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Triplet exciton state and related phenomena in theB-phase of poly(9,9-dioctyl)fluorene
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Using both time-resolved emission and cw photoinduced absorption spectroscopy as a function of tempera-
ture, the aggregation phenome(@@phase formationobserved in pol§9,9-diocty)fluorene is studied. All
spectra of the8 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 polyfluoren€ Satliethylhexyjfluorene,
as well as with the fully planar ladder-type p@haraphenylene we conclude that the origin of the 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 ofstpbase 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 g8-phase containing samples, dependent on the separation gffghase domains.
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[. INTRODUCTION gation length. The lattefmeasured in terms of the singlet
energy is intrinsically limited, as in LPPP’s, and is certainly

mercial applications equipped with displays based on COnjushorter compared to the size of the modified structure ifself.

gated light emitting polymers are now emerging on the con- Nitially, relying on experiments on 1% PFO blended into
sumer market&This, however, might merely be the first step & Polystyrene matrix, the phase was explained solely as an

on account of the large number of advanced “potential” ap_intrachain p_roces%.However, at such c_:oncentrat_ions the
plications. These justify the ongoing, intense research effortgﬁlymer chain can by"no mé?:ns Ee c0n5|dehre(]jc as |5(_)Iate(: but
on the fundamental properties of light emitting conjugatedP'as€ segregation will occtir-urthermore, the formation o

polymers. A topic of current interest is the ability of certain ;nj%ggg'giﬂcsetmggg%'? Sggg:]oﬂn rggugﬁfngnrgnéwgrggr?g'
conjugated polymers to self organize to some extent. In thi : Y, €Xp

context, the most prominent representative is the blue emi%f polyfluorene derivatives having different length side

: . . chains clearly demonstrated that interchain interactions of
ter, poly9,9-dioctylfluorene(PFO), which was studied €x- o |inear side chains cause the observed changes in the

tensively, especially by the Sheffield grofi3-Applying cer-  packhone structur=—25 Thus, it is an interchain phenom-
tain treatment protocols to PFO thin films, such as annealing,on giving rise to unique spectral characteristics, compared
at high temperature, cooling and reheating to room temperay common excimer or dimer luminescence. It is still an open
ture or exposure to certain solvent vapors modifies part ofyestion what, on a microscopic level, exactly causes these
the films into a different structure, which has been termed aternations in the polymer chain structure.

“B phase.” The primary photophysics of this modified poly-  Since its first application by Romanovski al.,® studies
fluorene structure are characterized by sharp absorption anging the technique of time gated emission spectroscopy
emission lines, redshifted compared to the amorphous PF@®ave provided major contributions to our knowledge and un-
spectra. TheB phase is also observed in solutions made ofderstanding of conjugated polymers. We refer in particular to
poor solvents and, interestingly, the induced state is conphosphorescenadh) spectra, which still represent the only
served upon using such solutions to produce thin films. Onmlirect way to obtain information on the polymer triplet
account of the similarities of these induced spectra with thestate'®-19 Along with this usually very long-lived emission,
fully planar ladder-type polyparaphenylene(LPPB, it has  all conjugated polymers exhibit delayed fluoresce(igE),
been conjectured that twists between neighboring rings toemission from excited states whose lifetime is considerably
wards a more planar backbone conformation are the undelenger than the typically 400 ps radiative lifetime of a regu-
lying microscopic origin of the8 phase® However,in situ  lar singlet staté5-1° Thus, gated spectroscopy should pro-
experiments show a grow-in of the new spectral features, i.eyide a powerful tool to gain insight in the photophysics be-
they appear at a fixed position in energy—the peak positiomind the aggregated PFO. Further, quasi-cw photoinduced
is not smoothly changing from amorphous PFO towards th@bsorption spectroscopy has already shown the existence of
modified structuré?® Also, as rather different treatment pro- several long-lived excitations including triplet excit8f%
tocols cause the same changes, they must emanate fromaad possibly polaror®, associated with th@ phase.

certain well defined modification, which is characterized by This contribution is divided into three parts. First we re-
its own absorption and emission spectra and average conjport singlet absorption, transient triplet absorption as well as

After a decade of intensive research efforts the first com
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pared as well. Only for PFO, cluster formation has been ob-

0 PF2/6 served if the 10° wt. % MCH solution was allowed to settle
Y -*f:} at ambient temperature. In some cases those solutions were
251 —‘\\;1;\/{’ used to drop cast films of high absorbance but poor quality,
" W which nevertheless showed identical behavior to the above

spin coated PFO thin films.

For the time-resolved photoluminescence studies, excita-
exci[g?ic::ﬁgﬂle PEO tion in the amorphous polyfluorene absorption band at

it 3.5 eV (355 nm was provided by the frequency-tripled out-
put of a 160 ps pulsed Nd:yttrium aluminum garnet laser. For
selective excitation of th@ phase at 2.86 eV434 nn) the
latter Nd-YAG laser was employed to pump a home built
single pass coumarin 120 dye lagekcitation profile is de-
picted in Fig. 3. The luminescence emitted by either the
liquid or solid sample was passed through a spectrometer and
detected by our intensified CCD cameraPicos, Stanford
MeLPPP Computer Optics In all cases spectra are measured, being
0.04— , : i : ] characterized by two tunable time periods: the time between
26 28 30 32 v 34 36 38 pulsed excitation and the start of the light detectidelay or
Smergy g gate timg and the duration of the light detectigimtegration

FIG. 1. Compendium of room temperature, solid-state absorloyme). The latter can be chosen as short as 200 ps. In order to

tion spectra including PFO, PF2/6, and MeLPPP. All spectra areObtaln decay kinetics each spectrum was integrated over the

normalized and offset for clarity. The coumarin 120 dye laser pro-deS'red energy region and plotted in a double logarithmic

file for selective excitation of th@ phase is shown as dashed line. fashlon ,VerS!JS the appropriated tiulay time 'plus half the
The insets show the chemical structures of the polymers investi'—meQrann t'_me' A temperature controlled displex hehum_
gated(R,=n-CgHys; Ry=1,4-CyH4-n-CyoHyo). cryostat additionally allowed to vary the temperature of solid
samples between room temperature and 11 K. By means of
everal spectral lamps the overall spectral resolution of the

Role setup was measured to be better than one nanometer.

g
Q

—_
e

absorption (arb. units)

0.51

prompt, delayed fluorescence and phosphorescence spec

of th?ﬂ phase OT P.FO at different temperatures. These a.bl':urther information about the time-resolved luminescence
sorption and emission data are compared to correspondn‘&tup is given in Ref. 12

da:ja ;)hbtalfnel,-ld folr an a:l-g:jnor?hous plolyfluorene derr;vatlve For the quasi-cw photoinduced absorption measurements
an e fully planar ladder-type polymer pgipraphe- either the liquid or solid sample was excited using our

nylene (MeLPPB. In the second part temperature- ;
dependent time-resolved luminescence spectra obtained aftge'r1 eV (400 nm blue laser diode modulgLaser2000,

. modulated by the in-phase reference output of the lock-in
exciting both, theg and the .amorphous phase of PFO, areamplifier(EG&G 7520. The probe beam was provided by a
analyzed. These data qualitatively prove that phehase ional | hich h 4 af
within the amorphous polymer matrix acts as Iow-energyconvem'.ona tungsten lamp, which was monochromated af-

ter passing through the sample and subsequently detected by

traps for both the singlet and the triplet exciton. In the third_~ 27 7 © . o
) o a Si-pin diode attached to a transimpedance amplifier. For
section, decay kinetics of th@-phase delayed fluorescence AR
temperature-dependent measurements a liquid nitrogen cry-

are given and analyzed within the framework of dispersive . . :
. . . . . . ostat was used. The spectral resolution of this setup is
triplet hopping, which results in the observed, dispersive de-
; . L ~5 nm.

cay of the triplet-triplet-annihilation type delayed fluores-

cence.
Ill. RESULTS AND DISCUSSION

A. Primary photophysics of the 8 phase

Il. EXPERIMENT . . . .
In the recent literature a fully planar chain configuration

In order to produce PFO thin film samples, which partlyhas been conjectured as the microscopic origin of ghe
exhibit the3 phase, 107 wt. % of the polymer was dissolved phase'! To test this notion it would be interesting to compare
at 60 °C in the moderately good solvent methylcyclohexanghe 8 phase with the ladder-type polymer MeLPPP, which is
(MCH). Clear films of high quality were obtained by spin by its chemical structure forced to be fully planar. On the
coating the latter, still warm, solution onto previously other hand the branched side chain polyfluorene derivative
cleaned spectrosil disks at 2500 rpm for one minute. Using®F2/6 never adopts th@ phase. This was tested as we ap-
similar protocols the reference thin film samples of theplied some of the treatment protocols outlined in the Intro-
all-amorphous polyfluorene, pB,9-diethylhexylfluorene  duction, namely, cycling at low temperature, annealing at
(PF2/6 and the ladder polymer MeLPPP were prepared. All160 and 230 °C and preparing a thin film sample from the
chemical structures are included in Fig. 1. Additionally, poor solventfMCH), to PF2/6 thin films—none of the typi-
1075 wt. % solutions using either MCH or toluene, which cal 8-phase features could be detected. Therefore, only poly-
were degassed by three freezing thaw cycles, have been prifdorene derivatives having linear, aliphatic side chains form
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FIG. 2. Normalized prompt fluorescence spectra of PFO, PF2/6, FIG. 3. Thin film phosphorescence spectra of the three polymers
and MeLPPP obtained with thin film samples at 11 K using oneinvestigated. All spectra were obtained at 11 K upon integrating the
nanosecond integration time. The P(hase was selectively ex- delayed emission from 10 to 90 ms; PFO was excited selectively
cited at 2.86 eV. A three nanosecond delayghase spectrum is in the g phase at 2.86 eV. For the ease of evaluation the data are
shown as well. shown normalized and offset.

fluorescence is 30 meV shifted to the blue spectral region,

the B phase}*> PF2/6 will hereafter be referred to as all which is a typical value for conjugated polymers. The low-
amorphous. Therefore, by comparing PF2/6 with PFO spegemperature three nanosecond delayed spectrum is distorted
tra allows identifying typical 3-phase features by distin- by the occurrence of an additional broad yellow emission
guishing them from amorphous polyfluorene. In this sectiorband centered at 2.3 eV, which is caused by unavoidable
the singlet and triplet absorption and emission spectra of thReto defect states. These will be discussed in more detail in
B phase shall be compared to those of MeLPPP and PF2/Ghe following section. No further striking differences be-

Figure 1 shows a compendium of typical room temperatween prompt and delayed fluorescence spectra are observed.
ture, thin-film absorption spectra, including PFO, PF2/6, andror the sake of comparison, normalized low temperature
MeLPPP, on a common energy scale. For the ease of conprompt fluorescence spectra of PF2/6 and MeLPPP, which
parison, the spectra are arbitrarily scaled and offset to eacere obtained after exciting at 3.5 eV, are depicted in Fig. 2
other. Consisted with literature data, and compared to thas well. The @0 transitions are centered at 2.61 and
rather unstructured absorption of amorphous polyfludfene 2.89 eV for MeLPPP and PF2/6, respectively; therefore the
the B phase features a new, low-energy absorption bandg phase emits at an intermediate energetic position.
whose first peak appears at 2.84 €487 nn) followed by a Thin film phosphorescence spectra, including the all-
vibronic satellite at 3.04 eV, which for our data only appearsamorphous PF2/6, the selectively excit8dphase of PFO
as a shoulder on the amorphous polyfluorene absorptioand the fully planar MeLPPP, are shown in Fig. 3 on a com-
band®1%13As can be seen from the included laser profile, themon energy scale. All spectra were obtained at 11 K using
two excitation energies used throughout the study, 3.5 and0 ms gate and 80 ms integration time. As with the data
2.86 eV, enable selective excitation of the amorphous polyshown in Figs. 1 and 2, these spectra are offset and normal-
fluorene and thgg-phase structure, respectively. ized for clarity. The phosphorescence of both MeLPPP and

Normalized low temperature fluorescence spectra, obPF2/6 are consistent with the spectral shape and position
tained upon selectively exciting the phase at 2.86 eV, are previously measuretf:?! From the long lifetime of this
shown in the center part of Fig. 2. The prompt emissionemission as well as its spectral appearance the observed de-
which was detected over the first nanosecond after excitdayed g-phase emission is self-evidently assigned to phos-
tion, is characterized by a sharp transition at 2.77 eV folphorescence from the first excited triplet state. The latter
lowed by broader vibronic replicas at 2.59 and 2.41 eV. Withemission spectrum consists almost entirely of a very sharp
our spectrometer we are able to resolve two subtransition8« 0 transition located at 2.08 eV, thereby following the
underneath the 0—1 band at low temperature; however, usingeneral trend in conjugated polymers that phosphorescence
higher spectral resolution at least three separate contributiorspectra are dominated by the leading mode compared to cor-
can be distinguishett. At room temperature selective exci- responding fluorescence spectra, indicative of very similar
tation of the 3 phase reveals the peak position at 2.800 eVground and excited state chajophromophorg geometries.
(data not shown Thus, the 300 as compared to the 11 K Nevertheless, likewise for the fluorescence, at the energetic
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C— T T T T I pendium of such data for the three polymers in dilute room-
temperature solutiorgall 107° wt. %) is shown in Fig. 4.
Spectra similar to the ones shown here for MeLPPP and
PF2/6 have been assigned to transient triplet absorptibm.
the center part of the figure the PIA spectra of PFO dissolved
in a good(chlorobenzeneand a poormethylcyclohexane
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 nonB-phase amorphous domaiffsom now we refer
to such triplet excitons as “amorphous triplgtsThe slight
(10 meV) 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 fh@hase. Since
in this experiment the triplet excitoriéormed via intersys-
tem crossingare not selectively excited in th@phase, there
T T T T T is also a contribution of amorphous triplet absorption in the

12 14 1.6 18 PIA spectrum. Again the blueshift of the latter spectral com-

energy (eV) ponent is attributed to the reduced polarity of MCH com-

FIG. 4. Compendium of photoinduced quasi-cw transient ab_pared to toluene and chlorobenzene. Note, the increasing sig-

sorption spectra. All data were measured on°Mt. % solutions nal above 1.8 eV is due to prompt quoresgence. Apparerjtly,
(solvent as indicatgdat room temperature, excitation was made at®ven fo_r _the good solvent for PF.O ther_e is a shoulder JUSt
3.1 eV; the chopping frequency was 72 Hz. about visible aroynd 1.46 ev, Whlc_h indicates that any film
made of PFO will contain a fraction g8 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 th@ phase allowing cw PIA to sen-

PF2/6 in toluene

PF0 in chlorobenzene

PFQ In methylcyclohexane

MeLFPP in toluene

inverted normalized photoinduced absorption (arb. units)

position where the 4-0 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 tosmvely detect this latter component.

the amorphous one amounts to 70 meV, which is an ex- Independent of temperatugen the accessible range be-

pected value considering the corresponding singlet shift ofveen 77-300 K using thin PFO films the solid-state PA

120 meV. spectrum is dom!nated by phase triplet gbsqrption. A typij
Quasi-cw photoinduced transient absorpt{BhA) spectra cal dataset, obtained at 77 K, is shown in Fig. 5. In addition
are shown in Figs. 4 and 5. This time tephase could not to a small erad contribution arqund 1.6 eV,_Whlch is likely
- v\gue to a residual amorphous triplet absorption, two further
laser, all data are obtained after excitation at 3.1 eV. A compeaks 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 spectrurti.e., the decay kinetics for both
features are identicgland also independent of temperature.
ad i In light of these experimental observations the assignment of
the low-energy peak to triplets but the high-energy to peak
polarons by Wohlgenannet al, who observed a similar
solid-state PIA spectrum using PFO samples, appears very
unlikely?® Much more probable is that both signals are
x12 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, {Bghase triplet exciton. To
R our knowledge this is the first conjugated polymer that shows
energy (V) such a double PIA spectrum, though other polymers might
feature similar behavior but it would be harder to observe
FIG. 5. 77 K photoinduced transient absorption spectrum of gdue to the spectrally broader transitions.
PFO thin film sample. The sample was excited at 3.1 eV; the chop- A reevaluation of the spectra shown in Figs. 1-5 yields
ping frequency was 72 Hz. The area around 2 eV is shown on §ome general trends and relationships between the three
magnified scale. polymers under investigation. First, considering energetic

photoinduced absorption (-10* dT/T)
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position, the 8 phase lies at intermediate values between 2.5
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, alB-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
stateqDOS) (either for the singlet or for the tripletFrom 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 tran-
sition, which is most obviously seen in Fig. 3. Furthermore, 20 22 24 26 28 30

the Stokes shift of th@ phase is the smallest within the class energy (eV)

of conjugated polymers Both these observations are very

interesting, as they point to more excited stadeometrig FIG. 6. Normalized prompfupper parnt and one microsecond
relaxation for the fully planar MeLPPP as compared toghe delayed(lower pary emission spectra of a PFO thin film sample,
phase, though only the latter in principle has the freedom ogither obtained at ambient or at low temperature after excitation in
ring rotations. Finally, we note the high luminescence anisoth® amorphous PFO absorption at 3.5 eV.

tropy value only for thes phase'® The above experimental maining 8 phase luminescence could either result from direct
observations indicate that th® phase is more ordergql than phase absorption, at 3.5 eV or, more likely, it originates
the fully planar ladder-type polymer MeLPPP. Additionally from direct singlet energy transfer such as Férster transfer. A
the driving force for the occurrence of th@phase has an  somewhat reverse situation is observed for the one microsec-
intermolecular origirt*-*>Both the higher ordering as com- ond delayed room temperature emission. Apart from the
pared to MeLPPP as well as the intermolecular origin probroad defect emission contribution that peaks at 2.3 eV and
vide indirect evidence that the excitations of tephase  which will be considered below, now the emission from the
itself are located in interchain as opposed to intrachain orbitg phase with its prominent peak at 2.800 eV clearly domi-
als that are forced into an extended planar backbone confonates the spectrum—only leaving a small contribution of the
mation by the close packing of the polymer chains. Thoughramorphous polyfluorene delayed fluorescence visible. Keep-
final evidence is lacking, the interchain picture is much beting this important dissimilarity between the 300 K prompt
ter suited to consistently explain the dissimilarities betweerand delayed fluorescence in mind, we pass to low tempera-
MeLPPP and the3 phase. 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-
B. Singlet and triplet energy transfer from the amorphous tween the first and second vibronic mode of the amorphous
to the B8 phase polyfluorene emission is observed when comparing the
i ) room- with the low-temperature fluorescence spectrum.
In the following we do not speculate about the micro- o ever, this is not caused by tiphase but is observed in
scopic nature of the aggregated phase but make use of thgnjugated polymers in general, i.e., also in branched side
miscellaneous character of any PFO thin film for excitonchain polyfluorene derivatives, which do not form aggre-
migration studies, by considering ti#ephase as an emissive gated structures at all, such as PFPZF/&uantum-chemical
low-energy trap within the amorphous PFO matrix. In thismodeling generally shows that such a redistribution towards
framework, theg-phase sensitizes the fluorescence and dethe leading @-0 vibrational mode originates from an in-
layed fluorescence of singlet and, indirectly via triplet-tripletcreased conjugation length?* A small (25 me\) shift of
annihilation(TTA), triplet excitons, originally excited in the the fluorescence to lower energies upon cooling the film is
amorphous PFO manifold at 3.5 eV. Upon measuring thelso observed Most importantly and at variance to the room
B-phase emission contribution in the prompt and delayedemperature results, both promand delayed fluorescence
fluorescence spectra, one is able to draw qualitative concliare now dominated by the amorphous polyfluorene emission.
sions about singlet and triplet migration, respectively. RepHowever, in both cases thgphase fluorescence contribution
resentative results, itemized by prom@®F and delayed at 2.770 eV is better resolved and appears as a pronounced
fluorescencéDF) and also by room and low temperature, areshoulder on the blue edge of the second amorphous vibronic
shown on a common energy axis in Fig. 6. For the PF, foureplica rather than just causing broadening. Further, both low
nanoseconds integration time and zero gate time was choseemperature specti@F and DF appear identical in spectral
the DF was detected from one to ten microseconds after exshape, i.e., there is no redistribution between the amorphous
citation. The room temperature PF is dominated by amorand 8 phase luminescence contribution when observing ei-
phous polyfluorene emission, although an unresolved, smaiher the prompt or delayed fluorescence, respectively. This
fluorescence contribution from the phase(expected from clearly indicates that prompt and delayed singlet exciton
room-temperature site selective measurements at 2.8p0 e¥mission arises from identical sites.
just appears as a broadening on the blue side of the second In order to discuss the above experimental results we shall
vibrational mode of the amorphous fluorescence. This rereiterate recent findings about triplet excitons and their mi-

300K
—o—1K

1.0+

emission intensity (arb. units)
et
[4,]

o
e
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gration in conjugated polymers. The delayed fluorescencpossibilities. Unfortunately, the exact spatial distribution of
observed in thin films, covering the vast majority of conju-the 8 phase embedded in the thin PFO film is unknown.
gated polymers, originates from ftriplet-triplet annihilation Most likely, the 8 phase is rather inhomogeneously distrib-
(TTA). Upon analyzing laser dose dependencies and transted, forming islandlike structuré8.However, without this
sient triplet absorption kinetics, this, in particular, was showrknowledge a serious estimate of the absolute distance trav-
for films of the all-amorphous polyfluorene derivative eled by the triplet is impossible. We are currently performing
PF2/6%181° The migration of the triplet is not solely an combined spatial and temporal resolved measurements on
intrachain process, but interchain diffusion must occur. ThisPFO thin films, which hopefully shine some light on this
fact was confirmed, since for a typical laser excitation doseémportant issue.
of 100 uJ/cn? on average less than one triplet is created on Above it has been established that the amorphous triplet
a single polymer chait? excitons in polyfluorene are essentially immobile at 11 K,
In view of this background knowledge we shall summa-but do efficiently migrate at room temperature. There is in-
rize and interpret the above experimental findings: nearlydeed further evidence for this notion. Upon measuring the
independent of temperature, for excitation in the amorphoutemperature dependent phosphorescence intensity, we previ-
phase, most of the prompt fluorescence is also emitted frorausly found that the average amorphous polyfluorene triplet
the amorphous phase, thus in our samples the majority dfap depth is~4.5 meV, thus roughly speaking the triplets
singlet excitons do not reach the low-eneggyhase during are mobile above 50 K and trapped otherwis@herefore
their radiative lifetime,~300 ps. This implies that intersys- detecting the photoinduced transient triplet absorption spec-
tem crossing mostly occurs on amorphous polymertrum at 77 K probes mobile triplets, which in the case of
segments—initially the majority of the triplet excitons reside PFO populate thg phase. Further, so called “as spun” films
on the amorphous phase. At low temperature the delayeare not completely3-phase free, which is proven by Fig. 4,
fluorescence exactly matches the prompt fluorescence ipecause their parent polymer solution also shows signs of
spectral shape, which indicates that on average the triple@ggregation, even for supposedly good solvents such as tolu-
(prior to their annihilatiom and the initially created singlets ene and chlorobenzene. Such interchain interactions would
are located in the same environment. Thus, we conclude th&ie even more pronounced in the solid state. As a result, any
in the absence of thermal activation triplet energy migratiorfilm made of PFO will contain somg-phase fraction. Keep-
is inefficient and the triplets remain within close proximity to ing in mind the quasi-cw technique used to detect the PA
their parent singlet exciton. Whereas at ambient temperatursjgnals, the mobile triplet excitons will have enough time
in contrast to the prompt fluorescence, thelayedfluores-  (~ms) to occupy whatever low density @gFphase traps exist
cence is dominated by sharp emission originating from@he in the film, which explains why any cw-PA spectrum of PFO
phase. Using the above argument again: the PF mainly origis dominated byB-phase signals.
nates from the amorphous phase whereas the triplets encoun- Using this background knowledge we can also understand
ter each other on th@ phase, giving rise to the observed the initial cw photoinduced absorption spectra of ghehase
strong B-phase component in the delayed fluorescence spegublished by Cadbwgt al? and again by Wohlgenanet al2°
trum. Note, singlet exciton Forster transfer to tAgphase At 80 K the authors found a very sharp triplet absorption
followed by intersystem crossing can safely be ruled outsignal located at 1.44 eV, both for the presumably all-
because the prompt fluorescence shows no significargmorphous(as spuip and B-phase(thermally treategd PFO
B-phase contribution. A straightforward explanation is thatfilm. Their spectra are identical in spectral shape and position
the triplet excitons, during their rather long existence com-o the one shown in Fig. 5. However, from our own measure-
pared to the singlet lifetime, manage to populateghghase ments on the truly all-amorphous derivative PFgR&f. 12
and any subsequent diffusion is only possible within thisas well as on PFO in chlorobenzene, we locate a rather broad
(low-energy B-phase trap. This does not imply that the trip- amorphous triplet signal of amorphous polyfluorene at
let hopping rate itself is equal or higher as compared to thal.63 eV. Undoubtedly, the above authors simply measured
of the singlet excitons, since the lifetime of the latter is muchthe g-phase triplet signal in both cases, either with lawn-
shorter. These experimental results clearly prove that at roorneated or high (thermally treatey 3-phase content films. In
temperature the absolute distance traveled by the triplet exhe latter case the authors further observed a five- to tenfold
citon clearly exceeds that of the singlet—at least in the caseeduced signal intensity. This observation is a consequence
of polyfluorene. The general assumption of efficient Férsteof enhanced triplet migration betweghphase domains, ac-
transfer for the singlet excitons compared to inefficient trip-companied by more triplet-triplet annihilation events leading
let transfer by the Dexter mechanism is an oversimplificatiorto an accelerated triplet decay. With log+rphase content,
of the situation. Further and common with earlier restits, isolateds-phase traps greatly reduce the probability of triplet
the triplet migration is thermally activated rather than beingmigration between traps, NB. The triplets cannot migrate be-
caused by direct transfer mechanism, because no delayégeen B-phase domains by hopping back onto the amor-
fluorescence from th@ phase is observed at low tempera- phous chains.
ture. This interesting conclusion is fully consistent with the  Within this study we tried to show the effect of
lack of room-temperature intrinsic phosphorescence in everfreezing-in of the triplet migration on the photoinduced ab-
conjugated homopolymer investigated so far. In the compesorption spectrum after excitation in the amorphous phase as
tition between radiative decay with long lifetime and en-well. From the above said, we expected a substantial change
countering another triplet or a nonradiative decay site, théetween a 11 K compared to the 77 K spectrum for excita-
rather high mobility of the triplet exciton favors the latter tion in the amorphous absorption. Unfortunately we have not
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succeeded in doing so because small sample vibrations in otw understand the DF results it is helpful to first discuss the
closed cycle helium cryostat prevented its use for PIA meaeharacteristics of the underlying triplet migration, which is
surements. rate limiting for the TTA. For this we draw heavily on earlier
Finally, we shall make some comments on the observesvork about triplet-triplet annihilation in a disordered
broad emission, which almost dominates the one microsegolyfluorenet? we shall not attempt to reproduce this work
ond delayed room temperature spectrum of Fig. 6. After an detail, but highlight important findings.
long debate about this issue, it has now been firmly estab- At low temperature, it is reasonable to neglect the mono-
lished that this emission does not originate from excimersnolecular decay contribution®oth radiative and nonradia-
but from an emissive on-chain defect state, i.e., fluorendive) and in doing so to assume that annihilation is the domi-
units that have been oxidized at the remote nine position taating decay mechanism for the triplets in the time domain
fluorenoné®2” The tendency to form these keto defect statesnuch shorter than the triplet lifetime, i.e., foxx 100 ms:
in polyfluorene derivatives is very high if linear side chains
(PFO or hydrogen is attached;it is reduced for branched DE ~ dnr = —yn.2 (1)
side chains(PF2/§ and spirobifluorene is virtually inert at T
against oxidation. Accordingly, PFO emission spectra are of-
ten accompanied by the broad keto signal, i.e., compare Figs." " " , A Mg ;
2 and 6 or Refs. 4 and 14. Recently, it has been shown thane trlplet-tnplet-gnnlhllanon constant. Within the field of
these defect sites can either be directly excited at arounfiSordered materials, such as conjugated polymers, the only
2.8 eV, which was essentially done in Fig. 2 or they can beouccessiully applied theory to date describes the triplet dif-
populated via thermally activated singlet exciton migrafibn. TuSion as a series of incoherent jumps within a material de-
This is why after excitation at 3.5 eV only the room tempera.pe”dent density of localized energy stat@0S). After
ture, one microsecond delayed spectrum of Fig. 6 shows ulsed excitation the diffusion of the triplet excitons, which

strong keto signal, but not the corresponding low temperal©f Photoexcitation experiments have to be formed via inter-
ture one. Note, a lack of keto emission in fluorescence specYStem crossing from the singlet manifdftievolves in two

tra does not at all prove that these states are absent in thgndamentally different migration regimes. First, motion is
investigated polymer. In fact, none of our prompt quores-_gO\_’emed by fast energy ”?'ax"’?“"” t.owards_low—ene.rgy sites
cence spectra show any keto emission contribution. Howlinside the DOS. For the migrating triplet, neighbor sites that

ever, using time-resolved spectroscopy it is very easy to dedualify for the next jump, i.e., of lower energy, become

tect even weak signals that are not visible in cw experimentd€Wer with the elapse of more and more time after excitation.
provided that the lifetime is different from other strong emis- |iS renders the diffusiofand concomitantlyyry) time-

sion components. In the present case, gating out the promfPendent or dispersive, respe_citlvely, which itself asymptoti-
fluorescence enables us to observe the keto emission, Whia‘?"y decays proportional td™" for any Gaussian-type

decays with a monoexponential lifetime of 5.8%sg., ~20 DOS?%73! Furthermore, time-resolved transient triplet ab-
i orption studies prove that during the dispersive time regime

times longer compared to the prompt fluorescence. Essen- F* > M . )
g P promp r?he triplet density itself is nearly constaitthus, the triplet-

tially, this was done in Fig. 2 if one only compares the . | ihilation d b l A
B-phase spectra. Experience in our laboratory showsahat triplet annihilation does not substantially reduce the initially

PFO sample contains keto defect sites—it is only the |evepreated triplet exciton reservoir. Therefore, the second, qua-

that varies. Due to population via thermally activated inter-dratic term in Eq.(1) is constant and the decay of the ob-
chain singlet migration the defect states will most likely served delayed fluorescence directly reflects the deceleration

show up at room temperature in solid samples. Additionally®f the triplet diffusion, yr(t) and consequently obeys an

keto emission is easily observed in electroluminescence dél9ebraic law with an exponent close to —1. After a tempera-
vices, because fluorenone is an electron trap and thus acts %4§€ dependent segregation timedefined as
a recombination center in a working device.

g tS(T) = toe(cﬁlkBT

ith ny being the time-dependent triplet densiyr denotes

® b
with ty being a material constant awd- 1, the mean energy
has settled 5°/kgT below the center of the DOS, character-
One of the observations described in the previous sectionged by a widthé. At this (temperature dependgmielay time
is the occurrence of delayed fluorescence, which is identicghe diffusion due to thermalization within the DOS equalizes
in spectral shape and energetic position to fBg@hase thermal activated hopping. Now the nondispersive, classical,
prompt fluorescence. Independent of temperature, only theegime is attained, which is described by a time-independent,
latter DF is observed, provided that excitation is selectivelybut temperature-dependent diffusion constant. According to
made in theB phase of PFO. In this section we shall eluci- Eq. (1) with time-independenj; the DF obeys an algebraic
date the selectively excite@-phase fluorescence decay ki- decay law with exponent —2, which reflects the bimolecular
netics and compare it to the kinetics previously observed imlepletion of the triplet reservoir. Concomitantly, the triplet
the all-amorphous polyfluorene PF2/6. The measurementensityn; decays with a slope of . Within this theory of
were done on thin solid films and we state again that here thmigration in an energetic DOS, the observed redshift of the
DF is caused by triplet-triplet-annihilatidd.Since delayed PF upon cooling is partly a consequence of the tempera-
fluorescence arises via triplet migration, it yields valuableture-dependent energy relaxation within the DOS. A special
information about this, otherwise dark, excited state. In ordecase applies at zero temperature. Because of the lack of ther-

C. Decay kinetics of theB-phase delayed fluorescence
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PF2/6 thin films are shown together at 11 K and ambient

10718 o PFO,3,, =434 nm temperature, respectively. In these double logarithmic plots
A PF2/6, » e = 355 NM

------- exp simulation: = = 300 ps

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
the B phase at 2.86 eV, therefore exciton migration from the
amorphous towards the low energyphase 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
. d is rather unique for conjugated polymers as it covers the time
[ e 8 A span of eight orders in logarithmic time and the signal de-
time (s) cays by 13 orders of magnitude in intensity. The low tem-
perature DF kinetics itself are rather simple. Up to a few
FIG. 7. Comparison of the PF(@irectly excited in the3 phase  nanoseconds the emission is dominated by the tail of the
at 2.86 eV and all-amorphous PF2/6 delayed fluorescence decay aiearly exponentially decaying prompt fluorescence, here
11 K using thin film samples. In this double logarithmic presenta-only simulated for PF2/6 using 300 ps lifetime, the radiative
tion the solid lines refer to power law decays, characterized by ainglet lifetime of theg phase is slightly shorté?. Subse-
exponent of —1.04. The exponential decay of the prompt ﬂuoresquently, for both polymers the decay of the DF due to TTA
cence of PF2/6 is simulated using a lifetime of 300 ps. Note, theasymptotically approaches an algebraic law with exponent of
relative emission intensity between both curves is arbitrary. -1.04. Consistent with Eq1) and assuming a nearly con-
stant triplet density, the lattgiuniversa) exponent reflects
mal activation energy only diffusion due to thermalization isthe decaying triplet diffusion in a Gaussian density of state.
possible, therefore the classical time-independent regime MVithin the time period spanned by the graph, 100 ms, no
never achieved. Already at moderately low temperaturdurther turning point in the kinetics is observed. Therefore,
(typically <100 K), depending on the width of the DOS the the classical equilibrium triplet migration regime is not real-
segregation times might be longer than the lifetime of the ized within these 100 ms at low temperature and diffusion is
hopping exciton. This hopping theory with its major features,achieved by thermalization towards low-energy states of the
time-dependent exciton migration and energy relaxation, haBOS only. For further increased delay times both DF curves
been successfully applied on conjugated polymers coverinfgature an accelerated decay compared to the algebraic one
both, singlets? and triplet excitond? In particular for the (not shown, which reflects the reduced triplet-triplet-
DF due to TTA in amorphous polyfluorene, the two succes-annihilation activity due to the monoexponential radiative
sive time regimes, characterized by decays proportional teriplet decay, which for both polymers is of the order of one
t1 and t™2, respectively, could clearly be distinguish®d. second?
This material independent, universal decay pattern is the fin- Next, we pass over to the more complex kinetics observed
gerprint of triplet-triplet annihilation in a Gaussian distribu- at ambient temperature. For the sake of comparison in Fig. 8
tion of states. identical conditiongexcept of the temperaturas in Fig. 7
In Figs. 7 and 8 the fluorescence decays of PFO antlave 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 E@l). Note, in order to

10°

emission intensity (arb. units)

10°

10
1 o PFO,,,=434 nm
< PF2/8,% ot = 395 NM

=
>

z
fu, 10} realize the sudden depletion of the number of triplets as soon
Z 104 as the triplet diffusion approaches a constant value, one
8 needs to think of the number of triplet jumps per unit time
£ 107 that occur, which in a logarithmic plot rapidly increases once
§ 10°1 equilibrium diffusion is attained, i.e., once the retarding ef-
E 10'] fect of the decaying triplet diffusivity vanishes. For both
polymer films thermally activated equilibrium triplet migra-
10‘1’0_9 e e e e 10‘4 tion is achieved at room temperature but after dissimilar seg-

regation timed,. The time it takes to approach equilibrium
triplet diffusion increases from 250 ns to L3 for the amor-

FIG. 8. Decays of the spectrally integrated, room-temperaturéhous and thg phase, respectively. What is the significance
fluorescence of PFQ\g=2.86 eV} and PF2/6\,=3.5 eV) thin ~ Of the dissimilar segregation times? Apparent from &),
films. The solid lines refer to power law decay kinetics with slopetwo further variables influencg in addition to the tempera-
of —1.04 and -2, respectively. The data are arbitrarily scaled to eacture, the width of the DOSr, and the prefactot,. In fact,
other. from Fig. 3 theB-phase triplet DOS is obviously narrower

time (s)
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compared to the amorphous DOS and therefore cannot aevith the intermediate energetic spectral positions between
count for the observed longer segregation time. The materiaimorphous polyfluorene and the fully planar polyparaphe-
dependent prefactor of Eq2) describes the time that is nylene suggest an interchain extension of the conjugated
needed for a jump between two isoenergetic sites separatedbitals as opposed to just a simple increase in intrachain
by R; conjugation length.
: (<2aR)7-1 It is also clear that theg phase acts as an energetic trap
to=[6voe ] ©) for both singlet and triplet excitons, originally photoexcited

with « being the inverse localization length of the triplet O hong-phase, amorphous, chain segments. Photoinduced
exciton andy, the attempt-to-jump frequency. If we assume CW triplet absorption is found to be a very sensitive tool to
thata anduy, are identical for thes and the amorphous triplet Probe theg fraction in either liquid or solid PFO samples.
phase, it follows that the average site spacing for tripletJsing the latter technique it has been established that any
jumps in theﬁ phase must be |arger Compared to the amorPFO thin film, even the so called “as SpUn” Samples, contain
phous one. It is certainly misleading to assume that the sit@ certain amount of3 phase, which is partly already pre-
Spacing in the Supposec“y We”_order@ phase itself is formed in solution. Further, using tlﬁaphase as an emissive
|arger than in Corresponding amorphous po|ymer films. Howdirap that sensitizes delayed emission from triplet-triplet an-
ever, thep phase does not form large connected areas butihilation, we have shown that triplet as compared to singlet
rather isolated domains of 25—30 nm diameter within theMigration is equally active at room temperature. For that
PFO film, which was recently shown by near field scanning€ason it has to be in general carefully checked whether
optical microscopy® Within such domains the triplet migra- Forster transfer is the dominating population mechanism in
tion might be highly efficient. Howeverate limiting for the ~ guest-host systems based on conjugated polymers. Thermally
observation of long-lived delayed fluorescence due to tripletassisted exciton migration could also be the rate-limiting
triplet annihilation is the triplet jump between separaged Step.

phase domains embedded in an amorphous PFO matrix. Ob- Finally, the temperature-dependent delayed fluorescence
viously, on account of its higher triplet energy, the amor-kinetics of the selectively excite@ phase have been given
phous PFO matrix cannot participate on {Rehase triplet and analyzed within a well-established framework of triplet—
migration, and therefore acts as an energetic barrier. To Sunﬁr_iplet annihilation in a broad distribution of localized states.
marize the above, the increased time it takes to approachonsistent with foregoing work on different polyfluorene de-
equilibrium triplet diffusion qualitatively reflects the larger rivatives, we confirm that triplet migration is a thermally
average separation of individug-phase domains when activated hopping process. Further, the triplet migration is
compared to the site spacing in an all-amorphous polyme#ispersive for any delay time after excitation that is smaller
film. Concomitantly, the segregation time is a qualitativethan a temperature-dependent segregation time. Time-
measure of thg-phase level within the PFO film and in this independent classical triplet migration is approached for
way is sensitive to the sample preparation protocol. Ofonger delay times. li-phase containing films, the segrega-
course a hypothet|ca| p0|ymer film that consists On|y Ofm'|e tion time, between diSperSive and therma"y activated migra—
phase will show a very short dispersive diffusion regime, dudion, is strongly dependent on the separation between

to its reduced disorder, when compared to common conjuB-phase domains and indicates tjfaphase content grows in
gated polymers. via further nucleation of sites as opposed to growth of larger

domains.
IV. CONCLUSIONS ACKNOWLEDGMENTS

In this contribution PFOB-phase spectra, including sin-  We would like to thank Dr. Batsano@Chemical Depart-
glet, transient triplet absorption, fluorescence, and phosphawnent of the University of Durhairfor synthesizing the PFO.
rescence are presented and analyzed, most have been mEarther, we are grateful to EPSRC for fundif@gR/R19687
sured using the selectively excitgdphase. Within the class and One North-East via the County Durham Sub-regional
of conjugated polymers, the uniquely narrow transitions acPartnership. C.R. acknowledges a Royal Philips Electronics
companied by very little excited state relaxation, togetheiCASE studentship.

IPhilips released a shaver equipped with a two color display based?M. Grell and D. D. C. Bradley, Adv. Mate(Weinheim, Gey. 11,

on polymer light emitting diodes. 895 (1999.
2K. S. Whitehead, M. Grell, D. D. C. Bradley, M. Inbasekaran, and 6M. Grell, D. D. C. Bradley, G. Ungar, J. Hill, and K. S. White-
E. P. Woo, Synth. Met111, 181(2000. head, Macromolecule82, 5810(1999.
3T. Virgili, D. G. Lidzey, M. Grell, S. Walker, A. Asimakis, and D.  “M. Grell, W. Knoll, D. Lupo, A. Meisel, T. Miteva, D. Neher, H.
D. C. Bradley, Chem. Phys. LetB41, 219(2001). G. Nothofer, U. Scherf, and A. Yasuda, Adv. Mat@heinheim,
4B. Schartel, V. Wachtendorf, M. Grell, D. D. C. Bradley, and M. Ger) 11, 671(1999.
Hennecke, Phys. Rev. BO, 277 (1999. 8M. Grell, D. D. C. Bradley, X. Long, T. Chamberlain, M. In-

195213-9



ROTHE et al. PHYSICAL REVIEW B 70, 195213(2004)

basekaran, E. P. Woo, and M. Soliman, Acta Poly#9, 439 21C. Rothe and A. P. Monkman, Phys. Rev.@, 073201(2002.
(1998. 22C, Rothe, S. I. Hintschich, L. O. Palsson, A. P. Monkman, R.

°A. J. Cadby, P. A. Lane, H. Mellor, S. J. Martin, M. Grell, C. Guentner, and U. Scherf, Chem. Phys. L&60, 111 (2002.
Giebeler, D. D. C. Bradley, M. Wohlgenannt, C. An, and Z. V. 235 karabunarliev, M. Baumgarten, E. R. Bittner, and K. Mullen,
Vardeny, Phys. Rev. B52, 15 604(2000. J. Chem. Phys113 11 372(2000).

10 . .
M. Ariu, D. G. Lidzey, and D. D. C. Bradley, Synth. Met1l  zg Karabunarliev, E. R. Bittner, and M. Baumgarten, J. Chem.

607 (2000).
LM, Ariu, M. Sims, M. D. Rahn, J. Hill, A. M. Fox, D. G. Lidzey, . " nys- 114 5863(2001.

25 H
M. Oda, J. Cabanillas-Gonzalez, and D. D. C. Bradley, Phys J. Teetsov and D. A. Vanden Bout, Langmuig, 897 (2002

Rev. B 67, 195333(2003. 26, Romaner, T. Piok, C. Gadermaier, R. Guentner, P. S. de Frei-
12¢, Rothe and A. P. Monkman, Phys. Rev.d8, 075208(2003. tas, U. Scherf, G. Cerullo, G. Lanzani, and E. J. W. List, Synth.
13F, B. Dias, A. L. Macanita, J. Morgado, H. D. Burrows, and A. P. _ Met. 139 851(2003.

Monkman, J. Chem. Phygto be publishey 273, Hintschich, C. Rothe, S. Sinha, and A. P. Monkman, J. Chem.
143, Teetsov and M. A. Fox, J. Mater. Che®. 2117(1999. Phys. 119 12 017(2003.
15p, Blondin, J. Bouchard, S. Beaupre, M. Belletete, G. Durocher?®H. D. Burrows, J. S. de Melo, C. Serpa, L. G. Arnaut, A. P.

and M. Leclerc, Macromolecule83, 5874(2000. Monkman, I. Hamblett, and S. Navaratnam, J. Chem. Phy5,
16y, V. Romanovskii, A. Gerhard, B. Schweitzer, U. Scherf, R. I.  9601(2001J).

Personov, and H. Bassler, Phys. Rev. L&4, 1027(2000. 29M. Grunewald, B. Pohimann, B. Movaghar, and D. Wurtz, Philos.
17C. Rothe, S. Hintschich, A. P. Monkman, M. Svensson, and M. R.  Mag. B 49, 341(1984.

Anderson, J. Chem. Phy416, 10 503(2002. 30B. Movaghar, B. Ries, and M. Grunewald, Phys. Re\38 5574
18C. Rothe, R. Guentner, U. Scherf, and A. P. Monkman, J. Chem. (1986

Phys. 115, 9557 (2001). 31B. Movaghar, M. Grunewald, B. Ries, H. Bassler, and D. Wurtz,
19D, Hertel, H. Bassler, R. Guentner, and U. Scherf, J. Chem. Phys. Phys. Rev. B33, 5545(1986).

115, 10 007(2001). 825, C. J. Meskers, J. Hubner, M. Oestreich, and H. Bassler, Chem.
20M. Wohlgenannt and Z. V. Vardeny, Synth. Meit25, 55 (2002). Phys. Lett.339, 223(2001).

195213-10



