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Evidence for temperature-independent triplet diffusion in a ladder-type conjugated polymer
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We study the temperature dependence of triplet formation and decay by considering the phosphorescence
dynamics in a prototypical conjugated polymer matrix. The dynamics of triplet formation as a function of
temperature arc unraveled by applying an clcctric field during optical singlet generation and recording the
phosphorescence quenching. The diffusivity of triplet excitons in conjugated polymers is shown to be inde-
pendent of temperature up to 200 K. Wt propose a diffusion model that describes the relaxation dynamics of
triplet excitons at all times through triplct-triplct annihilation and spin orbit coupling at static heavy atom sites.
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Molecular semiconductors are characterized by large ex-
change splittings and weak spin orbit coupling. In optoelec-
tronic devices, such as organic light-emitting diodes
(OLEDS), this results in the formation of two distinct excited
state species of singlet and triplet spin configuration.
Whereas great progress has been made over the past decade
in understanding the kinetics of singlet excitations in organic
materials as diverse as molecular semiconductors,12 carbon
nanotubes,3 and artificial or natural light-harvesting
complexes,4 little attention has been paid to the dynamics of
triplet excitations. As triplets constitute the dominant species
in OLEDs (Ref. 5) and offer considerable potential for long-
range energy transfer in molecular solids due to their long
lifetime,6 a microscopic picture of the dynamics of triplet
excitons in disordered molecular solids and in particular in
conjugated polymers is urgently required. Unfortunately, the
radiative transition of the triplet to the ground state is gener-
ally spin forbidden, impeding a direct spectroscopic observa-
tion. Photoinduced absorption can yield some insight into
triplet dynamics,78 but is often complicated by the presence
of charged excited state species, which can only be separated
using spin resonance techniques.9 Most time resolved studies
of triplet kinetics to date have relied on the detection of
delayed fluorescence (DF). As this signal is always a mixture
of geminate carrier recombination and triplet-triplet annihi-
lation (TTA), only a nonlinear measure of the triplet popu-
lation can be reached, which requires further interpretation.
Some conjugated polymers exhibit extremely weak phospho-
rescence at low temperatures, which provides a direct linear
measure of the triplet density.10 However, in most cases
phosphorescence occurs on veiy long time scales from ther-
malized triplet excitons trapped in the tail of an often broad
density of states.1 We recently demonstrated a powerful
technique for visualizing nonthermalized triplets in conju-
gated polymers at room temperature. Inclusion of trace con-
centrations of heavy metal atoms on the polymer backbone
barely modifies triplet generation but opens a highly efficient
radiative decay channel for migrating triplet excitons through
highly local spin-orbit coupling.12 This method opens a win-
dow to the nonthermalized migrating triplets, which are di-
rectly relevant to devices such as OLEDs.

Whereas singlet exciton migration in molecular solids can
be adequately described in the framework of Forster-type
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dipole-dipole coupling, the kinetics of the triplet excitons are
driven by nearest neighbor exchange interactions.6 Under
certain circumstances, the theory of nonradiative energy
transfer predicts a temperature independent exciton migra-
tion. Here we show that the migration of nonthermalized
triplet excitons is temperature independent, as is the case for
a pure dipole-dipole coupling process,13 and we demonstrate
a comprehensive diffusion model that accounts for the ob-
served triplet Kinetics over a wide range of temperatures and
times. Field quenching experiments confirm that it is the trip-
let generation which is temperature dependent due to hetero-
geneous intersystem crossing (ISC) efficiencies at different
sites in the polymer matrix.

The polymeric material system used in this study
is a diaryl (diphenyl)-substituted ladder-type poly(para-
phenylene) (PhLPPP, inset in Fig. 1) containing a trace con-
centration of covalently bound Pd atoms (~ 100 ppm), as

FIG. L (Color online) (a) Phosphorescence intensity (filled
circles) at 50 ns measured with a 10 ns gate versus temperature.
The triplet population at 50 ns as estimated for optimal convergence
is also shown (open squares, sec text). Inset: chemical structure of
PhLPPP (W dccyl; R2: hexyl). (b) Quenching efficiency of the
phosphorescence (50 ns delay; 10 ns gate) as a function of tempera-
ture under application of an clcctric field of 1 MV/cm.
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confirmed by inductively coupled plasma optical emission
spectroscopy. For the temperature dependence of triplet de-
cay dynamics a 100 nm thin film of PhLPPP was spin-coated
on an indium tin oxide (ITO) substrate mounted in a wide-
field view cold-finger He cryostat. Electric fields were ap-
plied using a typical light emitting diode configuration with
ITO and Al electrodes addressed in reverse bias. Carrier-pair
dissociation at the electrodes was minimized by using 10-
nm-thick SiOT insulating layers. Time resolved photolumi-
nescence spectroscopy was performed using 150 fs pulses of
1kHz repetition rate to excite the polymer in the second
vibronic progression at 400 nm. Upon excitation, a variable
electronic time delay (10 ns resolution) with a variable inte-
gration time adjusted to 20% of the delay provided by an
intensified gated charge coupled device spectrometer was
used to resolve the transient emission.

Under optical excitation triplet generation in LPPP at ex-
citation energies below 3 eV relies mostly on ISC of singlets
('S ~rj).14 Subsequently, highly localized triplet spin-orbit
coupling at the Pd sites enables efficient otherwise forbidden
radiative recombination over a wide range of temperatures.
Since the phosphorescence band of PhLPPP is spectrally al-
most identical to that of the metal-free analogous polymers,
such as the methyl substituted LPPP,10 it is implied that trip-
let harvesting occurs adiabatically. In contrast, in polymers
with heteromolecular triplet sensitizers triplet harvesting
usually occurs through carrier or exciton trapping involving
energy dissipation.15-18 The absence of an energy gradient to
the Pd sites thus renders PhLPPP ideal for noninvasive mea-
surements of the true triplet Kinetics in polymeric matrices.

It is often assumed that DF originates mostly from TTA
(TI+TX—>$! +phonons) and there have been several attempts
to describe triplet migration in hydrocarbon polymer films
from the decay dynamics of DF.1920 Electric fields allow a
much stronger modulation of DF than of prompt fluores-
cence, which demonstrates that—certainly in the ladder-type
polymers—DF must arise from species more weakly bound
than the singlets.2l These species are generally attributed to
polaron pairs generated upon photoexcitation (PPSASi). In
contrast, triplets are more tightly bound, which is readily
seen in the fact that the phosphorescence intensity cannot be
modulated by an electric field applied after laser excitation.2

For a quantitative understanding of triplet migration ki-
netics it is essential to understand the temperature depen-
dence of the dynamics responsible for the generation of the
initial triplet population. The dependence of the phosphores-
cence intensity at 50 ns on temperature is shown in Fig. 1(a)
(solid circles). An initial delay of 50 ns is chosen to remove
prompt fluorescence. The observed nonmonotonic depen-
dence that peaks at 200 K shows that either the triplet
radiative/nonradiative decay rates or the triplet density de-
pend substantially on temperature. In order to reveal the cor-
relation between the dynamics of photogenerated singlets
and triplet formation an electric field (1 MV/cm) is applied
to the polymer film throughout optical excitation and detec-
tion. The phosphorescence intensity between 50 and 100 ns
after optical excitation is recorded with and without the elec-
tric field for a temperature range between 10 and 280 K. The
electric field phosphorescence quenching efficiency [Fig.
1(b)] exhibits a similar dependence on temperature as the
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FIG. 2. Time resolved phosphorescence quenching efficiency at
75 K. The electric field is applied throughout the measurement. The
inset shows the pulse sequence applied in the measurement.

initial phosphorescence at 50 ns. The phosphorescence
quenching originates from the field quenching of optically
excited singlets, whereas triplets themselves are not
quenched. This is confirmed by the virtually time-
independent phosphorescence quenching efficiency shown in
Fig. 2. The increase of both the initial phosphorescence in-
tensity and of the quenching efficiency up to 200 K can
therefore only be due to enhanced triplet formation. A rea-
sonable interpretation is that singlet diffusion within the
polymer film increases with increased thermal energy due to
the possibility of uphill migration steps in the disordered
energetic environment.2Z3 This increases the probability of a
singlet reaching a site in the polymer matrix of enhanced
ISC. Although the Pd atoms constitute obvious candidates
for such diffusion driven ISC sites, we stress that other
chemical defects such as oxygen will also enhance ISC (Ref.
6) with increasing temperature.

The change of the slope at 200 K in the two plots in Fig.
1 could be attributed to the onset of an efficient nonradiative
mechanism for singlets, which would lead to a lower triplet
generation rate. We were recently able to demonstrate that
collective intramolecular interchromophoric effects mani-
fested in single molecule blinking become relevant in ladder-
type polymers at a similar temperature.24 We therefore pro-
pose that for TS 200 K singlets incoherently couple with
most of the chromophoric sites within one polymer mol-
ecule, which dramatically increases the sensitivity to quench-
ing sites on the chain. This effect raises the probability of
quenching during singlet diffusion in the polymer film. The
dependence of the triplet density on temperature is therefore
dominated by nonradiative effects for rs200 K.

Temporally and spectrally resolved phosphorescence is
performed so as to gain insight into the triplet kinetics post-
triplet formation. Figure 3 shows the phosphorescence decay
curves of a PhLPPP film between 50 ns and 150 pus mea-
sured in a temperature range between 25 and 298 K (the
temperature increases towards the bottom of the graph and
the decay curves are shifted for clarity). In all cases the ac-
tual emission spectra were recorded. In contrast to trapped,
thermalized triplets, which give rise to a blueshift of the
phosphorescence upon heating,1l the nonthermalized triplets
studied here display a slight (~2 meV) spectral shift to the
red upon heating.25 The presence of Pd atoms in the polymer
matrix increases the overall phosphorescence intensity com-
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FIG. 3. (Color online) Phosphorescence decay curves of a
PhLPPP matrix between 50 ns and 150 (is (measured in gate
lengths of 20% of the delay) for different temperatures. The decay
curves are shifted vertically for clarity. Solid lines correspond to the
theoretical results.

pared to measurements on other polymers exhibiting triplet
emission.10 Whereas qualitatively the phosphorescence de-
cay curves mirror the migration dynamics of triplets to Pd
sites, it is important to note that the migration dynamics de-
pend both on the initial triplet density and triplet diffusivity,
as well as on the presence of nonradiative quenching mecha-
nisms. Thus in order to develop a quantitative understanding
of the triplet kinetics it is necessary to resort to the dynamic
approach of diffusion theory.

We assume that triplet migration can be described in con-
figuration space in terms of time-dependent Smoluchowski
theory in the limit of veiy low triplet concentrations. This
approach is one of the basic methods used to describe kinet-
ics of diffusion-controlled reactions.26 In our case, we ac-
count for both TTA and reverse ISC at the Pd sites leading to
phosphorescence via spin-orbit coupling. Considering these
effects, the time evolution of the triplet density is given by

dN-r t "
— = - KAViNj--Kk2Nj,
dt VN J

where N T is the triplet density and N\ is the effective palla-
dium concentration. The Kkinetics are expressed in terms of
the time-dependent rates given by 2627

k, =4uDtRvJ 1+ j R I,
\ WDijt)

k2- 8ttDtRtta(1l+ ——], @
V7 \2TrDjt

where DT is the triplet diffusivity, and RV /?tta are the
triplet-Pd spin orbit coupling radius and the scattering length

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 74. 241201(R) (2006)

Y ST NI S I DN W S— S—

25 50 75 100 125 150 175 200
Temperature (K)

FIG. 4. Dependence of diffusivity on temperature as derived
from the phosphorescence decay curves using the diffusion model
described in the text. The error bars correspond to the fitting error
and the dashed line is a guide to the eye.

of TTA, respectively. In order to reduce the number of pa-
rameters, we approximate both R¥d and /?tta to 5 A and we
note here that this approximation does not affect the tem-
perature dependence of the derived diffusivity. The concen-
tration of effective Pd sites in the film is estimated as 3
x 10’6 cm”3.12 The initial condition of the triplet population
at the lowest temperature under consideration (25 K) is de-
rived from the optimal convergence between theory and ex-
periment as 1x 10°7cm”3. The initial conditions for the
higher temperatures are scaled according to the measured
phosphorescence intensity at 50 ns (Fig. 1) and are allowed
to vary by +10% to optimize the convergence [Fig. 1(a),
open squares; the error bars correspond to the fitting error].
The diffusivity DT therefore constitutes the only free fitting
parameter. The results of the calculation for temperatures
between 25 and 200 K are shown in Fig. 3 (solid curves).
Surprisingly, the calculated diffusivity is virtually indepen-
dent of temperature, as summarized in Fig. 4. An average
value of (19.69+ 1.42) x 10”6 cm2/s is obtained, in agree-
ment with prior estimates of triplet migration in anthracene
crystals.28 Interestingly, temperature independent energy
transfer has been previously observed in some photosyn-
thetic light-harvesting processes, e.g., between the two types
of bacteriochlorophyll a (from B800 to B850) contained in
peripheral light-harvesting complexes (LH2).2

For low temperatures measurement and theory are in ex-
cellent agreement over three orders of magnitude in time and
intensity. Here we should note that in our model we have
assumed a uniform probability of triplet generation within
the polymer matrix. With increasing temperature a deviation
appears for times after 50 ps. This deviation is understood to
originate from the increased role of nonradiative effects with
increasing temperature that set in around 200 K and consti-
tute an additional quenching channel for triplets. As the na-
ture of the triplet quenching channel for T'Z. 200 K is not
entirely clear its inclusion in the diffusion model is not at-
tempted here.

Intuitively, one would expect the diffusivity of a “freely”
migrating neutral species to increase with temperature. How-
ever, the triplet excitons in the isotropic polymer matrix can-
not be viewed within the framework of kinetic gas theory.
Instead, the motion of a triplet from one site to another con-
stitutes a correlated two-particle (electron and hole) motion,
where the increased kinetic (thermal) energy of the two ex-
citonic constituents cannot be transferred to a center of mass
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motion of the exciton. A quantitative explanation of the sur-
prising independence of diffusivity on temperature should be
sought in the microscopic mechanism of triplet exchange
energy transfer between near-resonant neighboring sites. In
this case, the transfer probability depends on the exchange
integral, the energetic overlap between excited and unoccu-
pied triplet states, and the exponential dependence on the
reciprocal absolute temperature. Since the exchange integral
is independent of temperature, triplet energy transfer be-
comes independent of temperature for nearly degenerate ex-
cited and unoccupied triplet states. However, very little in-
formation on these quantities can be drawn from experiment
since direct radiative triplet transitions are dipole forbidden.
Therefore, our experimental findings provide an indirect way
of gaining insight into the microscopic triplet dynamics, on
which future microscopic theoretical studies may rely.

In conclusion, we have resolved the temperature depen-
dence of triplet formation and migration in a triplet sensi-
tized #-conjugated polymer matrix. Both TTA and local
spin-orbit coupling lead to triplet depletion with time.

*Author to whom correspondence should be addressed. Electronic

address: Pavlos.Lagoudakis@soton.ac.uk

1R. Kersting. U. Lemmer. M. Deussen. H. J. Bakker. R. F. Mahrt.
H. Kurz. V. I. Arkhipov. H. Bassler. and E. O. Gobel. Phys. Rev.
Lett. 73. 1440 (1994).

2F. Schindler. J. M. Lupton. J. Feldmann. and U. Scherf. Proc.
Natl. Acad. Sci. U.S.A. 101. 14695 (2004).

30. J. Korovyanko. C. X. Sheng. Z. V. Vardeny. A. B. Dalton, and
R. H. Baughman. Phys. Rev. Lett. 92. 017403 (2004).

4G. Cerullo. D. Polli. G. Lanzani. S. De Silvestri. H. Hashimoto.
and R J. Cogdell. Science 298. 2395 (2002).

5S. C. Lo. N. A H. Male. J. P. J. Marham. S. W. Magennis. P. L
Burn. O. V. Salata. and I. D. W. Samuel. Adv. Mater. (Weinheim.
Ger.) 14. 975 (2002).

6M. Pope and C. E. Swenberg. Electronic Processes in Organic
Crystals (Oxford University Press. Oxford. 1999).

7T. Virgili. G. Cerullo. C. Gadermaier. L. Luer. G. Lanzani. and D.
D. C. Bradley. Phys. Rev. Lett. 90. 247402 (2003).

8A. S. Dhoot. D. S. Ginger. D. Beljonne. Z. Shuai. and N. C.
Greenham. Chem. Phys. Lett. 360. 195 (2002).

9P A. Lane. L. S. Swanson. Q. X. Ni. J. Shinar. J. P. Engel. T. J.
Barton, and L. Jones. Phys. Rev. Lett. 68. 887 (1992).

UY. V. Romanovskii. A. Gerhard. B. Schweitzer. U. Scherf. R. I.
Personov. and H. Bassler. Phys. Rev. Lett. 84. 1027 (2000).

21C. Rothe and A. Monkman. Phys. Rev. B 65. 073201 (2002).

2J. M. Lupton. A. Pogantsch. T. Piok. E. J. W. List. S. Patil. and U.
Scherf. Phys. Rev. Lett. 89. 167401 (2002).

13). M. Lupton. I. D. W. Samuel, and P. L. Burn. Phys. Rev. B 66.
155206 (2002).

¥M. Wohlgenannt. W. Graupner. G. Leising. and Z. V. Vardeny.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 74. 241201(R) (2006)

Whereas the diffusion of nonthermalized triplets is princi-
pally temperature independent, a thermal activation mecha-
nism in the singlet diffusivity has to be invoked to explain
the substantial 1SC rates found in conjugated polymers. Our
results have important implications for the fundamental un-
derstanding of the spatial dynamics of the primary electronic
excitations in polymer matrices. In particular, the high diffu-
sivity of triplets illustrates how to optimize triplet harvesting
in OLEDs.16 High levels of phosphorescence dopants will
modify the film quality and potentially reduce the triplet dif-
fusivity. Efficient triplet harvesting in heterostructures is best
achieved with veiy low levels of short-lived phosphores-
cence dopants, as in the present case of trace metal atom
impuirities.
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