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ABSTRACT
Triplet generation in organic solar cells has been considered a major loss mechanism. Determining
the density of the triplet state population in an operating device is challenging. Here, we employ
transient absorption (TA) spectroscopy on the quinoxaline–thiophene co-polymer TQ1 blended
with PC71BM, quantify the transient charge and triplet state densities, and parametrize their
generation and recombination dynamics. The charge recombination parameters reproduce the
experimentally-measured current-voltage characteristics in charge carrier drift-diffusion
simulations, and they yield the steady-state charge densities. We demonstrate that triplets are
formed by both geminate and non-geminate recombination of charge carriers and decay primarily
by triplet-triplet annihilation. Using the charge densities in the rate equations describing triplet
state dynamics, we find that triplet state densities in devices are in the range of charge carrier
densities. Despite this substantial triplet state build-up, TQ1:PC71BM devices exhibit only
moderate geminate recombination and significantly reduced non-geminate charge recombination,
with reduction factors between 10-4 to 10-3 compared to Langevin recombination.
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Organic solar cells (OSC) have demonstrated a steady increase of the power conversion
efficiency (PCE) over the past two decades1-6 thanks to the development of novel materials and a
significantly improved understanding of the (photo)physical processes governing device
performance, including singlet exciton dissociation, charge carrier recombination, and triplet state
formation.7-17 However, the precise role of triplet states18 in the physics, performance, and stability
of organic solar cells is still debated.
In neat organic films, triplets are formed by intersystem crossing (ISC) from excited singlet
states or by singlet fission from higher energy (hot) excitons.15,19 In donor-acceptor bulk
heterojunctions, they are typically created by geminate and/or non-geminate charge
recombination, and they are a potential loss channel, whose extent varies from system to system.
8-9, 18, 20-22

However, it is still unclear whether the processes often monitored by pulsed spectroscopy

experiments are relevant to steady-state conditions of devices, and at lower (~1 sun) photon flux.
Thus, our first objective here is to address this question by determining triplet state densities under
solar illumination in operating devices.
Secondly, contradictory reports exist regarding the impact of triplets on device performance.
Since they result from charge recombination, triplet formation is sometimes considered a loss
channel competing with charge separation or extraction, together with recombination to the ground
state.15, 23, 24 For example, Vardeny’s group demonstrated significantly improved photocurrents in
PTB7:PC61BM based devices when reducing polymer triplet formation by addition of a spin half-
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radical such as galvinoxyl.25, 26 On the other hand, Chow et al. showed that the encounter of
separated charges in polymer:fullerene blends creates CT states of both singlet and triplet spin
states (denoted as 1CT and 3CT), which improves the photovoltaic performance due to their ability
to re-dissociate into free charge carriers.8 Moreover, studies by Gehrig et al. demonstrated that
when triplets are formed on the polymer, they are a reservoir of excitations, that, to a certain extent,
can replenish the charge carrier population via triplet-triplet annihilation in PBDTTC-C:PC61BM
blends.18
For the present study, we chose blends of the donor polymer TQ1 and fullerene derivative
PC71BM, since they exhibit clear triplet formation,27 yet they also exhibit high internal quantum
efficiencies in devices.28-31 We observed, quantified, and parametrized both charge and triplet state
formation and decay, which in turn enabled us, not only to simulate charge densities in operating
devices, but also to calculate the corresponding triplet densities by solving the triplet rate equation
under steady-state conditions. More precisely, the kinetics of charges and triplets were acquired
by transient absorption (TA) spectroscopy combined with multivariate curve resolution alternating least square (MCR-ALS) data analysis. The corresponding triplet and charge densities
were obtained by determining the triplet and charge absorption cross-section. The charge decay
was parametrized using a two-pool charge recombination model, while different rate equations
were tested to fit the triplet dynamics. Charge recombination parameters were used to simulate the
bias dependence of the photocurrent in devices under steady-state conditons, and were found to
reproduce the experimentally-measured current-voltage characteristics very well, confirming the
relevance of parameters determined by transient spectroscopy to steady-state photophysics, and
providing the charge densities under device operating conditions. The charge densities enabled us
to determine the triplet densities in operating devices. Interestingly, we find that the triplet density
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can be as high as half the charge carrier density under short circuit condition; yet, this does not
impede charge separation and extraction.
The chemical structures of the donor polymer TQ1 (poly[2,3-bis(3-octyloxyphenyl)quinoxaline5,8-diyl-alt-thiophene-2,5-diyl]) and the fullerene acceptor PC71BM are shown in Figure 1a.
Figure 1b shows the steady-state absorption spectra of pristine and blend films. Current-voltage
characteristics (J-V), external quantum efficiency (EQE), and internal quantum efficiency (IQE)
spectra are shown in panel c and d, respectively. The devices based on TQ1:PC71BM (1:2.5 wt %)
used in this study reached a power conversion efficiency of 6%, which is well in line with
previously reported values.28, 32 The rather high IQE (average around 82%) and fill factor (6365%) indicate that the device efficiency is limited primarily by insufficient light absorption, while
charge extraction dominates over non-geminate recombination, even at low internal fields.

Figure 1. (a) Chemical structure of the donor polymer TQ1 and fullerene acceptor PC71BM. (b)
Absorption coefficients of neat TQ1 and PC71BM films (dashed lines) and TQ1:PC71BM thin film
blend (solid line) (c) Current-voltage characteristics of a photovoltaic device with TQ1:PC71BM
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as photoactive layer measured under AM1.5G illumination. (d) EQE (black line) and IQE (open
red squares and solid line) spectra of the TQ1:PC71BM device.
We used transient absorption (TA) spectroscopy to monitor the excited state dynamics from subps to microseconds.33-35 Furthermore, we used MCR-ALS to separate the individual spectra and
dynamics of the excited states contributing to the total TA signal.36-39 MCR-ALS is a soft
modeling tool introduced earlier by Tauler et al. and previously used by us and others to analyze
TA data.36-38, 40 More details about MCR-ALS can be found elsewhere.18, 19, 40-43
The signatures of TQ1 singlets (broad photoinduced absorption, PA, peaking at 0.9 eV) and triplets
(broad PA peaking at 1 eV) are first identified in neat TQ1 films by picosecond-nanosecond (psns) TA spectroscopy (Figure S1). The same triplet feature is obtained upon triplet sensitization of
TQ1 films using platinum porphyrin (PtOEP) as dopant. Singlet and triplet state dynamics,
separated by MCR-ALS, show that in neat TQ1 films triplets are formed by intersystem crossing
from singlet excitons with some second order contribution from singlet-singlet annihilation at high
fluences (see Figure S1).

Figure 2. (a) ps-ns TA spectra of TQ1:PC71BM blend films measured in vacuum after excitation
at 500 nm. (b) MCR-ALS component spectra assigned to triplet states (red line) and charges (blue
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line) in TQ1:PC71BM. The open symbols denote experimentally measured triplet (red square) and
charge (blue circles) induced absorption spectra obtained from PtOEP-doped TQ1 films and iron
(III) chloride-oxidized TQ1 films, respectively. (c) Corresponding (normalized) kinetics of triplets
(red shades) and charges (blue shades) obtained from MCR-ALS for a range of pump fluences. (d)
Corresponding population density transients calculated by using the excited-state cross-sections.
TQ1 singlet and TQ1 triplet excitons are also found in the ps-ns transient absorption spectra of
TQ1:PC71BM blend films, see Figure 2a, at sub-picosecond (black spectrum), and nanosecond (red
spectrum) timescales, respectively. Charges dominate the spectra at ps times (blue and green TA
spectra), with a PA peaking at 1.2 eV corresponding to the absorption observed for oxidized TQ1
(cation) films (see Figure 2c). The rise of the charge-induced absorption signal (tens to hundreds
of ps) is delayed compared to the TQ1 exciton-induced decay (sub-picoseconds), which we
attribute to the diffusion of excitons in fullerene-rich domains. Triplet formation is accompanied
by a substantial rise of the signal amplitude, and quenched in the presence of oxygen (Figure S4).
Triplet and charge kinetics can be monitored at their respective PA peaks (Figure S3b), but are
separated here by MCR-ALS (Figure 2b-d). Triplet formation accelerates with fluence, indicating
a higher order process such as non-geminate recombination is involved in triplet formation, in line
with earlier reports on similar fullerene-based material systems.9, 18, 20, 44, 45
Charge and triplet state transients are converted into transient excited state densities using their
respective absorption cross-sections; singlets: 1.6±0.1×10-16 cm2 (at 0.93 eV), triplets: 3±0.3×1016

cm2 (at 1.02 eV), and charges: 0.8±.08×10-16 cm2 (at 1.2 eV), respectively. Singlet and triplet

cross-sections were determined on neat TQ1 films using the absorbed photon density for singlets
and assuming that singlets and triplets exhibit the same photobleach (details can be found in the
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S.I. and Figure S9). The charge carrier cross-section was determined from blends assuming that at
low fluence each absorbed photon is converted into a charge, in line with the high device IQE (vide
infra). We note that the absorption cross-section of charge carriers determined here is in line with
a previous report.46 The much larger cross-section of triplets compared to charges explains well
the signal rise observed upon triplet generation by charge recombination. For all fluences, the
triplet density reaches approximately 21% of the maximum charge density. However, the peak of
the population is reached at later times for lower fluences. Thus, it remains unclear, whether triplets
are formed in devices at low fluence, and if charges can be extracted prior to the reaching the peak
of the triplet density. We parametrized the rates governing charge and triplet densities and used
nanosecond to microsecond TA, when most of the triplet formation and decay occur.
ns-µs TA confirms the triplet formation in the nanosecond time scale, indicated by the PA red shift
and signal rise, see Figure 3a, extending up to several ns at the lowest fluences. However, strikingly
this trend reverts on the ns-µs timescale (see Figure 3b).31 Again, these transient evolutions are
quenched in air (Figure 3b), confirming the assignment to triplet formation and decay.
MCR-ALS decomposition also reveals that triplets undergo a fast rise followed by a fast decay
(Figure 3e), while charges exhibit a monotonous and slower decay (Figure 3c). The componentassociated spectra can be found in Figure S5a. The MCR-ALS spectral components are virtually
identical to those obtained by MCR-ALS of the ps-ns TA data. The fast decay of the triplets leaves
the charges as the main excited state population on the hundreds of ns to μs time scale, thereby
explaining the observed blue-shift of the TA signal. The time-scale of the triplet density decay and
its strong fluence dependence (Figure 3e) point to bimolecular processes such as triplet-triplet
annihilation or triplet-charge annihilation rather than triplet state recombination to the ground state.

9

Figure 3. Charge carrier and TQ1 triplet state formation and decay on the ns-μs timescale and their
parametrization. (a) ns-µs TA spectra of TQ1:PC71BM blend after excitation at 532 nm. (b) Shift
of the maximum of the photoinduced absorption with time in vacuum (black line with symbols),
indicating triplet formation followed by their decay, as well as in air (dotted red line with symbols),
indicating triplet quenching. (c) Transient charge carrier density extracted by MCR-ALS and (d)
global fit to a two-pool charge recombination model. (e) Transient TQ1 triplet density as extracted
from MCR-ALS and (f) fit of the variation of the triplet state density considering formation by
charge recombination and decay by triplet-triplet annihilation (Equation (1)).
In order to determine the charge and triplet state density under device operating conditions, we
extracted the kinetic parameters from the ns-μs transients and used them in carrier drift-diffusion
steady-state device photocurrent simulations.
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Precisely, we parametrized the charge dynamics using a semi-empirical two-pool charge carrier
recombination model.33, 47 In that model, geminate recombination is parametrized by the fraction
1-f of charges that fail to separate and thus undergo geminate recombination, and by the geminate
charge pair lifetime, τCT = 1/kCT→GS, with kCT→GS the geminate recombination rate. Non-geminate
recombination is parametrized by the fraction f of separated charges, the recombination coefficient
γ, and the apparent recombination order λ+1, which describes the empirically observed nongeminate recombination of separated charges (nsc) rate of R = γ nsc λ+1 (corresponding to a powerlaw decay with a power of -1/λ in transient measurements). The parameters were extracted by
global fits to the charge carrier decays measured at four different excitation fluences (see Figure
3d), allowing only the initial charge densities n0 to vary between fluences.
Table 1 - Parameters obtained by fitting the ns-µs charge carrier recombination dynamics in
TQ1:PC71BM blends to a two-pool charge recombination model.
f

τCT

λ+1

= 1/kCT→GS
0.82

2.8 ns

3.2

γ

k2

k2,TDCF

(cm3)λs-1

(cm3s-1)

(cm3s-1)

1.13 × 10-32

7.2×10-14 (sc)

2.3×10-11

1.5×10-12 (oc)
k2,TA is the bimolecular recombination coefficient that would yield the same rate as the empirical
high order recombination (k2,TAn2= γ n λ+1 so k2,TA = γ n λ-1) for a carrier density n = 5.0×1015 cm-3,
corresponding to a device in short circuit (sc) conditions under 1 sun illumination as obtained from
steady-state device simulation and n = 6.2×1016 cm-3, corresponding to a device in open circuit
(oc) conditions under 1 sun illumination as obtained from steady state device simulation (vide
infra). k2,TDCF is shown for comparison; it is the bimolecular recombination coefficient obtained
from a fit of the transient Time Delayed Collection Field measurements however, neglecting
recombination with dark (injected) carriers (see Figure S12).
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The extracted parameters are summarized in Table 1. Two important observations have been made:
first, a rather efficient charge separation (f = 82 %) that matches the experimentally-determined
IQE, see Figure 1d, suggesting that incomplete charge separation is the only loss at short circuit
(other than the incomplete photon absorption). Second, a very high apparent non-geminate
recombination order λ+1, indicating a super-linear dependence of the bimolecular recombination
coefficient on the carrier concentration n. This implies that non-geminate recombination losses are
considerably reduced at the low fluences of solar cell operating conditions.
Next, we parametrized the rise of the triplet population and decay. We note that, while the rate
equations used in the two-pool charge recombination model have an analytical solution, equivalent
models that describe the triplet state density do not. Therefore, we directly fit the rates, that is, the
time-derivative of the triplet state density, instead of the transient density itself. Again, we used
the same set of parameters to globally fit the rates at different excitation densities, varying only
the initial rates dT0/dt of each fluence.
For the triplet formation, we considered two possibilities: free charge recombination only, and
both geminate and non-geminate recombination. For the triplet state decay, we considered triplet
recombination to the ground state, triplet-charge annihilation, and triplet-triplet annihilation.
However, the best fit was obtained for triplet state generation by both geminate and non-geminate
charge recombination and triplet state decay via triplet-triplet annihilation. Indeed non-geminate
recombination alone does not describe the triplet generation at low fluences, where the triplet
density increases, while non-geminate recombination is still negligible. Similarly, triplet-charge
annihilation is insufficient to reproduce the strong fluence dependence of triplet density decay.
However, we cannot entirely rule out that triplet-charge annihilation occurs as well, yet adding it
did not improve the fit and thus we did not consider it further to avoid over-parametrization. We
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note that triplet–charge annihilation has an even lesser impact in devices, where charges are
extracted. As a result, we found the triplet state population dynamics are best described by the
following rate equation:
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝛼𝛼𝛼𝛼 − 𝑘𝑘𝑇𝑇𝑇𝑇 𝑇𝑇 2

(1)

Where T represents the triplet density, R is the charge carrier recombination rate (obtained for the
fit by derivation of the parametrized charge density decay), α is the triplet formation efficiency,
and kTT the rate coefficient for triplet-triplet annihilation. The best fit is shown in Figure 3f, the fits
for other models can be found in Figure S13. The fit yielded values of α = 0.94 ± 0.03 and kTT =
(3.9 ± 0.2) × 10-10 cm3s-1. We note however, that the error bars do not take into account the
incertitude of the absorption cross-section (specifically of triplets) and suggest considering the
order of magnitude rather than the absolute values obtained here. In particular this could explain
why we obtain a value of α larger than 0.75, which is unexpected in view of spin statistics. On the
other hand, we cannot exclude that the lower coupling of spins at the interface and the energy
difference between 3CT and 1CT could lead to spin-flip and the formation of more than 75% of
3

CT prior to their transfer to the TQ1 triplets that we monitor in TA.

We used 1D charge carrier drift-diffusion simulations combined with optical modeling (Setfos 4.6
from Fluxim) to simulate the current-voltage characteristics of operating TQ1:PC71BM solar cells
under illumination equivalent to 1 sun. The impact of geminate recombination was taken into
account by using f, the fraction of charges undergoing non-geminate recombination from TA as
the charge generation efficiency. We note that f was found to be equal to the IQE thus, no additional
loss is considered prior to charge transfer. Non-geminate recombination parameters are used to
compute the reduction factor ζ compared to Langevin recombination. Details as well as other

13

parameters can be found in the S.I. Due to the strong n-dependence of non-geminate
recombination, we computed two boundary values for ζ: at low charge densities obtained upon
significant extraction at short circuit and at higher charge density obtained in the absence of carrier
extraction, i.e., at open circuit condition. Furthermore, we calculated the reduction factor based on
the bimolecular recombination factor extracted from time-delayed collection field measurements,
see also Figure S12.

Figure 4. Setfos simulation reproduces experimental JV curves and enables to determine steadystate excited state densities. (a) J-V curves measured (symbols) and simulated (solid lines)
considering different non-geminate recombination rates: TA SC indicates the simulated J-V curve
based on the recombination reduction factor (ζ) estimated from TA using the n-dependent nongeminate recombination rates and short circuit charge density, TA OC from TA rate and open
circuit charge density, and TDCF represents the J-V curve simulated by using ζ obtained from
TDCF experiments. (b) Simulated charge densities under short circuit condition as well as
corresponding triplet densities computed using equation (1). (c) Simulated charge densities under
open circuit condition as well as corresponding triplet densities computed using equation (1).
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Figure 4 shows the two boundary cases of ζ calculated for open circuit and short circuit conditions,
respectively. As expected, computing ζ from carrier densities at open circuit leads to overestimated
recombination (lower ff), while using densities at short circuit, ζ underestimates recombination
(higher ff). However, the agreement with experimental data is still reasonable in both cases.
Notably, using recombination based on k2,TDCF leads to a larger overestimation of recombination
in the low carrier extraction regime (i.e. close to VOC), in turn leading to a lower photocurrent and
fill factor. This is most likely caused by underestimation of the charge carrier density in TDCF
experiments (where we neglected dark (injected) carriers), leading to an overestimated
recombination coefficient (see Figure S12 and further discussion in the S.I.).48
With the steady-state charge densities at hand, we calculated the corresponding recombination
rates: R = RCT + kλnλ+1, where RCT is the rate of recombination of bound pairs (at equilibrium RCT
= (1-f)G, where G is the rate of excited state generation) and used them in Equation (1) under
steady-state condition (that is, dT/dt = 0) to extract the steady-state triplet density. The densities
together with the other simulation parameters are reported in Table 2. As can be seen, we find
triplet densities in devices ranging from close to 10% of the charge density at open circuit
conditions, up to half of the charge density upon short circuit conditions. Importantly, as depicted
in figure 4b, the triplet density under short circuit conditions is larger than the density of electrons
in most of the photoactive layer.
Table 2 – Figures of merit obtained from experiments and simulations of TQ1:PC71BM based
solar cells.
Device structure and
conditions used in
simulations of JV curves

n(a)

k2

cm-3

cm3·s-1

ζ=
k2/kLangevin

T

PCE

JSC

FF

VOC

cm-3

%

mA.cm-2

%

V
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Experimental result
(inverted structure) (b)

N/A

N/A

N/A

N/A

7.0 1

Experimental result
(direct structure) (c)

N/A

N/A

N/A

N/A

5.75

Simulated device (c)
using k2,TDCF

N/A

2.3×10-11

4.3×10-2

N/A

Simulated device (c)
using k2,TA (n = noc)

noc = 6.2×1016 1.5×10-12

2.8×10-3

Simulated device using
k2,TA (n = nsc) (c)

nsc = 5.0×1015 7.2×10-14

1.35×10-4

- 10.6

63

0.9

- 9.9

65

0.9

4.56

- 9.8

51

0.9

5.3×1015

5.22

- 10.1

57

0.9

2.5×1015

6.57

- 10.2

72

0.9

(a) Charge density used to evaluate k2 = kλnλ-1, and hence ζ in the simulation. (b) Inverted device structure:
Glass/Al/TiOx/TQ1:PC71BM/PEDOT:PSS with thicknesses in nanometers: -/80/2/70-80/120 (c) direct device
structure: Glass/ITO/PEDOT:PSS/TQ1:PC71BM/Ca/Al with thicknesses in nanometers: -/109/40/80-90/5/80 (active
layer: 85 nm in the simulation).

Overall, we see that TQ1:PC71BM devices exhibit minimal losses and high steady-state triplet
densities. Specifically, geminate recombination losses are moderate (18%) and are the only loss
(apart from the incomplete photon absorption) under short circuit conditions. Non-geminate
recombination rates are extremely low with prefactors between 7.2×10-14 cm-3s-1 and 1.5×10-12 cm3 -1,

s , i.e., at the very low end of values typically reported for OPV.32, 33, 46, 49 This in turn leads to

high fill factors, especially when considering the low hole mobility of only around 10-5 cm2V-1s-1,
that could in principle lead to strong recombination due to space charge accumulation.
The good performance, despite the large triplet densities observed in the device, indicates the
existence of a charge recombination channel that is generating triplets very efficiently (94% yield),
yet is not necessarily detrimental to device performance. On the contrary, the same donor blended
with the acceptor polymer N2200 exhibits no triplet formation, but large recombination losses,
causing a low fill factor, while the two blends have no significant morphological differences. 50
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However, the question whether the high triplet density causes the strongly reduced non-geminate
recombination remains open. Triplet states may serve as a reservoir of excitations, as they can
recreate charges via triplet-triplet annihilation (the main triplet density decay mechanism in
TQ1:PC71BM), thereby delaying the decay of the charge density. Indeed, charge formation upon
triplet-triplet annihilation (TTA) has been reported in other organic bulk heterojunctions.12
Moreover, that triplet states can be a reservoir of excitations in organic semiconductors is an
established fact employed in applications such as thermally-stimulated delayed fluorescence.51-53
In summary, we used TQ1:PC71BM as a model system to investigate the presence of triplet states
and their impact on the performance of operating OSCs. TQ1:PC71BM as active layer exhibits
efficient exciton-to-charge conversion (IQE of 82%) even at low internal fields (fill factor of 6364 %), while (transient) excited state spectroscopy showed significant triplet formation. Transient
absorption spectroscopy performed on TQ1:PC71BM films revealed nanosecond, strongly fluencedependent triplet formation and decay. Triplet and charge carrier dynamics were separated by
MCR-ALS and the corresponding densities were quantified using estimates of their absorption
cross-sections. Charge and triplet fluence-dependent kinetics were modeled and parametrized,
revealing that in pulsed laser experiments, both geminate and non-geminate recombination of
charge carriers result in very efficient formation of triplet states. Non-geminate recombination
however, was found to be strongly carrier concentration dependent, and thus occurs mainly at
higher charge densities than those present in operating devices. Using the extracted kinetic
parameters in steady-state device photocurrent simulations confirmed that non-geminate
recombination is much reduced under solar illumination conditions, with reduction factors in the
range of 10-4 – 10-3. However, 18% of the photogenerated charge carriers fail to separate and thus
recombine geminately, resulting in the formation of triplet states. Triplet states are long-lived in
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the blend and can accumulate to densities of around half the free charge carrier density under short
circuit conditions, their density only limited by triplet-triplet annihilation. The high triplet densities
coupled with very low charge recombination losses indicate that triplet states do not necessarily
reduce the performance of organic solar cells, in contrast to previous conclusions.9,55 We stress
that triplet formation is a very common feature in OPV blends,7-31 and that given their possibly
large equilibrium density, it seems important to consider their impact on performance. The
approach presented here is fairly universal and enhances our understanding of the role of triplet
states in increasing or reducing carrier recombination losses.
EXPERIMENTAL METHODS
J-V curves were recorded with a Keithley 2400 Source Meter under AM 1.5G illumination (100
mW cm-2), generated by a solar simulator with a 180 Watt xenon arc lamp as the light source
(Model SS50A, Photo Emission Tech., Inc.). Light intensity was set to 1 sun intensity using a
standard silicon photodiode calibrated at the Energy Research Centre of the Netherlands (ECN).
EQE spectra were recorded with a home-built setup using a Newport Merlin lock-in amplifier.
Devices were illuminated with chopped monochromatic light through the transparent ITO
electrode. Measured EQE spectra were scaled so that the estimated short-circuit current density
from the EQE measurement matched the short-circuit current density of the corresponding JV
curve. Details of IQE calculations can be found in Ref.54
TA spectroscopy was carried out using a homebuilt pump–probe setup. Two different
configurations of the setup were used for either short delay, namely 100 fs to 8 ns experiments, or
long delay, namely 1 ns to 300 μs delays, as described below:
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The output of a titanium:sapphire amplifier (Coherent LEGEND DUO, 4.5 mJ, 3 kHz, 100 fs)
was split into two beams (2 and 1.5 mJ). A fraction of the remaining 1.5 mJ output beam of the
LEGEND DUO was focused into a c-cut 3 mm thick sapphire window, thereby generating a whitelight supercontinuum from 500 to 1600 nm. The 2 mJ/pulse beam was used to separately pump an
optical parametric amplifiers (OPA) (Light Conversion TOPAS Prime) to generate tunable pump
pulses. The probe pathway length to the sample was kept constant at ≈5 m between the output of
LEGEND and the sample while the pump pathway length was varied between 5.12 and 2.6 m with
a broadband retroreflector mounted on an automated mechanical delay stage (Newport linear stage
IMS600CCHA controlled by a Newport XPS motion controller), thereby generating delays
between pump and probe from −400 ps to 8 ns.
For the 1 ns to 300 μs delay (long delay) TA measurement, the same probe white-light
supercontinuum was used as for the 100 fs to 8 ns delays. Here the excitation light (pump pulse)
was provided by an actively Q-switched Nd:YVO4 laser (InnoLas picolo AOT) frequency-doubled
to provide pulses at 532 nm. The pump laser was triggered by an electronic delay generator
(Stanford Research Systems DG535) itself triggered by the transistor– transistor logic (TTL) sync
from the Legend DUO, allowing control of the delay between pump and probe with a jitter of
roughly 100 ps.
Pump and probe beams were focused on the sample which was kept under a dynamic vacuum
of <10−5 mbar. The transmitted fraction of the white light was guided to a custom-made prism
spectrograph (Entwicklungsbüro Stresing) where it was dispersed by a prism onto a 512 pixel
complementary metal-oxide semiconductor (CMOS) linear image sensor (Hamamatsu G11608512DA). The probe pulse repetition rate was 3 kHz, while the excitation pulses were mechanically
chopped to 1.5 kHz (100 fs to 8 ns delays) or directly generated at 1.5 kHz frequency (1 ns to 300
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μs delays), while the detector array was read out at 3 kHz. Adjacent diode readings corresponding
to the transmission of the sample after excitation and in the absence of an excitation pulse were
used to calculate ΔT/T. Measurements were averaged over several thousand shots to obtain a good
signal-to noise ratio. The chirp induced by the transmissive optics was corrected with a homebuilt
Matlab code. The delay at which pump and probe arrive simultaneously on the sample (i.e., zero
time) was determined from the point of maximum positive slope of the TA signal rise for each
wavelength.

ASSOCIATED CONTENT
Supporting Information. Complementary TA spectra (pristine material, different fluences on
the blends); details of the determination of absorption cross-sections; determination of the
effective bimolecular recombination coefficient; time-delayed collection field; fits of alternative
rate equations to triplet density rate dynamics; details and explanation of the parameter used for
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