
and for nearly all other polyfluorene derivatives [23,29]. Triplet formation
in polyfluorenes has been confirmed to be solely via the process of inter
system crossing [30] and as the spin orbit coupling of the homopolymer is
very low explains why triplet yields are very low in polyfluorenes and most
other luminescent polymers [31]. Recently, King et al. succeeded in meas-
uring the triplet yield and intersystem crossing rate for a polyspirofluorene
directly in both solution and thin film at low temperature, by developing
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Fig.6 Delayed luminescence spectrum of a PF2/6 film taken at 20 K with 30 ms delay after
excitation and 30 ms detection window. Excitation was provided at 355 nm with 170 ps
pulse width using a Nd:YAG laser
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a technique based on the femtosecond to nanosecond time resolved meas-
urement of ground state recovery. In solution the triplet yield was found to
be 0.05 4 0.01 with a rate, kisc = 5.4 x 107 s71, in films this rises to 0.1240.02
and is temperature independent. The difference is ascribed to triplet forma-
tion from photo generated charge state recombination, see Sect. 3.1. This new
methodology gives a powerful way to study triplet creation in films for the
first time [32].

As noted above, normally the ISC rates in all luminescent polymers and es-
pecially the polyfluorenes are very low giving triplet yields of less than 0.05.
However, there is one special case when the ISC of the polymer can reach
ca. 1. This is in the presence of a heavy atom containing dopant, typically an Ir
based metal-organic complex. In these guest-host systems, even at low dop-
ing levels, the spin-orbit interaction between polymer chain and complex,
mediated by 7= wavefunction overlap, is a resonantly enhanced long range
spin-orbit coupling, effective over very large distances. Thus, the spin-orbit
coupling on the polymer back bone in the region close to a dopant is very
high causing fast efficient ISC. This leads to rapid fluorescence quenching of
the excited polymer and concomitant high triplet population, with a yield
approaching 1 [33].

Because of its spin-forbidden nature, the decay rate of the first excited
triplet state is extremely low, and very difficult to quantify accurately. What
can be measured is the phosphorescence lifetime. Typical long time decays for
a poly(bi-spirofluorene) (PSBF) are shown in Fig. 6.

In order to arrive at meaningful (exponential) decay rates in such experi-
ments, non-linear triplet quenching by diffusion, has to be avoided. For ex-
ample, the initial accelerated decay in Fig. 7 is caused by bimolecular triplet-
triplet annihilation dominating the decay of the triplets. Similarly, a faster
decay is observed at higher temperature, where triplet exciton diffusion to
quenching sites is faster than monomolecular decay. Nevertheless, by using
low temperatures and low excitation doses exponential decay kinetics are ob-
served yielding radiative decay rates as low as ~1s7!, which sets an upper
limit for the triplet excited state lifetime [28, 34].

Of course the triplet lifetime could also be determined by probing the tran-
sient triplet absorption signal as a function of time [24, 30], see Sect. 1.5.2.
In practice however, the very low signal to noise ratio of such experiments
requires the use of rather high excitation doses, which can make triplet an-
nihilation the dominant decay mechanism even in dilute solutions.

The polarization of the phosphorescence of polyfluorene is also of inter-
est because it provides a clue to the quantum mechanical wavefunction of
the triplet state and its relationship with the singlet ground state. In com-
mon with most planar aromatic systems, the phosphorescence is found to be
predominantly polarized out of the plane of the phenyl rings [35]. This orien-
tation of the triplet state perpendicular to the singlet is particularly important
when considering the energy transfer between singlet and triplet states or
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Fig.7 Phosphorescence intensity as a function of time for a PSBF thin film after pulsed
optical excitation and for two temperatures as indicated. The solid lines are exponential
fits to the late part of the data sets yielding an estimate for the phosphorescence lifetime

the rates of triplet formation by intersystem crossing and the radiative de-
cay rate. The spin forbidden nature of the triplet means that the crossing to
the triplet state and its radiative decay are only allowed by mixing of the state
with some states of singlet character. The predominantly out of plane nature
of the first triplet state compared to the in plane nature of most of the singlet
states makes mixing difficult and the rates of triplet formation and radiative
decay concomitantly low.

1.5
Transient Absorption

As with the ground state of a molecule, the excited states also have charac-
teristic optical absorption. In a simple system such as the polyfluorene ho-
mopolymers, these excited state absorptions can be characterized into three
groups, the singlet excited state absorption, the excited state absorption of
the first triplet state and the absorption of charged species. The techniques of
excited state absorption spectroscopy are particularly useful for investigating
non-emissive species such as triplet and charged states and generation from,
and interaction with, singlet state. The techniques are also of interest to the
device physicist as they are often used to investigate the exciton processes in
devices.
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1.5.1
Singlet Excited State Absorption S1-S,

In common with other conjugated polymers the excited state absorption of
the singlet state in polyfluorene homopolymers is a sharp feature peaking
just below 1.6 eV shown in Fig. 8. Singlet excited state absorption spectra are
typically measured with an ultrafast pump probe system, which can resolve
spectra and decays with sub-picosecond resolution [36,37]. Verification of
the feature as the singlet excited state induced absorption has been made
by favorable comparison between the decay and excitation dependence of
the absorption with the stimulated singlet emission signal and the fluores-
cence lifetime [38-41]. The excited state absorption of the singlet exciton has
been used by many researchers to probe the population of singlet excitons
in a number of different types of experiments where it is not possible to use
more conventional fluorescence measurements such as at high excitation den-
sities [41,42], in device structures [39] or most pertinently, where ultrafast
time resolution is required [43-45].
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Fig.8 The excited state absorption of the singlet exciton in PF2/6; the spectra are collected
at different delay times after excitation to measure the decay of the state

1.5.2
Triplet Excited State Absorption T1-T,

The transient triplet absorption for the common polyfluorene PF2/6 is shown
in Fig. 9, the spectra was measured by quasi-cw photoinduced absorption.
This lock-in technique allows the absorption of long-lived states to be meas-
ured with high sensitivity. It is possible to estimate the lifetime of the state
using the quasi-cw experiment [46]; however, more accurate methods in-
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Fig.9 Excited state absorption spectrum of the triplet exciton of PF2/6

cluding flash photolysis and single wavelength nanosecond photoinduced
absorption are preferable given the possibility of multiexponential decays
and bimolecular interactions such as triplet-triplet annihilation [24, 28]. Al-
though the peak position at 1.65 eV appears similar to the absorption of the
singlet excited state, the feature is confirmed as the absorption of the triplet
state by analysis of the lifetime in aerated and degassed solutions. The lifetime
is quenched from ~2 ms to 200 ns when oxygen is present in the solution,
confirming that the state is of triplet multiplicity [23, 30, 47, 48]. In frozen so-
lution the dynamics of the triplet induced absorption compare favorably with
the lifetime of the phosphorescence, also confirming the feature as the triplet
induced absorption.

1.5.3
Absorption of the Polyfluorene Charged State (Polaron)

In addition to singlet and triplet excitons there is the possibility that under
certain excitation conditions in thin film samples, notably high excitation
powers, formation of other long-lived excited states is possible, these are
charged species where enough excess energy after photoexcitation causes the
electron and hole of the exciton to separate [49] leading to the formation of
a pair of polaron-type charge states on adjacent chains, with the opposite sign
of charge to conserve overall charge neutrality [50]. Polarons here being elec-
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Fig. 10 Transient absorption spectrum of the polyfluorene charged state, in this case free
carriers were generated by highly efficient singlet-singlet annihilation; similar spectra are
obtained by field induced quenching of polyfluorene singlet states

trons (or holes) coupled to chain deformations [51]. Often these states are
“dark” in that they do not directly decay resulting in the emission of light
and as such, they are best investigated by absorption techniques. In solution
it is also possible to generate charge species, for polyfluorene homopolymers
these are a positively charged state of the polymer molecule, i.e. the radical
cation, which can be formed by an electron transfer reaction with a strongly
electron accepting solvent, such as chloroform. In addition charge states can
be formed in thin films of polyfluorene by exciton dissociation in an ap-
plied electric field [52] or bimolecular annihilation of singlet excitons [41],
the spectrum obtained for the charge states in solid state is also shown in
Fig. 10 and this topic is covered in detail in Sect. 3.1.

1.6
Defect Emission

The high fluorescence quantum yield and good thermal stability makes
polyfluorenes (PF) one of the more stable blue emitting luminescent poly-
mers. However, it has been observed that light-emitting devices based on
polyfluorene tend to degrade showing an undesirable green emission ac-
companied by an overall decrease of the luminescence intensity [53]. First
attributed to interchain interactions such as aggregates and excimers [54],
and later explained as resulting from oxidative (keto) defects formed along
the polymer backbone and quenching the PF emission [55], the origin of the
green emission is still a source of debate within the conjugated polymer com-
munity [56, 57]. Figure 11 shows the effect of annealing a PF2/6 film (100 °C
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Fig. 11 Fluorescence emission spectra of PFO films obtained at 295 K after being annealed
under air

in air), the intensity of the PF emission decreases and a green emission peak-
ing around 530 nm grows over annealing time, showing an isoemissive point
around 504 nm.

Synthetic fluorene/fluorenone copolymers [58] show fluorescence emis-
sion that matches very well that of degraded films giving strong support to the
relation between keto defects and the green emission [57, 59]. Figure 12 shows
the emission spectrum of PFO, 9-fluorenone and of a fluorene-fluorenone
copolymer with 25% fluorenone groups randomly distributed along the poly-
mer backbone in dilute toluene solution. The green emission does not match
that of the simple 9-fluorenone emission, it appears at shorter wavelengths
and shows a significantly lower intensity. The PFO emission intensity shows
a pronounced decrease when in the presence of fluorenone in the copoly-
mer chain, however this quenching effect does not occur when PFO and
9-fluorenone are simply mixed in solution.

The green emission appears at the expense of PFO emission, indicating
that it is quenched by on-chain defects formed between the 9-fluorenone
“keto” repeat units and their nearest neighbor fluorene repeat units, form-
ing a delocalized charge transfer state (CTS defect) which decays radiatively
to give the green emission [57, 59]. Figure 13, shows the decrease of the PFO
emission intensity with increasing the fraction of 9-fluorenone repeat units
randomly distributed along the polymer backbone, note the isoemissive point
observed around 500 nm, between the PFO and green emissions.

Similar CT states can be formed when PF chains are copolymerized with
good charge acceptors. This strategy is now frequently used to improve the
charge balance in devices and can have profound impact on the photophysics
of these materials via the creation of emissive charge transfer states. Fig-
ure 14 shows the absorption and emission spectra, in toluene and chloroform,
two solvents with different polarity, of PFO containing dibenzothiophene-



202 A. Monkman et al.

1.2 T T T T T T

1.0+ 1

0.8

0.6+

Intensity (a.u.)

0.2}

OO 1 I L
350 400 450 500 550 600 650 700
Wavelength (nm)
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Fig.13 Fluorescence emission spectra of fluorene-fluorenone copolymers with different
9-fluorenone fractions

S,S-dioxide (S) units randomly distributed along the co-polymer backbone
(PES) [60]. The S units are good electron acceptors and charge transfer be-
tween the fluorene moieties (F) and the S units occurs during the PFO excited
state lifetime. The charge transfer reaction is controlled by the polarity of the
surrounding medium and potentially stabilized by conformational changes
of the copolymer backbone. As a result the emission profile of PFS copoly-
mers changes from the typical well-resolved blue emission to a broad and
red-shifted emission peaking around 460 nm, when going from non-polar to
polar medium.

In the solid state, see Fig. 15, the emission of PFS copolymers also appears
dependent on the S content. For high S percentages, the emission appears
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Fig.15 Normalized fluorescence emission spectra of spin coated thin films on quartz
substrates. From bottom: PFSg 0, (9 mg/mL), PFSq o5 (11.2 mg/mL), PESq 15 (9.6 mg/mL),
PFSp3 (8.3 mg/mL)

structureless, as it is in a polar medium, but when the S content is low or
absent, the emission is structured, as it is in a non-polar environment.
Although the fluorene units are non-polar, the dipole moment in the
ground state of the S units is around 5.7 D and the charge transfer reaction
increases this value in the excited state. Dipole-dipole interactions between
ESF regions in the ground and excited states will thus interact with surround-
ing S groups of the polymer matrix especially at higher S levels leading to
a larger inhomogeneous broadening effect on the emission spectrum of the
polymer CT state; at low S levels, the effect is obviously reduced or even
non-existent. Thus, the incorporation of co-repeat units that have strong
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acceptor or donor character can form stable CT excited states which pro-
foundly alter the photophysics of the co-polymer as compared to the parent
homopolymer.

2
Exciton Dynamics

2.1
Singlet Migration

The theoretical framework for exciton migration was established by Béssler
and co-workers [61] and in the time-dependent experiments in solid state
by Richert et al. [62] and Meskers et al. [2]. Here, energy transfer is asso-
ciated with an exciton “hopping” motion between localized energetic sites
along with initial early time longer range jumps and Forster energy transfer.
If initially created with random energy within the inhomogeneously broad-
ened DOS, excitons will preferentially migrate to sites of lower energy, i.e. to
the tail states of the DOS. Such down-hill migration is naturally associated
with a shift of the average emission energy. For every finite temperature, en-
ergetic relaxation terminates once thermally assisted jumps become equally
probable to non-assisted jumps to lower energy sites. After this relaxation
time no further energetic relaxation is expected. The final emission spectrum
is red-shifted and well resolved. The process is also dispersive, as each hop re-
duces the energy of the exciton, it will take longer for the exciton to be able
to make a subsequent jump, thus the hopping decelerates giving a non-linear
rate for the process. The main problem with measuring the dynamics of sing-
let exciton migration is the short period over which the exciton lives before
decaying, i.e. several 100 picoseconds to a few nanoseconds. This makes it
very difficult to make accurate measurements of the full migration dynam-
ics [63]. To this end, we have found that it is much more informative to study
these processes on slower time scales afforded by studying triplet exciton
migration which is discussed in the next section. However, by way of illustra-
tion to the complexity of the dynamics of singlet excitons, Fig. 16 shows the
temperature dependence of Forster transfer between PF2/6 and a tetraphenyl
porphyrin dopent [64]. Whereas the dipole-dipole coupling mechanism un-
derlying Forster energy transfer [65] is independent of temperature, excitons
at finite temperate may hop and so migrate to within the Forster radius of
a trap. At room temperature this gives rise to an anomalously large Forster
radius which is seen to decrease at low temperatures. From these measure-
ments an estimate of the hopping rates for singlet excitons in polyfluorene
can be derived, at 20 K 0.43 40.15 nm?/ ps and at room temperature, 1.44 +
0.25nm?/ps. These values translate into diffusion lengths of 12 nm at 20 K
and 22 nm at room temperature. Similar complex migration dynamics are
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Fig. 16 Temperature dependent emission intensity from TPP dopants in a PF2/6 host. The
host is optically excited and the TPP guest is populated by a combination of Forster trans-
fer and exciton migration. Data is corrected for the temperature dependencies of the host
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also found when studying exciton migration to on-chain keto defects, show-
ing the complex nature of exciton motion in polyfluorenes [66].

2.2
Triplet Diffusion

As we have seen so far, the photophysics of polyfluorenes (and all conjugated
polymers) is dominated by their inherent energetic and spatial disorder. This
twofold disorder gives rise to time-dependent exciton diffusion i.e. disper-
sive diffusion so there is no single diffusion constant for the migration of
excitons in these polymers. For singlet excitons who have rather short life-
times, typically a few hundred picoseconds this is hard to show experimen-
tally, but with triplet excitons which have much longer lifetimes this type of
migration dynamics can be studied in detail and several earlier theoretical
works [62,67] on non-equilibrium diffusion and energy relaxation in local-
ized state distributions have successfully been applied to triplet diffusion in
polyfluorene derivatives [24, 68,69]. In the framework of these theories the
triplet diffusion is treated as a series of incoherent jumps among spatially and
energetically localized states. Jumps downhill in energy only depend on the
spectral separation of the sites, uphill jumps additionally require thermal ac-
tivation energy. After pulsed excitation at random energy within the Gaussian
DOS the diffusion of the triplet excitons evolve in two fundamentally differ-
ent migration regimes. Firstly, motion is governed by fast energy relaxation
towards low energy sites within the DOS. For the migrating triplet, neigh-
boring sites that allow a next jump (with a lower energy) become fewer after
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each successful jump. Consequently, successive jumps to even lower energy
sites take longer with the elapse of more and more time after excitation. This
renders the diffusion time-dependent or dispersive. The exact behavior of the
diffusion, D(t), is strongly dependent on the width of the DOS and the avail-
able thermal activation energy, i.e. the temperature of the environment, and is
not trivial to cast into an explicit analytical expression. Nevertheless, at zero
temperature the following expression has been derived [67]:

D(t) (1)

~ tn(vet)

which can be approximated by D(t) ~ t1* in the long time limit [70].

The time scaling factor vy represents the attempt to jump frequency of the
triplet. During this dispersive thermalization period the same zero tempera-
ture treatment predicts a temperature independent relaxation of the average
energy &(t) relative to the center of the Gaussian DOS, which in a simplified
version yields [67]:

e(t) ~—o [ln (ln vot)]l/z as t— o0. (2)

Therefore, the relaxation is proportional to the width of the DOS, o. Further-
more, the time dependent relaxation of the phosphorescence can be measured
to actually determine the true width of the triplet DOS of polyfluorene as
shown in Fig. 17.
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Fig.17 As the triplet exciton energetically relaxes with increasing time after excitation the
Ph spectrum shifts accordingly to lower energies. Here, the peak energies of the phos-
phorescence spectra of a PF2/6 thin film optically excited at 20K are plotted according
to Eq. 2. The slope yields the true width of the triplet DOS, for polyfluorene ~40 meV.
Details are given in [24]
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An important implication from Eq.2 is that the observed phosphores-
cence spectra are (always) already relaxed within the time resolution of the
measurement of phosphorescence spectra. Therefore, the true triplet energy
(center of the triplet DOS) is always higher than the apparent phosphores-
cence spectra, which sets a lower limit only. For PF2/6 the true triplet level is
calculated to be 2.26 eV instead of the observed ~2.15 eV [24] from phospho-
rescence measurement. This higher value however agrees very well with that
measured using the pulse radiolysis energy transfer technique which yields
triplet energies in the initial unrelaxed state [71].

Even at T # 0 the excitons, which at t = 0 are excited at random within the
DOS, initially thermalize to lower energy sites, accordingly in this time period
Egs. 1 and 2 are still valid. However, for finite temperature the diffusivity
will approach an equilibrium value after a certain delay time. At this (tem-
perature dependent) segregation time, f;, the diffusion due to thermalization
within the DOS equalizes the thermally activated hopping; afterwards triplet
migration is governed by thermally assisted jumps. Now the non-dispersive,
classical, regime is attained, which is described by a time-independent, but
still temperature dependent, diffusion constant, D. An analytic expression
for the segregation time was calculated as [24]:

t(T) =ty e<"l€36T) (3)

with ¢=2/3 for three-dimensional migration [24] and #; is related to vo
and denotes the dwell time for triplets that migrate through a hypothetical
isoenergetic (8 = 0) equivalent structure. Whilst the energetic relaxation as
a function of temperature and time of the triplet exciton can be well observed
by monitoring phosphorescence spectra, it is more difficult to measure the
time or temperature dependent diffusion rate directly. This can only be done
indirectly, for example by studying the time dependent emission of emissive
triplet acceptors [69]. The triplet diffusion is also the key parameter to un-
derstand the dynamics of migration activated triplet-triplet annihilation. For
polyfluorene derivatives this issue has been studied in some detail [69] and
will be considered in Sect. 3.2.

23
Defect Trapping

Time-resolved fluorescence studies of fluorene-fluorenone copolymers in di-
lute toluene solution, enable us to identify different time regimes in the
photoluminescence (PL) decay. Figure 18 shows the results of a maximum
entropy method (MEM) analysis of the PL decays of fluorene-fluorenone
copolymers [58] collected at the fluorene emission wavelength [66]. The dif-
ferent time regimes of the PL decay are associated with different kinetic
species which migrate to the defects, most typically these are the CTS defects
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Fig.18 Maximum entropy method (MEM) analysis of PF2/6 and PF/FLx copolymers.
For PF2/6 only a narrow distribution is observed at 360 ps. For PF/FLx copolymers, to-
gether with the distribution 60 ps, two additional distributions are observed around 20
and 100 ps

(at keto sites) formed between the fluorenone groups and the nearest neigh-
bor fluorene units, these defects are the acceptors of energy transfer from the
polyfluorene donor, alternatively they could be dilute co-monomer units or
even intentional dopants. This gives rise to various quenching mechanisms
for the fluorene singlet exciton with the quenching occurring in these differ-
ent time regimes as follows; (1) slow-quenched fluorene singlet excitations
(PFgslow), fluorene excitations located far from the traps but free to move
along the polymer chains by energy hopping eventually reach a quenching
center, (2) unquenched polyfluorene singlet excitations (PFunq), and (3) fast-
quenched polyfluorene singlet excitations (PFys,) where the exciton is cre-
ated close to a trap and undergoes rapid energy transfer to the trap.

Figure 18, shows the representation of the quenching rate constants asso-
ciated with both slow (k;) and fast (k;) quenching time regimes, also shown
is the result from PF2/6 with negligible trap content showing a well-defined
single exponential decay time. In the case presented, the slower quenching
regime (k; = 1.2 x 10!! s7!) is dependent on the fluorenone fraction, such that
with increasing Q it becomes more probable that an excitation finds a CTS
defect, analogous to what happens in a diffusive quenching process.

The determination of the quenching rate constant associated with the
fast regime k;, suggests that k, can qualitatively be fitted with Eq. 4, with
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regime shows a linear dependence with the fluorenone content. The fast time regime sug-
gests an exponential dependence with fluorenone fraction, compatible with a short range
mechanism

ko = 0.12 ps~! and & = 0.006, where ko represents the maximum rate constant
and « is a parameter without physical meaning, and suggesting the process is
described by the Dexter electron exchange mechanism [72]

k>(Q) = koe Q. (4)

Increasing Q, would decrease the average minimum distance between a self
localized PFy 5 excitation and a possible CTS defect, which suggests that
Eq. 4, simply describes the qualitative dependence with distance for the Dex-
ter electron exchange mechanism kgt = ko e R where k is the maximum rate
constant for energy transfer, occurring when donor and acceptor are at the
“collision” distance Ry and R is the separation between donor and acceptor
when they are further apart than Ry.

The fact that fitting k, with Eq. 4, leads to ko equal to ki, suggests that what
is in fact controlling the quenching process is not the energy migration along
the chain but instead the energy transfer from PF units to the CTS defects.

24
Amplified Spontaneous Emission

In the literature there are extensive reports on the observation of amplified
spontaneous emission (ASE) of polyfluorene [73-76]. ASE occurs at high
excitation intensities when it is possible to create a transient excited state
population which is greater than the population of the lower lying state to
which it radiatively decays, i.e. forming a population inversion. If there is
some feedback mechanism of emitted photons, stimulated emission can build



210 A. Monkman et al.

1.0
— high dose
, 081 —=—low dose
:‘é‘
]
S 0.6
©
>
D 0.4
g
£
0.2-
0.0 ; /J meae

18 20 22 24 26 28 30 32 34 36
Energy /eV

Fig.20 Normalized emission spectra of a PF2/6 film at 20 K after optical laser excita-
tion with a high and a low pulse intensity of 170 ps duration. The first vibronic overtone,
2.75 eV, of the polyfluorene spectrum undergoes ASE

up and dominate over spontaneous emission. In polymer thin films this is
most likely to arise by waveguiding and internal reflection at the substrate
interface [76]. However, most of the work has focused on PFO, which is some-
what of a special case and not typical for polyfluorene derivatives, as it has
a propensity to form different phases which will be discussed in Sect. 4. As for
many other conjugated polymers, typical polyfluorene derivatives, notably
PF2/6 and PSBE, ASE exclusively occurs at the energetic position of the first
vibronic overtone, i.e. around 2.75 €V at low temperature. A typical example
for ASE of PF2/6 is shown in Fig. 20. The 0-0 mode, although of highest inten-
sity, has underlying tail absorption, which quenches the gain, especially over
long path lengths through the material typical in a waveguide mode.

3
Exciton—Exciton Interactions

3.1
Singlet-Singlet Annihilation

At high excitation densities in the solid state, the decay of the singlet exciton
becomes excitation dependant, bimolecular annihilation of the singlet exci-
tons introduces a fast component to the decay [41, 42, 77, 78], this is shown in
Fig. 21. In a number of publications pump-probe spectroscopy has been used
to study the phenomena surrounding this accelerated decay. The bimolecular
annihilation reaction is effectively energy transfer from one excited singlet to



Polyfluorene Photophysics 211

T T T T T T T T T
0.00
-0.01
=
[
7
-0.02
Ops
————— 20ps
30ps
-0.03 O 100ps
T T T T T T T T T T T T

. —
1.2 1.4 1.6 1.8 2.0 22 24 2.6 2.8 3.0
Energy /eV

Fig.21 Pump-probe spectra for the prototypical polyfluorene PF2/6 at high excitation
density, showing the photoinduced absorption feature of the singlet population (1.6 eV
peak) being rapidly quenched, leading to the formation of charges and characterized by
the absorption of the charged state at 2.6 eV

another; thus proceeding in the following way:

Sl+Sl——>So+Sn,
Su— (1-n)(S1+Q +n(pp™ +p7).

The production of a highly excited singlet state has important consequences;
while many of the highly excited S, states decay non-radiatively to the emis-
sive S; state, there is also a possibility for the S, state to dissociate into
a pair of charges. The pump-probe spectra in Fig. 21 shows the quenching of
the singlet photoinduced absorption spectrum being replaced with the char-
acteristic absorption of the polyfluorene charged state at 2.4 V. The stable
isobestic point shows that there is a direct donor-acceptor relationship be-
tween the decay of the upper singlet state and the generation of the charges.
This is the principal mechanism for the photogeneration of charge pairs in
the solid state. The excitation density dependence of singlet decay is shown
at room temperature and at 10 K in Fig. 22, the figure shows the decay of the
singlet photoinduced absorption feature at low and high excitation density,
the effect of the accelerated decay of the singlet is clear at high excitation
density. This effect is quantified in Fig. 23 which shows that although the
initial intensity of the excited state absorption remains linear with excita-
tion fluence, the intensity of the absorption after 100 ps follows a linear law
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Fig.23 Excitation density dependence of the photoinduced absorption features in Fig. 21;
the threshold for the decay of the singlets being dominated by singlet-singlet annihilation
at 1.5 x 10" cm™ is clear
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at low fluence and a quadratic law above a threshold excitation density of
1.5 x 107 cm™, where an additional, bimolecular decay process begins to
have an effect on the decay of the singlet states. In addition, in the region of
the charge state absorption at 2.4 €V there is an increase in the intensity of the
absorption at the same point.

The Forster radius for the energy transfer reaction between two excited
singlets can be calculated from the overlap of the fluorescence spectrum and
the singlet excited state absorption, giving Ry = 1.1 £ 0.5 nm, which suggests
that singlet-singlet annihilation is very inefficient given that the mean sep-
aration of the excited states at the observed threshold for the annihilation
process is close to 20 nm. This seems to be at variance to the experimental
data. The two panels in Fig. 22 showing the excitation dependence of the de-
cay at different temperatures provide the answer; the annihilation becomes
possible because at room temperature the singlets are very mobile; exciton
diffusion allows the excited states to quickly become close enough to inter-
act and the process remains efficient. At low temperature, the mobility of
the singlet excitons drops and the effect of the annihilation becomes less, i.e.
singlet-singlet annihilation is also an exciton diffusion controlled process.

3.2
Triplet-Triplet Annihilation and Delayed Fluorescence

With sensitive gated detection an emission contribution, with considerably
longer lifetime than the fluorescence lifetime is readily detected in many
luminescent polymers, not least polyfluorenes and is termed delayed fluores-
cence (DF) [79]. It is very frequently observed in studies of polyfluorenes [24,
80] and a typical example is shown in Fig. 24. Using pulse radiolysis, where
very high triplet populations can be generated, it is possible to multiply excite
single (dilute) chains such that triplet excitons readily migrate and interact
on a single chain, annihilate and give strong delayed fluorescence [81]. In
general, it may originate from charge carrier recombination (either geminate
or non-geminate), inter-system-crossing, or triplet-triplet-annihilation [82].
However, for optical excitation it has been demonstrated that the observed
delayed fluorescence of polyfluorene mostly stems from triplet-triplet anni-
hilation [28, 83].

At low temperature, it is reasonable to neglect radiative and non-radiative
monomolecular decay and to assume that annihilation is the dominating de-
cay mechanism for the triplets in the time domain much shorter than the
triplet lifetime, i.e. for < 100 ms:

dn

DE~ ' =-yriy (5)
with nr being the time-dependent triplet density, yrr denotes the triplet-
triplet-annihilation “constant”. The rate limiting step for the annihilation
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Fig.24 Delayed fluorescence decays after pulsed optical excitation of PF2/6 as a function
of temperature in several media as indicated. Details can be found in [24]

process is triplet exciton migration that brings two triplet excitons within
the interaction radius, typically 2 nm. Thus, triplet migration is the key to
understanding the dynamics of delayed fluorescence in polyfluorene. If bi-
molecular triplet annihilation dominates triplet decay then according to Eq. 5
DF and triplet population obey algebraic decay laws with exponents of -2
and -1, respectively. However, according to Eq. 1 at low temperature, dur-
ing the dispersive time regime the diffusivity of the triplet and thus the
triplet annihilation rate slows down with time with a slope of -1. In con-
sequence, the apparent decay of the DF is retarded and features a slope of
-1 instead of -2. After the temperature dependent segregation time, Eq. 2, is
reached the triplet diffusivity approaches a constant value and so does the
triplet annihilation rate. Without the retarding influence from the time de-
pendent triplet annihilation rate, the DF decay proceeds with the classical
slope of -2.

Corresponding experimental data for PF2/6 in solid film, frozen solution,
and in an inert matrix polymer are shown in Fig. 25. A clear turnover from
an initial slope of -1 to a slope of -2 occurs, the turnover occurring earlier
for increasing temperature. By analyzing this data according to Eq. 3, such
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Fig.25 Presentation of the turn over points between dispersive and non-dispersive triplet
diffusion as extracted from Fig. 24 and plotted according to Fig. 3. Details can be found
in [24]

as shown in Fig. 25, it is possible to gain the true triplet DOS width and the
attempt-to-jump frequency for the triplet exciton, which for PF2/6 works out
as 40 meV and 70 ns, respectively [24].

Because of the dispersive nature of the triplet diffusion, the triplet annihi-
lation rate must also be a function of time and temperature. Alternatively, for
continuous excitation the annihilation rate becomes a function of excitation
dose. Figure 26 shows the saturation of the triplet density during continuous
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Fig.26 Transient triplet absorption data of PSBF devices after optical (black curve) and
electrical (green curve) excitation for 1 ms. The solid lines are fits according to a model
that takes triplet-triplet annihilation into account. Details can be found in [24]
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optical and electrical excitation due to triplet-triplet annihilation for a PSBF
device. A careful analysis of such data allows an estimation of the triplet anni-
hilation rate at yrr(Ip) = 1.1 X 10‘3218'71m3 s~ for PBSF, which is of the order
1071° cm?® s7! for typical excitation doses [68, 84].

33
Singlet-Triplet Annihilation

In a similar way to the annihilation of pairs of singlets or pairs of triplets
it is theoretically possible for singlet excitons to annihilate with triplets. As
with the singlet-singlet annihilation this is theoretically possible as a Forster
transfer between the singlet and the triplet. However, although theoretically
possible, once again the Forster radius is very small. In the case of S-T an-
nihilation there have been only a few reports of triplets efficiently quenching
singlet states in polyfluorene, either in the solid state and in single molecule
studies and the efficiency of the observed process is much lower than singlet-
singlet annihilation [85, 86]. The efficiency of S-S annihilation is enhanced by
the migration of the singlets, but the migration does not seem to dramatically
enhance the efficiency of S-T annihilation. One suggestion for this is that the
small spatial extent and perpendicular orientation of the triplet compared to
the singlet state prevents the states coming close enough for the reaction to
take place [35,41] on an individual chain, and as the Forster radii are rather
small, <10 A, only intra chain events are likely.

4
The “Beta” Phase of Polyfluorene

4.1
Absorption and Emission

A new “phase” of PFO was first observed by Grell and Bradley et al. [87, 88],
who reported the appearance of a shoulder at the onset of the absorption
band of films of both neat PFO, PFO dispersed in polystyrene and PFO so-
lutions in poor-solvents (such as cyclohexane). This shoulder could, upon
appropriate treatment, evolve into a well-defined peak with a maximum at
437 nm as seen in Fig. 27. In particular, it was observed that this peak be-
comes more prominent in films exposed to solvents or upon their slow warm-
ing from 77 K up to room temperature. On the basis of X-ray fiber diffraction
studies, Grell et al. [89] concluded that the lower energy state is associated
with particularly extended conformations of PFO chains [90], resulting from
the polymer response to some physical stress, either driven by solvent qual-
ity or temperature [91]. Furthermore, it has been suggested [91] that octyl
side-chains in PFO are particularly effective at inducing and stabilizing such
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Fig.27 Growth of a new absorption band below the 7-7* transition in dilute PFO cooled
(1 at 295K to 9 at 130K) in a poor solvent, MCH. A clear isobestic point is observed
indicative of a simple A — B reaction and is the signature of the formation of a new
morphological state of the PFO in which the polymer chains become rigid and planar.
This state has been coined the “beta-phase” [88]

intramolecular ordering in solution, when compared to hexyl and dodecyl
side-groups. Recently, the concept of side chain-driven planarization upon
polymer agglomeration in solvent mixtures due to an increase of the fraction
of a poor-solvent was introduced [92, 93].

Optically, the B-phase is very characteristic. In Fig. 27 a new absorption
feature, below the w-m* transition is seen, typical as a small component but
which can be induced to grow especially upon cooling [93]. However, this
small band in the absorption spectrum produces profound changes in emis-
sion, and in films, emission from the S-phase dominates. S-Phase emission
is characterized by a spectrum of very well-defined sharp vibronic repli-
cas with almost no Stokes shift. Indeed the spectrum is very similar to
that of a ladder polymer, see Fig. 28. The domination of the S-phase emis-
sion comes about through efficient Forster transfer from the “host” PFO
to the B-phase inclusions (or guests) in the PFO matrix. Time-resolved en-
ergy transfer measurements show this to be a very efficient process [94].
Since the B-phase spectrum is so reminiscent of the ladder polymer emis-
sion, it is obvious to conclude that indeed the g-phase is a rigid planar
segment of PFO chain, or more likely the S-phase is a fully planar rigid PFO
chain.

As with singlet emission, S-phase triplet emission is red shifted com-
pared to that of the PFO to 2.08 eV in thin film at 20 K [23] and the vibronic
components are extremely narrow indicting a narrow DOS. In fact, the phos-
phorescent peaks are ca. 3-times narrower than those measured in a ladder
polymer indicating a more homogeneous environment. The ratio of the 0-0
to 0-1 modes in the phosphorescence is very large, with more than 95% of the
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Fig.28 Emission spectra of cooled and uncooled PFO in MCH. Once the beta phase has
formed all emission emanates from this phase. For comparison, the inset shows the ab-
sorption and emission of rigid MeLPPP

emission being in the 0-0 mode, indicative of a highly planar and rigid back-
bone conformation. With such a narrow well-defined DOS, both the T; — T},
and a second transition to a higher lying triplet level can be observed in quasi
CW pump probe measurements [23].

4,2
Effect of Alkyl Chain Length

It was originally thought that the B-phase only formed in poly(9,9'-di-n-
octylfluorene) (PF8) [91,95], however this is not in fact the case. S-Phase
can be induced both in poly(9,9’-di-n-septylfluorene) (PF7) and poly(9,9-
di-n-nonylfluorene) (PF9) by either cooling solutions (in bad solvent such
as MCH) or in cast films [6]. Detailed X-ray and neutron scattering studies
on PF7, PF8 and PF9 confirm the presence of 2-D sheet structures associ-
ated with the S-phase, in solutions of these polymers [96, 97]. There is also
a literature report that a S-phase like state can be induced in poly(9,9’-di-
n-hexylfluorene) (PF6) [98]. Optical characterization of the B-phase states
in PF7 and PF9 confirm that they are very similar to that found in PF8
but they are blue shifted by ca. 7 nm and have different stability over time,
with PF8 yielding the most stable B-phase. These findings point to a mech-
anism of B-phase formation where side chain interactions between adja-
cent polymer backbones causes interchain “zipping” which has the direct
consequence of planarizing the PF backbone, yielding the characteristic 8-
phase optical properties. This view point is also supported by X-ray re-
sults [90].
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4.3
Amplified Spontaneous Emission

The S-phase of PFO is probably the most promising conjugated polymer sys-
tem to achieve true lasing. Here, the emission is concentrated in a very narrow
spectral region leading to a large gain at this wavelength. But even more im-
portant, the S-phase together with its surrounding non-ordered amorphous
polyfluorene matrix constitutes an intrinsic four level system [73]: Singlet
exciton excitation in the high energy amorphous PFO host, rapidly leads to
excitations being trapped at the low energy S-phase sites [94]. Consequently,
the B-phase subsystem is efficiently pumped, and, depending on B-phase con-
centration within the amorphous phase and excitation dose, excited state
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Fig.29 Upper panel: Comparison of amorphous (black) and B-phase (red) emission
spectra taken at 20 K, whereby the integrated emission was normalized. Lower panel:
Compendium of normalized ASE action spectra of an amorphous film with small amount
of B-phase showing ASE to the B-phase ground state (left narrow peak) and PFO films
with high content of B-phase (center and right narrow peak) exhibiting lasing to vibronic
levels. The chemical repeat unit of PFO is depicted in the inset with R = octyl. Details are
given in [73]
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inversions have been demonstrated. In this case ASE occurs from the leading
0-0 transition of the B-phase. Given these ideal starting conditions to observe
ASE, it is probable that all ASE observed in PFO originates from the g-phase
and not intrinsic to amorphous polyfluorene. Figure 29 shows the PL spectra
of amorphous and B-phase PFO at low temperature and low excitation dose.
For sufficient excitation dose, it is always the S-phase that shows ASE. The
ASE wavelength depends on the g-phase concentration within the film, with
higher concentrations leading to higher ASE emission wavelength, i.e. from
the 0-1 and 0-2 modes [73].
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