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Fundamental mechanisms underlying exciton formation in organic semi-
conductors are complex and elusive as it occurs on ultrashort sub-100-fs
timescales. Some fundamental aspects of this process, such as the evolution of
exciton binding energy, have not been resolved in time experimentally. Here,
we apply a combination of sub-10-fs Pump-Push-Photocurrent, Pump-Push-
Photoluminescence, and Pump-Probe spectroscopies to polyfluorene devices
to track the ultrafast formation of excitons. While Pump-Probe is sensitive to
the total concentration of excited states, Pump-Push-Photocurrent and Pump-
Push-Photoluminescence are sensitive to bound states only, providing access
to exciton binding dynamics. We find that excitons created by near-
absorption-edge photons are intrinsically bound states, or become such within
10 fs after excitation. Meanwhile, excitons with a modest >0.3 eV excess energy
can dissociate spontaneously within 50 fs before acquiring bound character.
These conclusions are supported by excited-state molecular dynamics simu-
lations and a global kinetic model which quantitatively reproduce
experimental data.

The development of organic molecular-based optoelectronics has
been at the forefront of research into green and sustainable energy
solutions. Interconversion of photons and molecular electronic states
is a key process behind many applications'?, including organic pho-
tovoltaics (OPV)®, organic light-emitting diodes*, light concentrators’
and colour convertors®. The molecular electronic state formed
immediately after photon absorption (and also the precursor state for
photon emission) is known as a molecular singlet exciton. Such an
exciton is often defined as a quasiparticle consisting of an electron in
the lowest unoccupied molecular orbital (LUMO) and a hole in the
highest occupied molecular orbital (HOMO). Due to the electrostatic
attraction between the localised electron and hole, amplified by the
low dielectric constant and low dimensionality’, this state is lower in
energy compared to a pair of separated charges*®. This makes the

electron and hole ‘bound’ to each other, with the energy difference to
free carriers known as the exciton binding energy’. Exciton binding
energy in a solid polymer film depends on a variety of factors,
including the dielectric constant'®, localisation of charges™'?, push-pull
character®, intermolecular coupling, such as electronic coupling®,
molecular aggregation'®, molecular dimensionality’ and morphology".
While the high exciton binding energy may be favourable for photo-
and electroluminescent applications, the efficient exciton dissociation
into separated charges is attractive for photovoltaics. Charge genera-
tion in most OPVs is realised using band offsets as the driving force in
donor-acceptor materials’®. However, a ‘spontaneous’ exciton dis-
sociation is also possible and has recently found applications in single
component organic solar cells”?°, where the molecules of the same
type act as both donor and acceptor. Using single-component material
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reduces the negative effect of exciton diffusion and excess energy loss
on the open-circuit voltage of organic photovoltaic devices”*.

The current paradigm for exciton photophysics suggests that
immediately after optical excitation an exciton is generated with
excess energy (hot exciton) and a delocalised wavefunction across
multiple molecules or a single polymer chain®2°, This hot exciton then
loses its excess energy while localising into a more spatially confined
electronic wavefunction. This localisation and relaxation are naturally
accompanied by the increase of exciton binding energy, which
becomes very substantial in the ‘cold’ state - prohibiting efficient
exciton dissociation'>**', Multiple studies have demonstrated that the
excess energy of hot excitons facilitates dissociation into separated
charges'>*? and shown that higher excitation energy enhances charge
separation as excess energy increases the delocalisation character®°,
In some materials, however, weakly-bound localised excitons were
reported even at room temperatures with dissociation independent of
excitation conditions®*°. The ambiguous role of the excess excitation
energy in exciton binding and dissociation has been also addressed by
numerous theoretical studies’®*2. Despite this effort, due to the
complex and exceptionally fast electronic dynamics, the timescales at
which excitons form and acquire their properties remain unclear.
Overall, the mechanisms and rates of exciton formation and sponta-
neous dissociation are still widely debated questions that are of
immediate importance for the design of optoelectronic materials and
devices.

The ultrafast sub-200-fs timescales of bound exciton
formation®?***** impose stringent time-resolution requirements on
the experimental technique used to study this process which are only
attainable by optical techniques. The most common and versatile
method used has been ultrafast optical pump-probe (PP)
spectroscopy®***. Ultrafast PP spectroscopy has proved to be a
useful tool to capture exciton dynamics, showing a rapid (within 100-fs
time resolution) creation of excitons**** with an ultrafast (<200 fs)
exciton localisation® and charge separation*®*’. Furthermore, ultrafast
transient two-photon photoemission (2PPE) also showed a rapid pre-
sence of excitons with localisation occurring in hundreds of femtose-
conds through electron-vibrational interaction and nuclear
reorganisation'***°, Previous transient photoluminescence (PL) and
transient anisotropy experiments suggest that bound excitons are
formed in less than 200 fs**”°"%* and their binding is predominantly
driven by the coupling to phonons and environment***°°°, Although
these methods track well the population dynamics of states with

energy of excitonic states and may not distinguish excitons from other
excited species. This lack of bound-state sensitivity can be overcome
using  pump-push-photocurrent  (PPPC) and  pump-push-
photoluminescence (PPPL) techniques'**~%. In PPPC, after triggering
exciton formation by initial pump excitation, a push pulse can re-excite
bound states promoting their dissociation and the push-induced
photocurrent, associated with the bound states only, is detected.
Similarly, in PPPL, the effect of push on the dissociation of emissive
exciton states only is detected via measuring the reduction in total
luminescence yield of the sample.

Here, we apply a combination of PP, PPPC and PPPL spectro-
scopies with sub-10-fs time resolution to separate and track in time the
ultrafast formation of bound excitons. Using a polyfluorene poly(9,9-
dioctylfluorene) (PFO) device as a model system, we use PP to reveal
the total concentration of excited states, and PPPC/PPPL to determine
the relative number of bound states at different moments of time. We
found that excitons created by near-absorption-edge excitation are
intrinsically bound states, or are becoming such within 10 fs after
excitation. At the same time, hot excitons with >0.3 eV excess energy
do have a chance for spontaneous dissociation and acquire fully bound
character only at a 50-fs timescale. Excitation fluence-dependent
measurements show that the exciton binding does not depend on the
density of excited states and that exciton-exciton annihilation con-
tributes to charge dissociation by giving excess energy to the bound
exciton. Also, polarisation-sensitive PPPL measurements reveals that
energy transfer in PFO occurs on 800-fs clearly slower than exciton
binding (<10 fs) and exciton relaxation (~50 fs). We develop a simple
global kinetic model which reproduces PP and PPPC experiments with
a compact set of shared parameters, supporting the above conclu-
sions. Finally, we use the non-adiabatic excited state molecular
dynamics package (NEXMD)*’ to simulate singlet exciton evolution in
an oligomeric model of this polymer. Our simulation confirms that the
binding energy of the near-band-edge Sl excitons does not evolve
significantly beyond the ~20-fs timescale. These near-band-edge states
are populated through hot exciton states cooling with characteristic
time of 50 fs.

Results

PFO material and devices under study

As a model system in this study, we used poly(9,9-dioctylfluorene)
(PFO) shown in Fig. 1a. PFO is a stable emissive conjugated polymer
that has been investigated extensively over the last decades using
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Fig. 1| The material system and the device under study. (a) Optoelectronic
device design and molecular structure of PFO, (b) steady state absorption spec-
trum of PFO (green) and TA spectra (grey) of PFO with 390 nm excitation at
0.35 ps after excitation. The blue area indicates the broad pump pulse and the red
area indicates the broad push/probe pulse used in sub-10-fs PP, PPPC and PPPL

experiments, (c) state energy diagram based on steady state and transient
absorption results with So the ground state, S; the singlet state, S,, the higher
excited states, C; and C, charge separated states (CT or free carriers) and blue and
red arrows denoting the pump and push/probe pulse in sub-10-fs PP, PPPC and
PPPL experiments.
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methods® . Also, when it is prepared in a relatively amorphous solid
state, early (sub-ps) PFO dynamics are not strongly affected by
aggregation effects®.

To replicate the conditions of an optoelectronic device, PFO was
used as the thin (100 nm) active layer of an inverted diode with ITO/
ZnO/PFO/Mo03/Ag structure as shown in Fig. 1a and in the Supple-
mentary Information (SI). Using a thin active layer allowed us to keep
the excitation density homogeneous through the film and minimise
charge transport effects in PPPC experiments. The light was coupled
into the device from the metal electrode side. Using thin (<20 nm)
semi-transparent Ag electrodes, minimises the dispersion experienced
by the broadband ultrafast optical pulses and helps to keep the tem-
poral resolution high, although first order of group delay dispersion
can be also compensated by chirped mirrors used in the formation of
sub-10-fs pulses.

Figure 1b shows the steady state absorption spectrum of the
samples. The absorption band is centred at 390 nm and attributed to
the 1t~ 1 transition, common to most conjugated polymers. Exciting
this transition leads to singlet exciton formation; therefore, an exci-
tation (pump) with 390 nm central wavelength was used for all time-
resolved experiments. The minor absorption shoulder at 410 nm
indicates the presence of a small amount (<6%, based on relative
oscillator strength) of PFO beta phase. This beta phase is known to play
arole in the energy and charge transfer at ps timescales®*®’, however,
its effect is expected to be negligible on the sub-100-fs dynamics dis-
cussed in this work. We also note, our excitation pulse was chosen to
match the amorphous phase absorption.

To reveal the energy levels of PFO and identify the key optical
transitions relevant for the PPPC and PPPL experiments, we started
with a broadband transient absorption (TA) measurement with 200-fs
time resolution. Figure 1b shows the TA spectrum at 0.35ps after
390 nm excitation with a low-fluence pump pulse (<10 pJ/cm? to avoid
nonlinear processes). Already at 0.35ps, pronounced negative and
positive areas are observed indicating the rapid formation of excited
states. We attribute the negative band below 550 nm to ground state
bleaching and stimulated emission of the singlet exciton state of PFO.
The wide positive area shows two distinct excited state absorption
bands, and global analysis of these data reveals two distinct excited
species (Supplementary Figs. 3, 4). The first band around 600 nm was
previously assigned to the C;~> C, absorption of charge-separated
states in the form of either interchain charge-transfer (CT) excitons or
polarons (weakly bound or unbound charge carriers)®*-"7°7!_ Based
on longer relaxation timescales derived from global analysis (Supple-
mentary Fig. 4) and literature®®®"*’, these charge-separated states are
precursors for photocurrent, if they survive recombination. The sec-
ond band in the far-red and NIR is assigned to the photoexcitation of
the singlet exciton to a higher electronic state S; > S,°%%*¢77071 This
assignment agrees with the decay time constant of 200 ps found from
global analysis (Supplementary Fig. 4). Figure 1c presents the state
energy diagram based on steady state and transient absorption results.
This diagram was used to plan sub-10-fs experiments and to develop a
kinetic model of excited state dynamics.

Sub-10-fs time-resolved experiments

To track exciton formation in time, we employed PP, PPPC and PPPL
experiments with sub-10-fs pump and push/probe pulses providing
~10-fs time resolution. The use of such short pulses imposes relatively
broadband bandwidths for the excitation and probe/push spectra.
Shaded curves in Fig. 1b show the spectra of optical pulses used; PP,
PPPC and PPPL experiments have been done at identical conditions
with the same pump pulse, while the NIR pulse played the role of either
probe or push depending on the type of experiment. The pump pulse
had bandwidth of ~0.4eV and was centred at 390 nm to achieve
excitation of the system into a singlet exciton state while the probe/
push pulse was centred at 800 nm with a bandwidth of ~0.35eV,

matching the excited-state absorption of excitons S; > S,,. The choice
of this probe/push pulse spectrum ensures an interaction only with
excitons and eliminates artefacts from other excited species such as
polarons and CT states. Polarisation of pump and push were ortho-
gonal, unless stated otherwise. Pulse characterisation and setup out-
line details can be found in the SI (Supplementary Figs. 1, 2).

Figure 2 shows PP and PPPC signals for the excitation fluence
varying from 16 pj/cm’ up to 160 pJ/cm”. Complementary PPPL mea-
surements are shown on Fig. 3 and will be discussed later. The red
traces in Fig. 2a show the PP data. PP signal rises abruptly after time
zero with 80% of the growth happening within our 10-fs time resolu-
tion. This is followed by a slower growth occurring on ~50-fs timescale.
Then, for low excitation fluences, the signal levels off while for higher
fluence a noticeable ~ps decay is observed. As excitation fluence
increases, the early PP signal increases roughly linearly with excitation
power, but this behaviour does not hold for the long-time signal
(Supplementary Fig. 5). Figure 4b shows the PP at 1000 fs for different
excitation fluences. The linearity observed up to 100 pJ/cm? has been
reported before®®*, For stronger intensities, linearity is lost because of
the bimolecular effects.

The blue traces in Fig. 2b show the PPPC data. Similar to PP, the
transient photocurrent rises very rapidly after time zero with 80% of
the growth happening in the first 10-fs followed by slower growth
occurring on ~50 fs timescale. For low excitation fluences, the PPPC
signals behave like PP with no pronounced ps decay at longer times
(Fig. 2c). However, in contrast to the PP signal, as the excitation fluence
intensity increases, the transient photocurrent amplitude achieves
saturation (Fig. 4b, Supplementary Fig. 5), and the kinetics shows
negligible ps decay even at fluxes above 100 pJ/cm? (Fig. 2b).

The two ultrafast components of PPPC growth suggest that bound
exciton formation occurs through two pathways, either a rapid most
probable (80%) sub-10-fs pathway, or a slower ~50-fs process. Since
the 50-fs timescale approximately matches previously observed
dynamics of spectra diffusion and exciton ‘cooling’ in organic
semiconductors>**4%% we tentatively assign ~50-fs process to
cooling of hot excitons created with higher energy photons. The 10-fs
process is then attributed to generation of the cold states with lower
energy photons. The existence of both components is expected
because a broad pump spectrum is required to achieve a short pulse
duration. While most pump photons have their energies within 0.2 eV
of the optical gap of PFO, some can populate states with >0.3 eV of
excess electronic and vibrational energy.

We note that the interaction of such ultrashort and intense pulses
can introduce coherent artefacts and other nonlinear effects. We rule
out the influence of these phenomena on our data for two reasons.
First, our data have neither an ultrashort spike nor a fast drop of signal
within the pulses’ overlap time, which are characteristic for coherent
artefact effects. Second, the (sub)linear scaling of PP and PPPC signals
with pump intensity within the first 50 fs (Supplementary Fig. 5) rules
out multiphoton interaction phenomena.

We associate the ultrafast (sub-10-fs) bound state formation with
singlet excitons photogenerated by bringing electrons just above the
optical gap. These excitons do not possess significant extra energy
above the S; state. As proposed in earlier studies, within the first 10 fs
these excitons, which are initially delocalised, begin to localise via
vibrational modes that result from the strong electron-phonon cou-
pling. The modes responsible for localisation on such fast timescales
are likely to be those responsible for bond length alternation such as
the C=C bond stretch and quinoid motion of benzene rings’>. The
period of C =C bond stretch vibration is ~20 fs which corresponds to
the 5-10fs timescale for a one-way deformation. Indeed, a previous
theoretical work found that bond length alternation, which is char-
acteristic of exciton self-trapping, can occur on a 20-fs timescale in
polyfluorenes”. The sub-10fs timescale does not leave time for slower
nuclear reorganisation (via exciton-phonon coupling involving slower
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excitation fluence increases 10-times. Push/probe pulse excitation fluence is kept
constant herein. Lines are simulations of the two experiments using the 4-state
model illustrated on Fig. 4a. Grey shaded Gaussian on (c) represents the convolu-
tion of pump and push/probe pulse on PP & PPPC experiments showing the high
time resolution here. Error bars are experimental statistical standard errors.

motions such as torsion, or via coupling to the environment). Inter-
estingly, the slower nuclear reorganisation processes which follow the
initial exciton self-trapping and can take up to 100 ps’* appear to have
arelatively small impact on the exciton binding energy and the exciton
localisation.

We associate the delayed 50-fs growth of signal with bound
excitons that form via cooling of directly excited, higher lying states,
which may occur via two routes: (i) multiphoton excitation and (ii) high
energy photons within the wide spectrum of a short pump pulse. The
multiphoton excitation can be discarded as the PP amplitude shows an
approximately linear growth at short delay times (Fig. 4b, Supple-
mentary Fig. 5). The broad spectrum of the excitation pulse also allows
excitons with few-hundred meV excess energy to be generated. As we
show below, additional electronic excited states lie within the pulse
range. Some of them may dissociate spontaneously, but some go
through the cooling on a 50-fs time scale and then require extra energy
for dissociation. The possibility of spontaneous dissociation in the hot
state agrees with previously reported 0.3 eV exciton binding energy in
PFO”. Clark et al have suggested 50-fs time corresponds to S,, to S;
relaxation in this material®.

As pointed out earlier, PP and PPPC kinetics are very similar at
low excitation intensities (Fig. 2c), but become different as the
excitation intensity increases (Fig. 2d). The differences include the
presence of the pronounced ~ps decay in PP signals and sub-linear
behaviour of PPPC amplitude with pump intensity (Fig. 4b). We
suggest these two phenomena are connected and originate from
exciton-exciton annihilation (EEA) which affects the system sig-
nificantly at excitation intensities above 100 pJ/cm?. In case of PP, the
effect is straightforward - at higher pump intensities and exciton
densities, EEA opens a new fast decay process observed as a ~ps
decay in the signal®*®7, In case of PPPC, we suggest that EEA gives
excess energy to bound excitons and boosts them to overcome the
exciton binding energy, offering them the chance to contribute to

photocurrent. Therefore, PPPC is not sensitive to the bound excitons
undergoing exciton-exciton annihilation as they do not need the
push pulse to gain excess energy, and their photocurrent contribu-
tion is the same whether there is a push pulse or not. However, EEA
depopulates bound states causing the subtle ~ps decay on high
pump intensities PPPC signals.

Polarisation sensitive measurements

To confirm the attribution of signals to excitons and to evaluate the
possible intermolecular energy transfer effect on exciton binding and
cooling dynamics in PFO, we also performed polarisation-sensitive
PPPL measurements. PPPL were performed on PFO films rather than
devices to avoid depolarisation effects in electrode materials and to
improve PL outcoupling. The measurements were performed with
orthogonal polarisation of pump and push (identical setup to PP and
PPPC) as well as with parallel polarisation by adding a 45° polariser in
the combined pump/push beam path. Time resolution in parallel
polarisation experiment was slightly lower (~40 fs) due to the disper-
sion in the polariser.

Figure 3a (Supplementary Fig. 6) shows that, at the orthogonal
polarisations, PPPL signal (-APL/PL) follows the same dynamics as
PPPC, yet with opposite sign. The matching dynamics verify that, with
the chosen push wavelength, PPPC indeed tracks purely singlet exci-
tons, as PPPL addresses only emissive states. Push pulse is absorbed by
excitons and splits them into charges, decreasing the PL and increasing
the photocurrent of the device; this leads to the opposite signs, but
similar dynamics of PPPC and PPPL.

Figure 3b presents the isotropic signal and anisotropy decay
observed in PPPL measurements. Signal is strongly depolarised from
10-fs delay times which is likely due to the respective orientation of
So~>S; and S; » S, transition dipoles. Strong depolarisation confirms
that the orthogonal-polarisation data presented in Fig. 2 are not much
affected by polarisation effects. After the initial depolarisation,
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anisotropy decays further on the timescale of 850+130fs. We
associate these dynamics with the energy transfer process, namely,
exciton hoping between the conjugated segments with different
orientation. This 800-fs loss of anisotropy is slow compared to the 10-
fs bound-exciton formation and to the 50-fs exciton relaxation dis-
cussed before. It however matches well the exciton-exciton
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Fig. 3 | Comparison of the PPPC, PP and polarisation sensitive PPPL experi-
ments. a PP transient absorption (red), PPPC (blue) and PPPL (green) at 160 pJ/cm?
excitation fluence. Lines are simulations using the 4-state model illustrated on
Fig. 4a. b Isotropic (green) and anisotropy (black) kinetics of PPPL transient pho-
toluminescence. Dashed lines are exponential fits convoluted with the Gaussian
response function. Error bars are experimental statistical standard errors.

(a)

0.0

Fig. 4 | Kinetic modelling of PP and PPPC experiments. a kinetic four-state
model of PFO ultrafast processes. SO: ground state, S1: singlet exciton state Sn:
state representing all higher-energy exciton states, Cl: charge separated state
precursor of photocurrent, c: cooling, k: charge transfer, a: EEA. The blue and red

annihilation dynamics observed in PP measurements. Overall, based
on different timescales observed, exciton hoping may only play minor
role in the excited state relaxation.

Kinetic modelling

The above conclusions can be supported by describing the full dataset
with a simple kinetic 4-state model illustrated in Fig. 4a. The model
comprises the So ground state, S; singlet exciton state at the optical
gap level, S, state representing all higher-energy exciton states, and
the charge-separated state C; which is precursor of photocurrent.
Following PP and PPPC experiments, after excitation, the system is
excited to (mostly) the singlet exciton S; and (less likely) to the higher
state S,.. S,, either cools down to the singlet state or dissociates to
charges C;. We consider EEA and exciton decay (slow but 100% effi-
cient) as the only processes that S; excitons undergo as internal con-
version occurs on the >200 ps timescales beyond our experimental
window (Supplementary Fig. 4). EEA converts a bound near-band-edge
exciton to a hot exciton while another one relaxes to the ground state.
Finally, we consider that push pulses interact only with the singlet
exciton states, promoting them to the higher electronic exciton
state S,,.

Although the push/probe pulse, EEA, and the high energy part of
pump pulse probably promote the system to different higher-energy
exciton states, we represent them all by a single higher-energy state S,,
(Fig. 4a). Such a simplification worked well, helping us to reduce the
number of states and free parameters in the differential equations. We
assume that S, represents all exciton states lying 0.3 eV above the
bandgap. This strong assumption works surprisingly well, indicating
that the near-bandgap states are clearly more bound than any higher-
lying state.

The rate equations describing this model (1)-(3) include: ng the
ground state population, n,, the population of higher electronic state,
n; the population of singlet exciton state, and n. the population of
charge separated states. The rate constants for cooling, charge trans-
fer and EEA are denoted as ¢, k and a, respectively. These are the key
model parameters determined during the global fitting of the data.
Exciton generation is described by 10-fs gaussian pulses representing
the convolution of sub-10-fs pump and push/probe pulses. Detailed
explanation of modelling, fitting and how Al/f and —AT/T are extracted
can be found in the SI.

dn
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arrows indicate the pump and push/probe pulses respectively. b PPPC (blue) and
PP (red) at 1000 fs as a function of excitation fluence; lines are simulations
derived from the kinetic four-state model. Error bars are experimental statistical
standard errors.
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The simulation traces are shown in Figs. 2 and 4b as solid lines. The
model is able to reproduce the time-dependence and amplitude of the
experimental data (5 PP and 5 PPPC kinetics in Fig. 2 and Supplementary
Fig. 7), including the saturation behaviour PPPC in Fig. 4b. Therefore,
the photophysical picture based on intrinsically bound singlet excitons,
enhanced dissociation probability of higher exciton states and EEA, is
fully consistent with the reported experimental data.

Fitting showed that c is smaller but comparable to k (Table 1).
Therefore, not only are most excitons bound immediately after exci-
tation (<sub-10 fs), but also the ones that have excess energy and are
unbound have limited time for dissociation, meaning, it is hard to
‘harvest’ these excitons while they are hot. The EEA rate coefficient
extracted is comparable with the literature®** (interestingly such EEA
rate gives energy transfer times >1 ps, comparable with the timescales
observed in PPPL anisotropy measurements). Values of the parameters
extracted from the model are shown in Table 1.

Excited state molecular dynamics modelling

To rationalise the presented results within the frame of current theo-
retical models, we simulated molecular dynamics and the dynamics of
electronic states using the nonadiabatic excited state molecular
dynamics (NEXMD) package®, which uses a surface-hopping approach
to model the evolution of excited states. NEXMD package includes a
decoherence correction that overcomes the limitation of surface
hopping methods to reproduce coherent vibronic dynamics®”””%, The
modelling approach was inspired by the earlier work of Clark et al.**
and a pentamer was used to approximate PFO polymer behaviour (see
SI for details of non-adiabatic molecular dynamics modelling).

Table 1| Parameters for cooling, charge transfer, and exciton-
exciton annihilation rate for PFO device extracted from fitting
and optimisation of the 4-state model to the

experimental data

PFO-  Hot carrier
device cooling rate

(c) (fs™)

Spontaneous hot carrier Exciton-exciton annihila-
dissociation rate tion rate (o) (cm?® fs™)

(k) (fs™)

value 0.005 0.01 4x107%
(a)
T T T
121 Calculated population of S1 state 112
s &
g 08=
© 3
o} o
2 >
© o)
£ 045
2 5
_|
0.0
-50 0 50 100
time (fs)

Fig. 5 | Molecular dynamics modelling of early electronic dynamics in PFO.
a Molecular dynamics kinetics of first excited state S1 convoluted with the
experimental instrument response function (grey line) along with normalised

The calculations of electronic excited state energies and absorp-
tion strengths indicate that our broadband pump can populate PFO to
the first, second and third excited states (Supplementary Fig. 8).
Simulations predict that after being instantly excited, higher excited
states depopulate within the first 100 fs to the first excited state, S;,
increasing its population (Supplementary Fig. 9). The total population
of state S; convoluted with the instrumental response of the setup is
shown in Fig. 5a together with experimental data for pump-push and
pump-probe experiments. Good correlation between the modelled
and observed kinetics indicates the accurate description of the
experiment by theory and confirms that indeed S; is the intrinsically
localised state addressed by the experimental techniques we use.

Interestingly, calculations predict that the energy of the S; state
does not change substantially in time despite the structural dynamics
of polymer chain as Fig. 5b shows. Yet, a significant change of the
energy difference of S; and S,, (related to exciton binding energy) can
be seen only in the first 10 fs. This is in agreement with the experi-
mental observation that the photogenerated exciton becomes bound
within the first 10 fs after excitation.

Discussion

While the existing literature does not contain many experimental
reports about the dynamics of excited states’ binding energies, our
outcome agrees, for example, with previous 2PPE measurements
where no substantial shift in the energy of the excited states was
observed within ~100-fs time resolution®. On the contrary, some
previous time-resolved PL anisotropy experiments (done on more
complex material systems) have reported ~100 fs and ~1 ps compo-
nents in exciton dynamics, assigning the latter to bound exciton
formation®. Our results point towards possible reinterpretation of
these data, suggesting the fast component responsible for exciton
binding and the slower dynamics to hot-exciton cooling. The assign-
ment of the fast component to exciton self-trapping via activation of
modes that affect local bond length alternation aligns well with theo-
retical studies that revealed ~10-fs fluorescence depolarisation due to
the exciton-polaron formation assisted by C-C bond vibronic
coupling®™”°.

Our work sheds new light on the ultrafast exciton dynamics and
proposes a new methodology to study excitons in the organic systems
in the future. The developed approach provides a unique insight into
the evolution of exciton binding energy on the 10-fs timescales inac-
cessible by other methods, like 2PPE. Organic semiconductors are
different and addressing their ultrafast processes can give more
insight into the parameters which define the exciton fate. For instance,

~
o
~

—S0
— 81

PES average Energy (eV)

0 20 40 60 80
time (fs)

100

experimental data of PP (red) and PPPC (blue) for low excitation fluences,
b Average potential energy of S, (red) and S, (black) evolution on the first 100 fs
after excitation.
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herein, we see that, surprisingly, nuclear reorganisation does not affect
bound exciton formation in PFO. We also observe that hot exciton
cooling is extremely fast in this polymer - faster than spontaneous
dissociation and much faster than exciton hopping. Such fast exciton
cooling would be likely to influence the efficiency of charge generation
in photovoltaic or photodetector devices. While the picture is specific
for PFO and the results cannot be directly generalised for other organic
semiconductors, our study answers a long-standing question about
how fast exciton is formed and how much structural dynamics con-
tributes to exciton binding. It also highlights the strength of the sub-
10-fs PPPC/PPPL techniques in combination with the PP technique for
tracking excited states’ evolution on the potential energy surfaces.
This can be applied further in low-offset heterojunction and single-
component photovoltaic devices to address outstanding questions
such as the importance of hot-carrier pathways in charge generation.

In conclusion, we studied the ultrafast exciton dynamics of PFO
using a new optical-control approach. Combining sub-10-fs PP spec-
troscopy, sensitive to all excited states, and sub-10-fs PPPC and PPPL
spectroscopies, sensitive to bound states, we separate and track in
time the ultrafast formation of bound excitons. Our results imply that a
near-band-edge exciton is bound from its very beginning, or it
becomes bound on an extremely fast timescale of <10-fs. Hot excitons
with excess energy >0.3eV have the possibility to dissociate into
separated carriers or cool down to a near-bandgap state on a 50-fs
timescale. Regardless of excitation fluence, exciton binding does not
depend on the density of excited states, yet the exciton-exciton
annihilation contributes to charge dissociation by re-creating hot
excited states. Also, energy transfer in PFO occurs on 800-fs clearly
slower than exciton binding (<10 fs) and exciton relaxation (~50fs).
Finally, to enhance the analysis and findings, a global kinetic model was
developed and with a compact set of shared parameters reproduces PP
and PPPC experiments and verifies above conclusions. The presented
approach and findings are of relevance to the ongoing development of
organic materials with low driving energy for charge separation, where
quasi-spontaneous dissociation of exciton states is essential for effi-
cient performance of optoelectronic devices.

Methods

Device fabrication

The sample is an inverted device with ITO/ ZnO/ F8 (annealed)/MoO3/
Ag transparent device structure. The devices were fabricated on ITO
coated transparent glass substrate with sheet resistance 15 ohm/
square. The ITO substrates were sequentially cleaned by sonication
with detergent, deionized water, acetone, and isopropanol, followed
by oxygen plasma treatment. Onto the plasma treated ITO substrate
the ZnO precursor solution is deposited by spin-coating a zinc acetate
dihydrate precursor solution (60.4pL 1-ethanolamine in 2mL 2-
methoxyethanol) followed by annealing at 150 °C for 10 min, yielding
30nm of a ZnO. The active layer solution of F8 is made in Chlor-
obenzene with concentration of 40 mg/ml in the glovebox. The active
layer of F8 is spin coated on to the ZnO layer and annealed at 145 C to
achieve 100 nm in the inert atmosphere. Following the deposition of
the active layers, MoO3 (10 nm) and Ag (15 nm) layers were deposited
by evaporation through a shadow mask yielding active areas of 0.045
cm? in each pixel yielding a transparent device.

Spectroscopy characterization

Linear optical characterization. UV-Vis absorption spectra of the PFO
sample were obtained using a Shimadzu 2600 spectrometer equipped
with an ISR-2600Plus integrating sphere attachment. The slit width
was 5nm and the sampling interval was 1 nm.

Transient absorption with 200-fs time resolution. A commercially
available broadband pump-probe femtosecond (fs) transient absorp-
tion spectrometer Helios (Spectra Physics, Newport Corp.) was used.

Ultrafast laser pulses (800 nm, 100 fs duration) were generated by a
1kHz Ti:sapphire regenerative amplifier (Solstice, Spectra Physics,
Newport Corp.). One portion of the 800 nm pulse was directed to an
optical parametric amplifier (TOPAS Prime, Spectra-Physics) and a
frequency mixer (Niruvis, Light Conversion) to tune the visible pump
pulses to 390 nm. The pump pulses were modulated at a frequency of
500 Hz by a mechanical chopper. The rest of the 800 nm pulse was
routed onto a mechanical delay stage with a 6 ns time window and
directed through a non-linear crystal (sapphire for the visible region
and YAG for the NIR region) to generate a white light probe ranging
from 400 to 1600 nm. The probe pulse was split into two by a neutral
density filter. One portion of the probe pulse served as the reference
and was directly sent to the fiber-optic coupled multichannel spec-
trometers (CCD and InGaAs sensors). The rest of the probe pulse
together with the pump pulse were focused onto the same spot on the
samples with a beam size of around 0.5 mm? before sending it to the
spectrometer. To compensate the fluctuations, the measured spec-
trum was normalized to the reference spectrum and averaged for
several scans to achieve a good signal-to-noise ratio. Data analysis was
performed with the commercialized Surface Xplorer software unless
otherwise stated. The pump pulse fluence was <10pJ/cm? to avoid non-
linear processes. The PFO sample was kept under nitrogen during
measurements.

Sub-10-fs PP, PPPC and PPPL. A commercial hollow-fibre pulse
compression (HFPC) system (ICON, Imperial College) was used to
generate sub-10-fs pulses from a 800nm, 50fs Ti:isapphire laser
(Coherent Astrella, 2.5 W, 4 kHz pulse repetition rate). The 50 fs pulses,
at an average power of 1.25W (~300 1), were coupled into a 250 um
diameter differentially-pumped hollow-core fibre (evacuated with a
vacuum pump at the fibre entrance and filled with argon at 0.9 bar at
the fibre exit) to spectrally broaden the pulse. The output pulses from
the fibre have photon energies in the range 1.4-1.9 eV (650-900 nm).
Temporal compression to sub-10-fs duration was achieved via dis-
persion compensation from 10 bounces off chirped mirrors (Layertec,
40 fs? per bounce). The compressed pulses were split approximately
50/50 into two arms using a d-cut mirror. The first arm is the probe/
push arm where the sub-10-fs pulse serves as the probe/push pulse and
passes through a micrometre-precision delay stage (LNRSO Series
Encoded, Linear, Long-travel Translation Stage, Thorlabs). The second
arm is the pump arm where a 50 um BBO crystal is used to generate a
pump pulse centred around 3.1eV (400 nm) using Type-l second
harmonic generation. Another set of chirped mirrors (Ultrafast Inno-
vations, 50 fs? per bounce) was used to compensate the 400 nm beam
for dispersion in the BBO crystal and the air path, resulting in sub-10-fs
pump pulses. A waveplate was inserted before the d-cut mirror to
ensure that the polarisation of the second harmonic was orientated
correctly for the pump-chirped mirrors. The dispersion in each of the
arms is independently optimised by fine tuning the amount of glass in
the optical path via two sets of AR-coated glass wedges mounted on
translation stages. The two beams (pump and probe/push) were then
recombined using a second d-cut mirror and focused into the sample
device with a f=30 cm focusing mirror using a small angle of incidence
(<5°) to minimise astigmatism. Photodetectors detected the trans-
mitted probe pulse for PP experiments and the sample’s photo-
luminescence for PPPL experiments, while for PPPC experiments, the
sample device was connected to a photocurrent detector (MFLI Lock-
in Amplifier, Zurich Instruments Ltd.). A chopper wheel was placed
either in the probe/push arm or the pump arm for PPPL/PPPC and PP
experiments, respectively.

Molecular dynamics

Molecular dynamics were performed using the nonadiabatic excited
state molecular dynamics (NEXMD) package. For the simulation of the
absorption spectrum of the polymer, we first get the optimised
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geometry of the pentamer using the Austin Model 1 (AM1) semi-
empirical model Hamiltonian. Then we calculate a ground state tra-
jectory, to generate the different initial geometries of the molecule. We
do an AM1 ground state molecular dynamics simulation of 1 ps long at
300 K with time steps of 0.1fs. The Langevin thermostat was used to
keep the temperature constant with a friction coefficient { = 2.0 ps-1.
These trajectories were used to collect as set of initial positions for the
subsequent excited state calculation. We used 1000 different initial
positions and the subsequent data shown are an average of all these
trajectories.

Data availability

The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable
request.

References

1.

10.

.

12.

13.

14.

15.

16.

Fahlman, M. et al. Interfaces in organic electronics. Nat. Rev. Mater.
4, 627-650 (2019).

Manousiadis, P. P., Yoshida, K., Turnbull, G. A. & Samuel, I. D. W.
Organic semiconductors for visible light communications. Philos.
Trans. R. Soc. A Math. Phys. Eng. Sci. 378, 1-18 (2020).

Clarke, T. M. & Durrant, J. R. Charge Photogeneration in Organic
Solar Cells. Chem. Rev. 110, 6736-6767 (2010).

Thejo Kalyani, N. & Dhoble, S. J. Organic light emitting diodes:
Energy saving lighting technology - A review. Renew. Sustain.
Energy Rev. 16, 2696-2723 (2012).

Li, Y., Zhang, X., Zhang, Y., Dong, R. & Luscombe, C. K. Review on
the Role of Polymers in Luminescent Solar Concentrators. J. Polym.
Sci. Part A Polym. Chem. 57, 201-215 (2019).

Sajjad, M. T. et al. Novel fast color-converter for visible light com-
munication using a blend of conjugated polymers. ACS Photonics 2,
194-199 (2015).

Campoy-Quiles, M., Nelson, J., Bradley, D. D. C. & Etchegoin, P. G.
Dimensionality of electronic excitations in organic semiconductors:
A dielectric function approach. Phys. Rev. B - Condens. Matter
Mater. Phys. 76, 1-14 (2007).

Heeger, A. J. Semiconducting polymers: The Third Generation.
Chem. Soc. Rev. 39, 2354-2371 (2010).

Knupfer, M. Exciton binding energies in organic semiconductors.
Appl. Phys. A Mater. Sci. Process. 77, 623-626 (2003).

Scholes, G. D. & Rumbles, G. Excitons in nanoscale systems. Nat.
Mater. 5, 683-696 (2006).

Kohler, A. et al. Charge separation in localized and delocalized
electronic states in polymeric semiconductors. Nature 392,
903-906 (1998).

Kafle, T. R., Kattel, B., Wang, T. & Chan, W. L. The relationship
between the coherent size, binding energy and dissociation
dynamics of charge transfer excitons at organic interfaces. J. Phys.
Condens. Matter 30, 454001 (2018).

Karabunarliev, S. & Bittner, E. R. Electroluminescence Yield in
Donor-Acceptor Copolymers and Diblock Polymers: A Compara-
tive Theoretical Study. J. Phys. Chem. B 108, 10219-10225
(2004).

Miiller, J. G. et al. Ultrafast dynamics of charge carrier photo-
generation and geminate recombination in conjugated poly-
mer:fullerene solar cells. Phys. Rev. B - Condens. Matter Mater. Phys.
72, 1-10 (2005).

Kraner, S., Scholz, R., Plasser, F., Koerner, C. & Leo, K. Exciton size
and binding energy limitations in one-dimensional organic materi-
als. J. Chem. Phys. 143, 244905 (2015).

Paquin, F., Rivnay, J., Salleo, A., Stingelin, N. & Silva-Acuiia, C. Multi-
phase microstructures drive exciton dissociation in neat semi-
crystalline polymeric semiconductors. J. Mater. Chem. C. 3,
10715-10722 (2015).

17.

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kafle, T. R., Kattel, B., Wanigasekara, S., Wang, T. & Chan, W. L.
Spontaneous Exciton Dissociation at Organic Semiconductor
Interfaces Facilitated by the Orientation of the Delocalized
Electron-Hole Wavefunction. Adv. Energy Mater. 10, 1-10 (2020).
Bakulin, A. A. et al. The Role of Driving Energy and Delocalized
States for Charge Separation in Organic Semiconductors. Sci. (80-.)
335, 1340-1344 (2012).

Roncali, J. & Grosu, |. The Dawn of Single Material Organic Solar
Cells. Adv. Sci. 6, 1-27 (2019).

Dong, Y. et al. Orientation dependent molecular electrostatics
drives efficient charge generation in homojunction organic solar
cells. Nat. Commun. 11, 1-9 (2020).

Menke, S. M. et al. Order enables efficient electron-hole separation
at an organic heterojunction with a small energy loss. Nat. Com-
mun. 8, 1-7 (2018).

Xie, Y. et al. Assessing the energy offset at the electron donor/
acceptor interface in organic solar cells through radiative efficiency
measurements. Energy Environ. Sci. 12, 3556-3566 (2019).
Hwang, |. & Scholes, G. D. Electronic energy transfer and quantum-
coherence in m-conjugated polymers. Chem. Mater. 23,

610-620 (2011).

Reid, O. G., Pensack, R. D., Song, Y., Scholes, G. D. & Rumbles, G.
Charge photogeneration in neat conjugated polymers. Chem.
Mater. 26, 561-575 (2014).

Barford, W. Exciton dynamics in conjugated polymer device-
s.:arXiv:2102.06615 (2021).

Chang, M. H., Frampton, M. J., Anderson, H. L. & Herz, L. M. Inter-
molecular interaction effects on the ultrafast depolarization of the
optical emission from conjugated polymers. Phys. Rev. Lett. 98,
1-4 (2007).

Glowe, J. F. et al. Charge-transfer excitons in strongly coupled
organic semiconductors. Phys. Rev. B - Condens. Matter Mater.
Phys. 81, 1-4 (2010).

Banerji, N., Cowan, S., Leclerc, M., Vauthey, E. & Heeger, A. J.
Exciton formation, relaxation, and decay in PCDTBT. J. Am. Chem.
Soc. 132, 17459-17470 (2010).

Banerji, N. Sub-picosecond delocalization in the excited state of
conjugated homopolymers and donor-acceptor copolymers. J.
Mater. Chem. C. 1, 3052-3066 (2013).

Provencher, F. et al. Direct observation of ultrafast long-range
charge separation at polymer-fullerene heterojunctions. Nat.
Commun. 5, 4288 (2014).

Kahle, F. J. et al. Does Electron Delocalization Influence Charge
Separation at Donor-Acceptor Interfaces in Organic Photovoltaic
Cells? J. Phys. Chem. C. 122, 21792-21802 (2018).

Jailaubekov, A. E. et al. Hot charge-transfer excitons set the time
limit for charge separation at donor/acceptor interfaces in organic
photovoltaics. Nat. Mater. 12, 66-73 (2013).

Tong, M. et al. Charge carrier photogeneration and decay dynamics
in the poly(2,7-carbazole) copolymer PCDTBT and in bulk hetero-
junction composites with PC70 BM. Phys. Rev. B - Condens. Matter
Mater. Phys. 81, 1-6 (2010).

Gulbinas, V., Zaushitsyn, Y., Bassler, H., Yartsev, A. & Sundstréom, V.
Dynamics of charge pair generation in ladder-type poly(para-phe-
nylene) at different excitation photon energies. Phys. Rev. B - Con-
dens. Matter Mater. Phys. 70, 1-7 (2004).

Grancini, G. et al. Hot exciton dissociation in polymer solar cells.
Nat. Mater. 12, 29-33 (2013).

Hahn, T. et al. Does excess energy assist photogeneration in an
organic low-bandgap solar cell? Adv. Funct. Mater. 25,

1287-1295 (2015).

Kurpiers, J. et al. Probing the pathways of free charge generation in
organic bulk heterojunction solar cells. Nat. Commun. 9, 1-11(2018).
Vandewal, K. et al. Efficient charge generation by relaxed charge-
transfer states at organic interfaces. Nat. Mater. 13, 63-68 (2014).

Nature Communications | (2022)13:4949



Article

https://doi.org/10.1038/s41467-022-32478-8

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Gautam, B. R. et al. Charge Photogeneration in Organic Photo-
voltaics: Role of Hot versus Cold Charge-Transfer Excitons. Adv.
Energy Mater. 6, 1-6 (2016).

Tamura, H. & Burghardt, I. Ultrafast charge separation in organic
photovoltaics enhanced by charge delocalization and vibronically
hot exciton dissociation. J. Am. Chem. Soc. 135, 16364-16367
(2013).

Felekidis, N., Melianas, A. & Kemerink, M. The Role of Delocalization
and Excess Energy in the Quantum Efficiency of Organic Solar Cells
and the Validity of Optical Reciprocity Relations. J. Phys. Chem. Lett.
1, 3563-3570 (2020).

Gluchowski, A., Gray, K. L. G., Hood, S. N. & Kassal, I. Increases in the
Charge Separation Barrier in Organic Solar Cells Due to Delocali-
zation. J. Phys. Chem. Lett. 9, 1359-1364 (2018).

Cooke, D. G., Krebs, F. C. & Jepsen, P. U. Direct observation of sub-
100 fs mobile charge generation in a polymer-fullerene film. Phys.
Rev. Lett. 108, 1-5 (2012).

Tapping, P. C. & Kee, T. W. Optical pumping of poly(3-hex-
ylthiophene) singlet excitons induces charge carrier generation. J.
Phys. Chem. Lett. 5, 1040-1047 (2014).

Liu, J. et al. Fast charge separation in a non-fullerene organic solar
cell with a small driving force. Nat. Energy 1, 1-7 (2016).

Gélinas, S., Van Der Poll, T. S., Bazan, G. C. & Friend, R. H. Ultrafast
Long-Range Charge Separation in Organic Semiconductor Photo-
voltaic Diodes. Sci. (80-.) 343, 512-517 (2014).

Falke, S. M. et al. Coherent ultrafast charge transfer in an organic
photovoltaic blend. Sci. (80-.) 344, 1001-1006 (2014).

Jakowetz, A. C. et al. What Controls the Rate of Ultrafast Charge
Transfer and Charge Separation Efficiency in Organic Photovoltaic
Blends. J. Am. Chem. Soc. 138, 11672-11679 (2016).

Wang, T. & Chan, W. L. Dynamical localization limiting the coherent
transport range of excitons in organic crystals. J. Phys. Chem. Lett.
5, 1812-1818 (2014).

Wang, T., Kafle, T. R., Kattel, B. & Chan, W. L. Observation of an
Ultrafast Exciton Hopping Channel in Organic Semiconducting
Crystals. J. Phys. Chem. C. 120, 7491-7499 (2016).

Grage, M. L. et al. Ultrafast excitation transfer and trapping in a thin
polymer film. Phys. Rev. B - Condens. Matter Mater. Phys. 67,

1-5 (2003).

Banerji, N., Cowan, S., Vauthey, E. & Heeger, A. J. Ultrafast relaxation
of the poly(3-hexylthiophene) emission spectrum. J. Phys. Chem. C.
115, 9726-9739 (2011).

Mdller, J. G., Lemmer, U., Feldmann, J. & Scherf, U. Precursor States
for Charge Carrier Generation in Conjugated Polymers Probed by
Ultrafast Spectroscopy. Phys. Rev. Lett. 88, 4 (2002).

Savoie, B. M. et al. Unequal partnership: Asymmetric roles of
polymeric donor and fullerene acceptor in generating free charge.
J. Am. Chem. Soc. 136, 2876-2884 (2014).

Dimitrov, S. D. et al. On the energetic dependence of charge
separation in low-band-gap polymer/fullerene blends. J. Am.
Chem. Soc. 134, 18189-18192 (2012).

Frankevich, E. et al. Formation of polaron pairs and time-resolved
photogeneration of free charge carriers in-conjugated polymers.
Phys. Rev. B - Condens. Matter Mater. Phys. 62, 2505-2515 (2000).
Bakulin, A. A, Silva, C. & Vella, E. Ultrafast Spectroscopy with
Photocurrent Detection: Watching Excitonic Optoelectronic Sys-
tems at Work. J. Phys. Chem. Lett. 7, 250-258 (2016).

Bian, Q. et al. Vibronic coherence contributes to photocurrent
generation in organic semiconductor heterojunction diodes. Nat.
Commun. 11, 1-9 (2020).

Malone, W. et al. NEXMD Software Package for Nonadiabatic Exci-
ted State Molecular Dynamics Simulations. J. Chem. Theory Com-
put. 16, 5771-5783 (2020).

Kraabel, B. U., picture of the photoexcitations in phenylene-based
conjugated polymers: U. spectral and dynamical features in

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

subpicosecond transient absorption. et al. Unified picture of the
photoexcitations in phenylene-based conjugated polymers: Uni-
versal spectral and dynamical features in subpicosecond transient
absorption. Phys. Rev. B - Condens. Matter Mater. Phys. 61,
8501-8515 (2000).

Stevens, M. A., Silva, C., Russell, D. M. & Friend, R. H. Exciton
dissociation mechanisms in the polymeric semiconductors
poly(9,9-dioctylfluorene) and poly(9,9-dioctylfluorene-co-ben-
zothiadiazole). Phys. Rev. B - Condens. Matter Mater. Phys. 63,
1-18 (2001).

Hayer, A., Khan, A. L. T., Friend, R. H. & K&hler, A. Morphology
dependence of the triplet excited state formation and absorption in
polyfluorene. Phys. Rev. B - Condens. Matter Mater. Phys. T1,

1-4 (2005).

Shaw, P. E., Ruseckas, A., Peet, J., Bazan, G. C. & Samuel, |. D. W.
Exciton - Exciton annihilation in mixed-phase polyfluorene films.
Adv. Funct. Mater. 20, 155-161 (2010).

Clark, J., Nelson, T., Tretiak, S., Cirmi, G. & Lanzani, G. Femtosecond
torsional relaxation. Nat. Phys. 8, 225-231 (2012).

Denis, J. C. et al. Subpicosecond exciton dynamics in polyfluorene
films from experiment and microscopic theory. J. Phys. Chem. C.
119, 9734-9744 (2015).

Shi, X. et al. Relating Chain Conformation to the Density of States
and Charge Transport in Conjugated Polymers: The Role of the [3-
phase in Poly(9,9-dioctylfluorene). Phys. Rev. X 9, 1-30 (2019).
Cheetham, N. J. et al. The Importance of Microstructure in Deter-
mining Polaron Generation Yield in Poly(9,9-dioctylfluorene).
Chem. Mater. 31, 6787-6797 (2019).

Eggimann, H. J., Le Roux, F. & Herz, L. M. How [3-Phase Content
Moderates Chain Conjugation and Energy Transfer in Polyfluorene
Films. J. Phys. Chem. Lett. 10, 1729-1736 (2019).

Perevedentsev, A., Chander, N., Kim, J. S. & Bradley, D. D. C.
Spectroscopic properties of poly(9,9-dioctylfluorene) thin films
possessing varied fractions of B-phase chain segments: enhanced
photoluminescence efficiency via conformation structuring. J.
Polym. Sci. Part B Polym. Phys. 54, 1995-2006 (2016).
Korovyanko, O. J. & Vardeny, Z. V. Film morphology and ultrafast
photoexcitation dynamics in polyfluorene. Chem. Phys. Lett. 356,
361-367 (2002).

Xu, Q. H., Moses, D. & Heeger, A. J. Time-resolved measurements of
photoinduced electron transfer from polyfluorene to C60. Phys.
Rev. B - Condens. Matter Mater. Phys. 67, 1-5 (2003).

Tretiak, S., Saxena, A., Martin, R. L. & Bishop, A. R. Conformational
Dynamics of Photoexcited Conjugated Molecules. Phys. Rev. Lett.
89, 1-4 (2002).

Franco, |. & Tretiak, S. Electron-vibrational dynamics of photo-
excited polyfluorenes. J. Am. Chem. Soc. 126, 12130-12140
(2004).

Thiessen, A. et al. Exciton Localization in Extended n-Electron Sys-
tems: Comparison of Linear and Cyclic Structures. J. Phys. Chem. B
119, 9949-9958 (2015).

Alvarado, S. F., Seidler, P. F., Lidzey, D. G. & Bradley, D. D. C. Direct
determination of the exciton binding energy of conjugated poly-
mers using a scanning tunneling microscope. Phys. Rev. Lett. 81,
1082-1085 (1998).

Kafle, T. R. et al. Hot Exciton Relaxation and Exciton Trapping in
Single-Walled Carbon Nanotube Thin Films. J. Phys. Chem. C. 120,
24482-24490 (2016).

Tully, J. C. Perspective: Nonadiabatic dynamics theory. J. Chem.
Phys. 137, 22A301 (2012).

Nelson, T. R. et al. Coherent exciton-vibrational dynamics and
energy transfer in conjugated organics. Nat. Commun. 9, 1-9 (2018).
Mannouch, J. R., Barford, W. & Al-Assam, S. Ultra-fast relaxation,
decoherence, and localization of photoexcited states in 1 -con-
jugated polymers. J. Chem. Phys. 148, 1-15 (2018).

Nature Communications | (2022)13:4949



Article

https://doi.org/10.1038/s41467-022-32478-8

Acknowledgements

We thank Prof. James Durrant for providing access to sample fabrication
and handling facilities. We thank A. Gregory, C. O’'Donovan and S. Parker
for technical support. M.M. acknowledges funding from Royal Society
and Cyprus Scholarship Foundation. A.A.B. is a Royal Society University
Research Fellow (URF-R-191026). This work was supported by Engi-
neering and Physical Sciences Research Council (MURI EP/N0O18680/1);
Defence Science and Technology Laboratory (MURI EP/NO18680/1),
UKRI Industrial Strategy Challenge Fund Kickstarter, Philip Leverhulme
Prize, and the European Research Council (Advanced Grant CAPaClITy,
action number 742708).

Author contributions

M.M. and A.A.B. conceived the experiments. M.M., A.J.P., D.JW.and A.G.
built and optimized the sub-10-fs PP, PPPC and PPPL experimental
apparatus. M.M. and X.Z. built and optimized the software of sub-10-fs
PP, PPPC and PPPL experiment. M.M., A.J.P., D.JW., H.C., JW.G.T
designed and developed the sub-10fs source and helped characterize
the pulses of sub-10-fs PP and PPPC experiment. M.M. and A.J.P per-
formed the sub-10fs PP, PPPC and PPPL measurements. Y.D. performed
the steady state absorption and transient absorption with 200-fs time
resolution measurements. M.M. and A.A.B. conceive and developed the
theoretical model. M.A. and J.N. performed and analyzed the molecular
dynamics. M.M. and A.A.B. analyzed all the data. P.S.T. prepared the
device. All authors contributed to the manuscript preparation.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-32478-8.

Correspondence and requests for materials should be addressed to
Artem A. Bakulin.

Peer review information Nature Communications thanks Xavier Crispin
and Sergei Tretiak for their contribution to the peer review of this work.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:4949

10


https://doi.org/10.1038/s41467-022-32478-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sub-10-fs observation of bound exciton formation in organic optoelectronic devices
	Results
	PFO material and devices under study
	Sub-10-fs time-resolved experiments
	Polarisation sensitive measurements
	Kinetic modelling
	Excited state molecular dynamics modelling

	Discussion
	Methods
	Device fabrication
	Spectroscopy characterization
	Linear optical characterization
	Transient absorption with 200-fs time resolution
	Sub-10-fs PP, PPPC and PPPL
	Molecular dynamics

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




