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Intrachain photophysics of a donor-acceptor copolymer

This work investigates ultrafast photophysics in the

single chain of a PM6 copolymer via two complimentary
femtosecond-resolved techniques of transient absorption
and fluorescence upconversion. Our observations revealed
the ultrafast formation of a charge-transfer state and its
equilibrium with the parent locally excited state. Apparent
nonexponential behaviour of these equilibrated states
originates from the heterogeneity of the polymer’s chain
length and the emergence of chain foldings. The results
provide hints for the design of organic photovoltaic devices
for maximizing charge carriers.
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1. Introduction

Intrachain photophysics of a donor—acceptor
copolymery

Hak-Won Nho,#*® Won-Woo Park,#* Byongkyu Lee, i Seoyoung Kim,*
Changduk Yang {2 *© and Oh-Hoon Kwon (2 *?°

By taking advantage of bulk-heterojunction structures formed by blending conjugated donor polymers
and non-fullerene acceptors, organic photovoltaic devices have recently attained promising power
conversion efficiencies of above 18%. For optimizing organic photovoltaic devices, it is essential to
understand the elementary processes that constitute light harvesters. Utilising femtosecond-resolved
spectroscopic technigues that can access the timescales of locally excited (LE) state and charge-transfer
(CT)/-separated (CS) states, herein we explored their photophysics in single chains of the top-notch
performance donor-acceptor polymer, PM6, which has been widely used as a donor in state-of-the-art
non-fullerene organic photovoltaic devices, in a single LE state per chain regime. Our observations
revealed the ultrafast formation of a CT state and its equilibrium with the parent LE state. From the
chain-length dependence of their lifetimes, the equilibrated states were found to idle until they reach a
chain folding. At the chain folding, the CT state transforms into an interchain CT state that bifurcates
into forming a CS state or annihilation within a picosecond. The observation of prevalent
nonexponential behaviour in the relaxation of the transient species is attributed to the wide chain-length
distribution that determines the emergence of the chain foldings in a single chain, thus, the lifetime of a
LE and equilibrated CT states. Our findings indicate that the abundance of chain folding, where the
generation of the “reactive” CS state is initiated from the interchain CT state, is essential for maximising
charge carriers in organic photovoltaic devices based on PM6.

broad spatiotemporal scales.”> Developing donor—acceptor
(D-A) alternating conjugated polymers is a useful strategy for
preparing high efficiency donor materials, since the energy

While being of fundamental interest for the past several
decades,'™° the photoinduced dynamics in conjugated poly-
mers has become a prominent topic for application in
photovoltaics."*™* In bulk-heterojunction organic photovoltaic
devices, in which conjugated polymer donors are blended with
organic acceptors to form interconnecting domains in a thin
film, the conversion of light into electricity requires a compli-
cated interplay among the functional constituents, light har-
vesting and charge separating/transporting, occurring across
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levels can be easily tuned by choosing different electron-affinity
units.'®*® By significantly extending the solar spectral range
beyond those of organic photovoltaic systems with fullerene
acceptors, the performance of organic photovoltaic devices
based on non-fullerene acceptors'®>® has been recently
improved, reaching power conversion efficiencies higher than
18%.%%°°

According to the general picture, locally excited (LE) states
(strongly bound Frenkel excitons) are first generated in indivi-
dual polymer chains upon photoexcitation. As a secondary
process, charge-transfer (CT) state also referred to as polaron
pairs, are formed because the low dielectric constants of
organic media hamper charges to escape from the Coulomb
interaction at room temperature.’™*> CT states with a lower
binding energy separate into charge-separated (CS) states effec-
tively at interfaces with smaller energy offsets.>*** The mole-
cular packing of donor polymers and acceptors, their
arrangement at the interface, and phase segregation have been
well documented to determine the charge separation and
transport processes; refer to Fig. 1(a).>>™*° The charge transfer
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Fig.1 (a) Simplified illustration of photophysical processes in bulk-
heterojunction organic photovoltaic devices. In both donor and acceptor
domains, when locally excited (LE) states are generated upon photoexci-
tation, the LE states diffuse to the donor—acceptor interface and form
charge-transfer state (CT). The CT state dissociates across the donor—
acceptor interface into charge-separated states. (b) Chemical structure of
PM6.

has been reported to occur at donor-acceptor interfaces much
faster than those within a single polymer chain (intrachain).*!
Accordingly, the charge transfer at the D-A interfaces has been
often related to the overall power conversion efficiency of the
device while the effects of the intrinsic properties of individual
polymer chains, including the structure, energetics, and exci-
ton/charge-carrier dynamics, on device performance are veiled.
To further enhance the performance of bulk-heterojunction
organic photovoltaic devices it would be beneficial to under-
stand the underlying, but overlooked, ultrafast charge-transfer
and charge-separation dynamics of well-defined polymer
donors (or acceptors) in isolated conditions, which are free
from the prevailing events at the interfaces.

In this study, we explored femtosecond-resolved photoin-
duced dynamics within a single chain (in solution) of a D-A
polymer. The D-A polymer of PM6 has been widely used as a
donor in non-fullerene organic photovoltaics, which achieve
the power conversion efficiencies higher than 18%.>°*° The
chemical structure of PM6 is shown in Fig. 1(b). Recently, few
studies using the transient-absorption (TA) spectroscopy
focused on the dynamics of the LE and CT states, of pristine
PMB6 for designing optimal bulk-heterojunction organic photo-
voltaic devices.”** An interchain CT state were observed and
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proposed as the main annihilation source of the LE and CT
states. In this contribution, we investigate the interplay among
LE, intrachain CT, and interchain CT states and diffusion of
the energy/charge-carrying states towards a CS state along
the single chain of PMé. For this study, we used fluorescence-
upconversion (FU) spectroscopy, time-correlated single-photon
counting (TCSPC), and broadband (visible to near-infrared) TA.
While FU spectroscopy is sensitive to emitting states, i.e., LE
state, TA measurements allow us to monitor the elementary
evolution of LE state and preferentially charge carriers (CT and
CS states). By comparing the results of the two complementary
experiments, we were able to correlate the dynamics among the
transient species and establish their chemical kinetics. In
addition, by performing a global lifetime analysis on the TA
spectra, we resolved the spectral fingerprints of the LE, CT, and
CS states and ascribed their apparent nonexponential relaxa-
tion to the heterogeneity in the chain length. In addition, we
found that the steady-state photoluminescence (PL) is domi-
nated by the PL of minor conformations that are not conducive
to charge transfer.

2. Experimental
2.1 Materials

PM6 polymers with four different number average molecular
weights (M, = 14.9, 17.5, 31.9, and 40.3 kDa) were synthesized
and purified following the reported procedure with the varied
polymerization times.** The PM6 polymers were dissolved for
the stock solution usage in 4.1 mg mL ' chloroform (CHCl,);
the concentrations (1.5 pug mL '-0.53 mg mL ') were con-
trolled for spectroscopic measurements at room temperature.

2.2 Measurements

2.2.1 Steady-state spectroscopy. Steady-state absorption
spectra were obtained using a UV-vis spectrophotometer (Jasco,
V-730). The emission and excitation spectra were recorded
using a fluorometer (Photon Technology International, QM-400).

2.2.2 TCSPC. Time-resolved emission spectra were col-
lected using a TCSPC-based spectrofluorometer (PicoQuant,
Fluotime 300) equipped with a picosecond-pulsed diode laser
as the excitation source with an output wavelength of 510 nm
(PicoQuant, LDH-D-C-510). The instrument response function
(IRF) was determined to be 150 ps (FWHM).

2.2.3 FU spectroscopy. Femtosecond-resolved fluorescence
kinetic profiles were obtained using the fluorescence up-
conversion technique. We used an amplified ytterbium-based
laser system (Pharos SP-06-600-PP, Light Conversion), which
produces IR pulses (6 W) centred at 1030 nm with a repetition
rate of 200 kHz and a pulse width of 170 fs. To prevent sample
degradation, the repetition rate of laser pulsing was reduced to
50 kHz using a pulse-picker divider. The rest of the beam was
divided into two parts. 90% of the output beam was directed
into an optical parametric amplifier (Orpheus, Light Conver-
sion) to generate the pump pulse at 570 nm for excitation, and
the remaining output was used as the probe pulse to gate the
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fluorescence of the samples. The resulting pump and probe
pulses were directed into a fluorescence up-conversion spectro-
meter (Chimera, Light Conversion). The polarisation angle of
the pump pulse was set at a magic angle (54.7°) with respect to
the polarisation of the probe pulse to avoid anisotropic effects.
The fluence of the pump pulse was adjusted to 2 uJ cm™ > The
samples were stirred continuously during the measurements to
suppress sample degradation. After sample excitation, the
residual pump beam was filtered using a long-pass filter
(FSQ-RG610, Newport). The fluorescence of the samples was
collimated and focused on a type-II BBO crystal. The probe
pulse was focused and overlapped with the pump pulse on the
crystal to produce upconverted signals. The residual probe
pulse and fluorescence of the samples were filtered using a
prism and an array of iris apertures. Finally, the upconverted
signals were directed into a monochromator (MSA-130, Solar
Laser System) attached to a photomultiplier tube (PMC-100,
Becker & Hickl). The time delay of the probe pulse with respect
to the pump pulse was regulated by a computer-controlled
optical delay line. The IRF was determined to be 230 fs
(FWHM).

2.2.4 TA spectroscopy. TA spectra were obtained using the
same laser and optical parametric amplifier as those used for
the FU measurements. The pump and probe pulses were
directed into a transient absorption spectrometer (Harpia,
Light Conversion). The probe pulse was focused on a sapphire
crystal to generate a white-light probe pulse. The residual IR
pulse was filtered before the sample. The polarisation angle of
the pump pulse was set as 54.7° with respect to the polarisa-
tion of the probe pulse to avoid anisotropic effects. The white-
light probe beam was focused and overlapped with the
pump pulse on the sample plane to produce TA signals. The
residual pump pulse was filtered through an iris aperture. The
resulting probe beam was directed into a detector (Kymera 193i,
Andor). The IRF was determined to be approximately 200 fs
(FWHM).

2.3 Data analyses

The obtained kinetic profiles were fitted to multiexponential

functions or stretched exponential functions, I(f) or

AA(t) =3 Aiexp(—(t/7:)P1); p < 1, convoluted with the IRFs
i

using software (Igor, WaveMetrics; Fluofit, PicoQuant). Global
analyses of TA spectra were performed with using a software
(CarpetView, Light Conversion).

3. Results and discussion
3.1 Luminescent species in solutions

The steady-state absorption, PL, and excitation spectra for the
PM6 (M, = 40.3 kDa) chloroform solution are plotted in the
same spectral window for a clear comparison (Fig. 2).
The absorption spectrum of the PM6 solution did not change
in shape when the concentration was progressively diluted (Fig.
S1(a), ESIT). This indicates that the polymer chains were well
separated for concentrations up to at least 0.1 mg mL ™", The PL
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Fig. 2 Steady-state spectroscopy of PM6 in CHCls. (a) Absorption spec-
trum. The concentration ([PM6]) is 15 ug mL™™ (b) Concentration-
dependent area-normalized emission spectra. The concentrations are
given in the panel. Excitation was made at 520 nm. A cuvette of 10 mm
pathlength was used. (c) Emission spectra dependent on excitation wave-
lengths. [PM6] = 15 pg mL™% A cuvette of 3 mm pathlength was used.
Excitation wavelengths are given in the panel. Bottom panel presents
peak-normalized emission spectra. (d) Excitation spectra. Monitored
wavelengths are given in the panel. [PM6] = 15 ug mL™%,

spectrum of the sample (excited at 520 nm) is presented in
Fig. 2(b). When the concentration of PM6 was the lowest
([PM6] = 1.5 ug mL ™) a PL band with the peak at approximately
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600 nm was obtained. This apparently seems to disobey
Kasha’s rule because the lowest absorption occurs with a peak
at 620 nm. This implies that the steady-state PL with a peak at
600 nm may originate from a minor species, but long-lived in
the excited state, absorbing light below 600 nm. With an
increase in concentration, there appeared a two-band feature
with peaks at 600 and 650 nm. Further increase of the concen-
tration suppressed the intensity of the band structure at
600 nm; see Fig. S1(b) (ESIt). Since the dip located between
the two peaks in the PL spectra across the concentrations
(1.5 pg mL™'-0.53 mg mL™") coincides with the position of
the lowest-energy peak in the absorption spectrum (Fig. 2(a)),
and that the peak positions of the PL spectra of highly con-
centrated solutions match the onset of the absorption spec-
trum, we conclude that the vibronic-like structure in the PL
spectra results from the self-absorption. It follows that the
steady-state PL spectra of PM6 in CHCIl; intrinsically feature a
single-band with a peak at 600 nm. As a control, we also
measured the PL spectra with different path lengths of photo-
excitation (Fig. S1(c), ESIT). With a longer path length, self-
absorption was evident for the 600 nm band. We note that if
self-absorption prevails, for example, at [PM6] = 4.1 mg mL™ " in
Fig. 2(b), the PL spectrum is distorted and a peak at 680 nm
appears, as widely reported in the literature,***34°748

It is surprising that the steady-state PL band is located at a
higher energy than the lowest absorption band. This indicates
that the emitting species, excited at 520 nm, is not the major
conformation absorbing light at 620 nm, but the minor one
that is excited with higher energy. To confirm this, we mea-
sured the PL spectra with a series of excitation wavelengths.
Fig. 2(c) shows that upon excitation at longer wavelengths (with
lower energies) approaching the maximum absorption wave-
length, the intensity of the steady-state PL greatly decreased;
when the excitation wavelength was changed from 520 nm to
620 nm, the intensity was reduced by approximately 16-fold. In
addition, the normalised PL spectra show the bathochromic
shift of the peak wavelengths from 600 nm to approximately
650 nm. It follows that the major species of PM6 in CHCI; are
short-lived and/or weakly radiative.

Fig. 2(d) presents the excitation spectra of the minor con-
formations. The peak corresponding to the maximum absorp-
tion wavelength of the minor conformations, but dominating
the steady-state PL spectrum, was located at approximately
500 nm. With increasing the monitored wavelength, in the
excitation spectra the additional band at around 630 nm
corresponding to the absorption maximum of PM6 appears.
Thus, we infer that the PL from the major conformation is
short-lived and locates at above 700 nm (see below). Consider-
ing the higher, electronic transition energy and the longer
survival of the LE state, as witnessed from PL intensity, we
infer that the minor conformations are highly bent ones with
limited n-conjugation across the chromophoric moiety and
suppressed formation of the CT state as a result. By exciting
the minor conformations at 510 nm, the picosecond-resolved
PL spectra were obtained (Fig. 3(a)). At the peak wavelength of
600 nm, the LE state decayed on two timescales: 340 & 10 ps
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Fig. 3 Picosecond-resolved photoluminescence (PL) of PM6 in the
CHCls. (a) Time-resolved PL spectra of a minor conformation. Excitation
wavelength is 510 nm. Representative time delays are given in the panel.
(b) PL emission kinetic profiles monitored at 600 nm. The red solid line is
the bi-exponential fit. Instrumental response function is also presented in
the panel. (c) Lifetime-associated spectra. The two global-lifetime com-
ponents of 0.24 ns (black) and 0.64 ns (red) are deconvoluted.

and 650 + 20 ps (Fig. 3(b)). To check for the coexistence of
different long-lived conformers, we constructed lifetime-
associated spectra with two global time constants as shown
in Fig. 3(c). The deconvoluted spectra show slightly different
peak wavelengths indicating the possible coexistence of two
representative bent conformations in the ground state, which
do not undergo interconversion within their excited-state
lifetimes.

3.2 Charge transfer

To track the ultrafast photophysics of PM6 single chains, we
measured the femtosecond-resolved TA spectra with excitation
at 570 nm, at which the excitation of the trace species is
minimised. Since TA spectroscopy records ground-state bleach
(GSB), stimulated emission (SE), and photoinduced absorption
(PIA), it reveals the generation and relaxation of the LE, CT, and
CS states and charge carriers. The fluence was chosen to
generate one or fewer LE state per chain (Fig. S2, ESIY).
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The TA spectra in Fig. 4(a) show a GSB band that mirrors the
absorption spectrum in Fig. 2(a); the TA spectra for the full time
window is presented as a 2D map in Fig. S3 (ESIt). In addition,
there is a broad PIA above 670 nm extending beyond 1300 nm.
The two band features of the PIA centred at approximately
900 nm and 1200 nm have been reported to originate from the
absorption of the CT and LE states, respectively.*>** Accord-
ingly, we analysed the TA kinetic profiles at several representa-
tive wavelengths of 635 nm, 730 nm, 900 nm, and 1200 nm
without invoking a chemical kinetics model as shown in
Fig. 4(b). All the transients were fitted to the sum of the
exponential functions with the time constants listed in
Table 1; five time constants were necessary to fit the transients
across the spectral range of our experiments. When the GSB
band was inspected, the ground state was found to replenish on
the timescales of 270 + 13 fs (27.5 =+ 0.8%), 3.0 = 0.1 ps
(17.1 + 0.4%), 34 £ 1 ps (25.9 + 0.4%), 211 + 7 ps
(23.1 £ 0.4%), and 3154 + 197 ps (6.5 £ 0.2%). The two
transients monitored at the representative bands for PIA
showed similar nonexponential behaviours.

The GSB, PIA, and SE bands are generally superimposed
across the monitored wavelengths, complicating the interpreta-
tion of the observation with multiple time constants. To reduce
uncertainty in determining the multitude of time constants and
relate the components to each other, we performed a global
lifetime analysis to fit the TA spectra for the whole spectral and
temporal ranges as presented in Fig. 4(c).*® To cross-check the
validity of the global analysis, we inspected the quality of the
temporal fit at each wavelength and the spectral fit at each time
(Fig. S4, ESIY). At least five global lifetimes were necessary for
the successful fit results. The results are summarised as fol-
lows: first, the whole TA spectra were represented with five
global time constants of 670 fs, 8 ps, 77 ps, 640 ps, and longer
than 10 ns; second, all five lifetime-associated spectra in Fig. 4(c)
showed strongly negative GSB recovery and positive PIA to near-
infrared region; third, negative-going band features were clearly
observed with the peaks at 720 nm and 740 nm for the 670 fs and
8 ps components, respectively. Based on the well-defined band
feature, which has tails to lower energies, but does not cover the
entire spectral range for the positive PIA, we attribute these bands
to SE from the LE state. The lifetime-associated spectra for the
77 ps and 640 ps components also showed a weak, basin-like
feature with a minimum at approximately 750 nm.

Complementary time-resolved PL measurements using FU
spectroscopy unequivocally reveal the lifetime of the LE state
because LE states are emissive. When excited at 570 nm, the PL
signal at 670 nm was found to decay mainly in 700 £ 200 fs
(Fig. 5). The prevalent short-lived component is unequivocally
assigned to the relaxation of the LE state. The rest of the signals
decayed with a time constant of 29 £ 19 ps with a trace signal
(less than 7% of the total) persistent on the timescale of 100’s
ps- The time constants extracted from the fits to the exponen-
tial functions are summarised in Table 2. The major decay time
(700 fs) of the PL kinetic profile in Fig. 5 coincides with the
relaxation time (670 fs) of the SE band with the peak at 720 nm,
as shown in Fig. 4(c). We note that the contribution of the
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Fig. 4 Transient-absorption (TA) spectroscopy of PM6 in the CHCls.
(@) TA spectra obtained with the excitation at 570 nm. M, = 40.3 kDa.
[PM6] = 15 ug mL™™. Representative time delays are given in the panel (two-
dimensional TA map is in the ESLT Fig. S3). (b) TA kinetic profiles. Probed
wavelengths are given in the corresponding panels. Multi-exponential fits are
also given in solid lines. (c) Lifetime-associated TA spectra. Global lifetime
analysis is performed with five time constants. Time constants for the corres-
ponding deconvoluted spectra are given in the panels.

10’s ps and 100’s ps components increased to 40% of the total
signal when the FU signals were collected at 750 nm. This
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Table 1 Multi-exponential decay parameters obtained for the transient-absorption transients in Fig. 4(b)
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900 3.8+45 0.58 +0.97 16.7 +44 3.0+11 36.8+24 371 + 4.7 31.9 £ 2.4 225428 10.8 + 1.1 4397 + 1060
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@ Amplitude of a decay component. ” Lifetime of a decay component. © The errors were obtained from the fitting procedures.

-0~ 670 nm

Time (ps)

Fig. 5 Fluorescence-upconversion spectroscopy of PM6 in CHCls.
M, = 40.3 kDa. [PM6] = 15 ug mL™%. Excitation wavelength is 570 nm.
Photoluminescence wavelengths are given in the panels. Multi-
exponential fits are given in solid lines.

agrees with the bathochromic shift of the SE bands with longer
lifetimes (Fig. 4(c)). Finally, we also note that the short-lived PL
of single-chain PM6 is located mainly in the range of
700-800 nm as revealed from the spectral feature of SE in the
lifetime-associated TA spectra in Fig. 4(c).

Considering that negative-going signals in the lifetime-
associated spectra correspond to SE, and no negative band
features appeared in the fingerprint region of the CT state in
Fig. 4(c), which typically signifies kinetic entanglement among
different transient species, we infer that the different time
components originate from independent processes occurring
in parallel upon photoexcitation. Moreover, the CT state and
their precursors (the LE state) seem to establish an ultrafast
equilibrium within the IRF of 200 fs from their coexistence at
time zero in our measurements. In this scenario, the lifetime
component of the CT state is subject to appear also for the LE
state band. The ultrafast decay and rise components for the LE and
CT states, respectively, which are related to their interconversion,
were unresolvable. Using the simple two excited-states model in

Table 2 Multi-exponential decay parameters obtained for Fig. 5

Fig. 6(a), we simulated the expected signals arising from the TA and
FU measurements for the LE and CT states. According to the
model, the decay of the FU signals representing the lifetime of the
LE state, the decay of the PIA signals for the LE and CT states, and
the recovery of the GSB signals by the recombination of the LE and
CT states share a common time constant in the time range beyond
the IRF. The simulation qualitatively reproduced our experimental
results well, as presented in Fig. 6(b), validating the chemical
kinetics based on the pre-equilibrium between the LE and CT
states. In a poly(3-hexylthiophene) (P3HT), the equilibrium of an LE
and CT states has been recently reported to establish driven by a
coherent transition between them within 20 fs.® Ultrafast equili-
bration between the LE and CT states has been observed for the
same and other polymers.""**> From the observation that the
steady-state PL is overwhelmed by the PL of the trace conformers as
shown in Fig. 2, we infer that the relaxation of the CT state is more
facile than that of the LE state in equilibrium, resulting in weak PL
in the steady state.

3.3 Charge separation

The series of parallel processes on a multitude of timescales
may originate from the different combinations of the rotational
conformation among the donor and acceptor units in a chain
or from the distribution of a chain length that may affect the
relaxation of a LE state and the associated CT state in a chain.
To resolve this, we performed TA measurements for M,, values
in the range of 14.9 kDa to 40.3 kDa, because the latter case is
subject to depend on the length, while the former is not. The
strong dependence of the relaxation of the LE and CT states on
the chain length is clearly shown in Fig. 4 and Fig. S5-S7 (ESIT).
These results rule out the effect of the distribution of the
rotational conformation (torsional angle) among adjacent donor
and acceptor units on the dynamics. From the global analyses, it
was found that fewer number of time components were sufficient
to fit the TA spectra for shorter chains. It follows that the multiple
time components represent, parallel relaxations of different rate
resulting from the distribution of the chain length.

/mon (nm) A (%) v (ps) 4, (%) 72 (ps) 4; (%) 75 (ps)
670 72.1 + 9.0° 0.68 =+ 0.16 21.1+ 4.6 29.3 + 18.5 6.8+ 4.8 >400"
750 60.7 + 9.0 0.61 %+ 0.17 31.9 + 3.6 17.1 + 5.0 74 +22 >400"

¢ Amplitude of decay components. ? Lifetime of the decay component. ¢ Errors were obtained from fitting procedures. ¢ The longest time

constants were fixed as the weighted average time from Fig. 3(b).
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Fig. 6 Chemical kinetics for a two states model. (a) Model LE state
generation/relaxation pathways for PM6 in a single chain. Exemplary
transition rates among the possible states are simplified to four classes:
ki = (100 fs)™%, k4 = (100 fs)™, k» = (10 ns)™%, and ks = (5 ns)™™.
(b) Simulated fluorescence-upconversion signals. The signal represents
the time evolution of the population of the LE state. (c) Simulated
transient-absorption  signals. When collected at photoinduced-
absorption bands, the signals reflect the time-dependent population of
the LE and CT states. The signals obtained for the ground-state bleach
band reveal the replenishment of the ground state by the relaxation of the
LE and CT states. If the time resolution is insufficient to resolve the earliest
event, the measurement is blind to the short-lived signals as illustrated by
the shaded time window in the panels.

The stretched-exponential fit procedure is often applied to
characterise inhomogeneous systems,**>* and employs the
Kohlrausch-Williams-Watts function as follows:

AA(1) = e (%) ﬁ, (1)
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Table 3 Stretched-exponential decay parameters obtained for the

ground-state bleach recovery process of PM6 solutions upon excitation
at 570 nm

M, (kDa) Teer” (PS) st

14.9 1280 + 30° 0.41 £+ 0.01
17.5 394 + 19 0.33 £+ 0.01
31.9 176 £ 5 0.33 £+ 0.01
40.3 76 £ 4 0.30 £ 0.01

“ Lifetime of a stretched-exponential decay component. ? Heterogeneity
parameters. ¢ Errors were obtained from the fitting procedures.

where 14, is the characteristic time constant and f is the
heterogeneity parameter. In the mathematical perspective, the
continuous distribution of lifetimes manifests as the stretched-
exponential decay.”>** The GSB recovery profiles were accord-
ingly re-evaluated using the eqn (1), and the results are shown
in Table 3. Instead of a dozen variables for the fit with a multi-
exponential decay function, using the stretched-exponential
function with the two variables of 4, and f resulted in
adequate fits for the series of samples with different chain
lengths (Fig. S8, ESIt). It should be noted that for longer chains,
the fits were found to start deviating from the data in the sub-
picosecond regime. Including an additional ultrafast exponen-
tial component in eqn (1) improved the quality of the fits across
the entire range of the time window investigated (Fig. 7). The fit
parameters are listed in Table 4. When plotted against the M,,
values of the samples, which scale with the average chain
lengths, the average relaxation (recovery) time (ty,) of the GSB
band decreased from 1400 ps to 100 ps with the chain length as
shown in Fig. 8(a). In Fig. 8(b), the ff values decreased with the
chain length, which is consistent with the characteristics of our
samples that longer chains have a wider distribution of their
lengths.

The acceleration of quenching LE and CT states has been
reported to occur via singlet-singlet annihilation under a high
fluence of photoexcitation.”>> This scenario does not apply to
our case because we chose an excitation fluence that does not
populate more than one LE state per chain. Specifically, the
typical fluence of 4 pJ cm ™2 in our study corresponds to a flux of
1.1 x 10" ecm 2. The concentration of 15 pg mL " for the
longest-chain sample (M, = 40.3 kDa) translates into 5.6 x 10"°
chains per excitation volume. Considering the absorbance of
0.14 (path length = 2 mm) at the excitation wavelength of
570 nm, therefore, approximately one out of 14 chains absorbs
a photon. This excludes the quenching of the LE or CT states by
the bimolecular process; the GSB recovery for the longest chain
was independent of the fluence, confirming that the bimole-
cular annihilation process was not operative under our experi-
mental conditions (Fig. S2, ESIT).

With an increase in chain length, there is a higher chance of
forming a chain folding. At the chain folding, a LE state (or a CT
state) splits into a CT state with the charges on different
sections of the chain, ie., an interchain CT state (Fig. 9(a)).
The interchain CT state quickly annihilates (crosses back onto
the ground state) with a chance of being split into a long-lived,
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Fig. 7 Dependence of ground-state bleach dynamics on chain-length.
Excitation and probe wavelengths are 570 nm and 635 nm, respectively.
Number average molecular weights (M) of the samples are given in the
panels. All transients are fitted to the sum of a stretched-exponential function
and exponential function, AA(t) = AA; expl—(t/1s)’] + AAsexp(—t/t,y), con-
voluted with the Gaussian instrument response function. The fit curves are
given as solid lines.

CS state (isolated charges on the chain).** Indeed, we observed an
increase in the fraction of the ultrafast (<1 ps) recovery component
of GSB with increasing chain length as shown in Fig. 8(a). We
attribute the ultrafast component to the annihilation of the inter-
chain CT state formed from the LE state generated at the chain
folding upon photoexcitation, which competes with forming CS
state. In a film, in which PM6 polymer chains are packed and
entangled that chain foldings are prevalent, the LE state was found
to dissociate to form the CS state in sub-picoseconds via the
interchain CT state (Fig. S9, ESIt), which is consistent with a

PCCP
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Fig. 8 Dependence of the LE/CT state lifetime on the properties of a PM6
chain. (a) Average lifetimes (zg, from Fig. 7) against the molecular weights
(My) of chains. The fractions of the ultrafast recombination component
(AA3 in Fig. 7) are also depicted, as listed in Table 4. (b) Distributions of the
lifetime against M,,. The parameter in the stretched-exponential fit func-
tions is used to represent the distributions. Polydispersity indices (PDI) of
the chains (Table 4) are also given to highlight the correlation between the
distributions of the lifetimes and the PDI.

previous report.’® The configuration of the chain folding
seems to be strong n-n stacking considering the timescale
of the interchain CT annihilation. In addition, for long
chains, a long-lifetime component (>10 ns) without any
trace of SE started to emerge in the lifetime-associated
spectra (Fig. 4(c) and Fig. S5-S7, ESIt). The long-lifetime
component with a featureless broad PIA is ascribed to the
CS state. Under this scheme, as illustrated in Fig. 9, the
lifetime of the LE state, initially generated in the chain,
becomes shorten if the equilibrated LE and CT states
diffuse to the folding and immediately transform into the
short-lived interchain CT state. Accordingly, the lifetime
reduction is expected to be greater for longer chains
because the longer chains pose more chain foldings (or
higher probability of forming the chain folding). The trend
shown in Fig. 8(a) supports our interpretation.

The lifetime reduction of the LE/CT state with the chain
length can be related to the average displacement (L) of a

Table 4 Sum of a stretched-exponential and an exponential-decay parameters obtained for the ground-state bleach recovery process of PM6 solutions

upon excitation at 570 nm

M, (kDa) AA,* (mOD) To (PS) pe AA," (mOD) Tut? (pS) PDI*
14.9 —0.37 + 0.007 1410 + 40 0.46 £ 0.01 —0.04 £ 0.00 1.12 £ 0.26 2.18
17.5 —0.82 + 0.01 554 £ 20 0.38 £ 0.01 —0.13 £ 0.11 0.62 £ 0.11 3.4

31.9 —0.73 £ 0.01 207 £ 5 0.36 & 0.01 —0.13 £ 0.04 0.26 & 0.04 2.91
40.3 —0.73 £ 0.01 99 £ 5 0.33 &+ 0.01 —0.17 £ 0.03 0.18 £ 0.03 3.22

¢ Amplitude of decay components. ? Lifetime of the stretched-exponential decay component. © Heterogeneity parameters. ¢ Lifetime of ultrafast
exponential decay component. ¢ Polydispersity index./ Errors were obtained from fitting procedures.
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Fig. 9 Photophysics of PM6 in a single chain. (a) Cartoon illustration of
carrier dynamics. (b) Schematic energy diagram. Upon photoexcitation,
the generated LE state immediately establishes an equilibrium with a CT
state. The LE state diffuses along the chain until it reaches a chain folding.
At the chain folding, the LE/CT state transforms to an interchain CT state,
with its fast annihilation and slower dissociation into CS state compete.
The lifetime (z) of the LE/CT state is governed by its average displacement
(L) to the chain folding.

diffusing particle in an average time ¢ in a one-dimensional

system:
1/2
L= z(ﬂ> , )

where D is the diffusion coefficient, and ¢ = t4,. In the simplest
model, the number of the chain foldings of the same loop
length in a chain is assumed to scale with the chain length (7). If
the diffusion length of an LE/CT state to the chain folding is
subject to a linear decrease with the number of the chain
foldings, then the chain length and the reciprocal of the
diffusion length are linearly related as

loc LM (3)
Then,
[oc o2 (4)
Fig. 10 shows a strong linear dependence of t~ > on the

chain length, thus, the number of the chain foldings, support-
ing proposed our model (Fig. 9).

The nature of the heterogeneous dynamics leads us to note
that the monotonic dependence of the SE peaks on their
corresponding timescales (Fig. 4 and Fig. S5-S7, ESIt) should
originate from the solvation of the LE state in the sub-
picosecond range and from the associated segmental motion
of the chain to search for the energy minimum that accom-
modates a new electronic structure.”® Owing to the correspon-
dence of the peak positions to relaxing times, which is
irrespective of the chain length because the ultrafast solvation
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Fig. 10 Dependence of the diffusion time of the LE/CT state on the chain
length. The diffusion time is assumed to be identical to the average lifetime
(ts) in Table 4 of the LE/CT state. The solid line represents the linear
relationship between 1, /2 and the chain length, . The PM6 chain length
was estimated by multiplying the reported length of a PM6 repeating unit
(1.54 nm) by the degree of polymerization of each sample; see ref. 57.

was probed in proximity to a localised chromophore, we
combined the peak positions arising from SE for all the
samples of various M,, and plotted them together against their
corresponding times, as shown in Fig. 11. The reconstructed
plot represents the solvation correlation function. The simu-
lated solvation correlation function using the reported para-
meters, i.e., 285 fs (35.6%) and 4.15 ps (64.4%), is also plotted
for the same solvent.>® In the early time window, the simulated
profile is in good agreement with our experimental data con-
firming the origin of the energy and time correspondence
revealed in our study as the ultrafast solvation process in the
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Fig. 11 Solvation of the LE state and associated segmental motion of the
chain. The stimulated-emission (SE) peak positions from the global analysis
of the transient-absorption spectra are plotted against corresponding time
delay. The peak shifts show the same relaxation dynamics regardless of the
M, of PM6 chains. The solid line represents the solvation correlation
function for CHCls, taken from ref. 59. Inset: The SE peak positions plotted
against the extended x-axis. The axis labels are the same as those for the
main panel. SE peaks show energy relaxation beyond the fully relaxed state
by the solvation process. The additional relaxation is ascribed to the
segmental motion of the PM6 chain.
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vicinity of the LE state. Beyond the solvation dynamics further
energy relaxation was observed (inset of Fig. 11). This slow relaxation
is ascribed to originate from the segmental motion of the polymer
coupled to solvent molecules as has been reported.®®! The extent of
energy relaxation by solvation in nonpolar CHCl; was found to be
approximately 800 cm™ " (100 meV). This highlights the equilibrated
nature of the LE and CT states in PM6.

Finally, we conclude that the diffusion of the LE/CT state in
a single chain of PM6 is mainly the Dexter type because the
spectral position of the SE of PM6 is located beyond the onset
of its absorption band, as revealed in the TA measurements of
this study. This result is in contrast to the results from the
conventional steady-state measurements prevalent in literature,
where the weak steady-state PL from the majority of the LE state
is not resolved.?*3:45748

4. Summary

In recent years, studies on the LE- and CT-state dynamics of pristine
PM6 have been performed to offer hints for designing the optimal
configuration of the donor in bulk-heterojunction organic photo-
voltaic devices.** In this work, using the two complimentary
femtosecond-resolved spectroscopic methods of FU and TA, we
tracked the dependence of the evolution of LE and CT states on
the length of single-chain PM6 and revealed the diffusion of those
states along the chain to form a CS state at a chain folding. The
apparent nonexponential behaviours in the time-resolved spectro-
scopic measurements were found to result from the heterogeneity of
the PM6’s chain lengths. Upon photoexcitation, the generated LE
state immediately relaxes to form a CT state within the time
resolution of this study (<200 fs), establishing an equilibrium
between them. As the dependence of their common lifetime on
the length of a PM6 chain reveals, the equilibrated parent LE and
CT states persist until they diffuse into chain folding, which is more
abundant for longer chains. At the chain folding, the CT state
quickly transits to an interchain CT, the annihilation of which
competes with the dissociation into the CS state. The diffusion of
the equilibrated LE/CT state seems to be the Dexter type because the
stimulated emission of PM6 was found to develop beyond its
absorption spectrum as revealed by the global lifetime analysis of
the TA spectra. From the correlation of the spectral position of the
stimulated emission to its timescale, ultrafast solvation and slower
segmental relaxation were observed. This signifies the polar nature
of the equilibrated LE and CT states. From our findings, we infer
that for the bulk heterojunction blend, the intrachain, Dexter-type
diffusion of LE and CT states into a chain folding is the key to
generate the CS state deep in the PM6 domain, while a Forster-type
energy transfer to an acceptor domain may compete with the
intrachain process in the vicinity of the interface between the two
domains.
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