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Exciton migration in organic polymer dots (Pdots) is crucial for optimizing photocatalytic reactions at the
particle surface, such as hydrogen evolution and carbon dioxide reduction. Despite the use of Pdots in
photocatalysis, there is still a need for better understanding of exciton diffusion within these systems.
This study investigates the exciton diffusion in PFBT Pdots stabilized with different weight percentages
of the co-polymer surfactant PS-PEG-COOH and doped with perylene red as an internal quencher.
Time-resolved fluorescence quenching data yields a quenching volume that the excitons explore during
their lifetime (V,), which is comparable to the volume of the hydrophobic core of PFBT Pdots. This
indicates that excitons can migrate to the particle surface with high probability and suggests that the

Received 25th October 2024, intrinsic exciton diffusion length (Lp &~ 19 nm) for PFBT is significantly larger than previously reported in

Accepted 29th November 2024 Pdot studies from the literature (5.3 and 8.6 nm). Additionally, a larger quenching rate constant (k) and
smaller volume (V) is observed for the higher PS-PEG-COOH weight ratio, which are attributed to their

smaller core. The study provides insights into the exciton migration within Pdots, with important implica-
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Introduction

Organic polymer dots (Pdots) are n-conjugated, semiconducting
polymers prepared as nanoparticles with particle size less than
100 nm. They have attracted attention in recent years for the
photocatalytic synthesis of solar fuels from water and carbon
dioxide.’™ Photoexcitation of Pdots results in the formation of
tightly bound and localized Frenkel excitons within one of the
polymer segments, followed by non-radiative energy transfer
between the segments in a series of incoherent hopping steps,
a process known as exciton diffusion. Of particular importance
in this study is the diffusion of singlet excitons, which is
facilitated by Forster resonance energy transfer (FRET).*"" In
the context of solar photochemistry, the efficiency of light-
harvesting relies, among several other factors, on the diffusion
of excitons to the Pdots-water interface where photocatalytic
reactions take place. The self-assembly of conjugated polymers
into Pdots allows them to be effectively dispersed in water where
its high dielectric constant promotes dissociation of excitons at
the interface.”'? Thus, a long exciton diffusion length (Lp), ie.,
long-range excitation energy transport, with Ly being at least
similar to the Pdot radius is necessary for their optimal photo-
catalytic performance.'>"?
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Accurately measuring exciton diffusion in Pdots, however,
has been challenging due to inconsistencies in the existing
literature regarding modeling approaches.*>* To address this,
we used semiconducting polymer PFBT, as it has been inten-
sively investigated for different photocatalytic proton and car-
bon dioxide reduction reactions in single-component and
heterojunction Pdots.”*® Additionally, PFBT Pdots have been
used previously as a model system to gain better understanding
of exciton diffusion in Pdots.'®*"*® In a study by Groff et al.,
Ly of PFBT Pdots was investigated through doping with the
internal quencher perylene red."® The Stern-Volmer analysis of
steady-state fluorescence data yielded Lp = 5.3 nm, while
simulations incorporating energy transfer quenching by both
perylene red and defects in PFBT resulted in Lp = 12 nm for
hypothetically defect-free PFBT Pdots. The authors concluded
that existing methods for determining Ly, experimentally might
distort their accurate values, attributing this to quenching by
volumetrically distributed defects in aggregated systems such
as Pdots. Significant quenching by defects was supported by the
much shorter reported average excited state lifetime of PFBT
Pdots (0.8 ns) compared to PFBT in a good solvent such as THF
(ca. 3.0 ns). Building upon this study, Ponzio et al. determined
Ly, of PFBT Pdots through titration with the external quencher
rhodamine B.>' A more detailed theoretical modeling was
performed, yielding a Ly value of 8.6 nm, and the quenching
by defect sites distributed on the Pdot surface rather than
volume was proposed. However, the excited state lifetime of
Pdots was reported as ca. 2.8 ns, suggesting that the defect
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density was much lower than in Groff et al. Agreement between
the simulations and experiments was fair, but time-resolved
fluorescence data with rhodamine B were lacking, and defect
quenching kinetics were poorly fit by the model used.

Here, we use analytical model to fit time-resolved fluores-
cence data of Pdots to determine the quenching volume (V)
that the excitons explore during their lifetime and estimate Ly,
The model was originally developed independently by Infelta
and Tachiya for fluorescence quenching in micelles.>”*® To our
knowledge, this is the first study to utilize the Infelta-Tachiya
model for investigating exciton diffusion in Pdots. We use PFBT
(average M, < 25000) Pdots stabilized with different weight
ratios of the amphiphilic co-polymer surfactant PS-PEG-COOH
(My, 36500) (1:1 or 1:3 PFBT:PS-PEG-COOH (wt/wt)) and
doped with perylene red as internal energy transfer quencher
(Forster radius Ry, = 3 nm (ref. 19)) distributed within the
hydrophobic core of the particle. PS-PEG-COOH provides
electrostatic and steric stabilization to the particles surface,
ensures colloidal stability, and is not photo- or redox active.>**°
From time-resolved fluorescence decay traces at different
quencher concentrations, we estimated V, and the rate con-
stant for quenching in the exciton volume (k).

Results and discussion

Pdots were prepared by a nanoprecipitation method, with different
concentrations of the quencher perylene red (a detailed procedure
is provided in the ESIt).>** Chemical structures of PFBT, perylene
red, and PS-PEG-COOH are presented in Fig. 1. The quencher was
assumed to be randomly distributed within the hydrophobic
particle core, as both the excited probe (PFBT) and the quencher
have hydrophobic properties. The hydrodynamic radii of PFBT
Pdots were determined using dynamic light scattering (DLS) (Fig.
S1a and b, ESIt). Both single-component PFBT and doped PFBT
Pdots had an average radius of 15 nm for both 1:1 or 1:3 (wt/wt)
ratios, which suggests that the number of Pdots per volume in the
latter solution was larger for the same concentration of PFBT. PS-
PEG-COOH has stabilizing properties in colloids where its steri-
cally demanding PEG groups prevent aggregation. We suggest that
the higher PS-PEG-COOH content likely favoured the formation of
smaller Pdots with increased surface curvature, as it provided
larger volume per PEG chain. Thus, instead of forming larger
Pdots at the 1:3 (wt/wt) ratio, the core volume decreased,
maintaining a hydrodynamic radius comparable to that of
the 1:1 (wt/wt) ratio. The UV-Vis absorption spectra of Pdots

Fig. 1 Chemical structures of (a) PFBT, (b) perylene red and (c) PS-PEG-
COOH.
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Fig. 2 Absorption (a) and (b) and fluorescence (c) and (d) spectra with
excitation at 473 nm (Abs = 0.08) of single-component and doped PFBT
Pdots at 1:1 and 1:3 (wt/wt) ratios.

(Fig. 2a and b) showed broad absorption extending into the
visible region up to 540 nm, with two distinct absorption bands
at ~310 nm and ~470 nm. Upon doping with perylene red, a
weak, red-shifted absorption band appeared between 550 and
620 nm, corresponding to perylene red absorption (Fig. S2, ESIt)
and showed a steady increase with increasing perylene red
concentration. The doping concentrations of perylene red used
were 7, 22, 36, 71,102, and 127 nM for the 1: 1 (wt/wt) ratio, and
7.8, 22, 37, 66, 103, and 129 nM for the 1:3 (wt/wt) ratio
determined from the amount of perylene red added during
Pdots preparation.

The steady state fluorescence spectra of PFBT and doped
PFBT Pdots under selective excitation of PFBT at 473 nm is shown
in Fig. 2c and d. The PFBT fluorescence peak at 540 nm
decreased with increasing perylene red concentration, while an
additional fluorescence band from perylene red appeared with a
peak at 600 nm and a shoulder around 660 nm (¢f. Fig. S2, ESIY),
which suggests FRET between PFBT and perylene red within
Pdots. The occurrence of energy transfer was supported by over-
laying the corrected excitation spectra for perylene red emission
onto the absorption spectra of doped PFBT Pdots (Fig. S3, ESIT).

Time-resolved fluorescence measurements revealed that the
decrease in fluorescence emission of PFBT in the presence of
perylene red was followed by a near equivalent reduction of
fluorescence lifetime, which is consistent with dynamic (diffu-
sional) quenching (Fig. 3a and b). Fluorescence decay traces of
PFBT Pdots with no quencher present were fit with a double-
exponential decay function with time constants of 7; = 1.4 ns
(A1 =0.76) and 1, = 3.4 ns (4, = 0.24) for 1:1 (wt/wt) ratio and of
7, = 1.3 ns (4; = 0.76) and 1, = 3.6 ns (4, = 0.24) for 1:3 (wWt/wt)
ratio. The double-exponential behavior suggests inhomoge-
neous probe environments. In contrast to PFBT dissolved in
THF, where polymeric chains are isolated by solvent molecules
and exhibit a single exponential fluorescence decay with an
excited state lifetime of 2.8 ns (Fig. S4, ESIt), the polymeric
chains in Pdots are densely packed.

This journal is © the Owner Societies 2025
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Fig. 3 Fluorescence decay traces of PFBT Pdots at different quencher concentrations, at 1:1 (a) and 1: 3 (b) (wt/wt) ratios. The fits according to egn (1)

are convoluted with the IRF, with freely adjustable kq and (n) parameters.

The fluorescence lifetimes were reduced as the perylene red
concentration was increased (Fig. 3a and b). Fluorescence decay
traces of doped PFBT Pdots were well described by the Infelta-
Tachiya model (eqn (1)),””*® that in its original form has been
employed to describe fluorescence quenching kinetics in micel-
lar solutions. The model assumes a random (Poisson) distribu-
tion of quenchers over the Pdots and in its simplest form,
which is appropriate here, assumes no migration of excitons or
quenchers between the particles. An important difference to
micelles is that the Pdot volume can be larger than the exciton
quenching volume, ie. the volume the exciton can explore
during its lifetime. Only excitons that contain a quencher
within its V, will be quenched, and the quenching is faster
the more quenchers that are in the volume. In eqn (1), we use a
sum of two Infelta-Tachiya terms to account for the biexpo-
nential decay behavior of the Pdots fluorescence in the absence
of quenchers:

I(t,nkg) = As-exp(—ky-t + (n)-(exp(—kq't) — 1))

+ Ayexp(—kyt + (n)-(exp(—kqt) — 1)) W
1 1

Here, k| (kl =— ) and k <k2 = —) are rate constants for
T1 T2

the sample without added quencher and their relative ampli-
tudes A, and A,, n is the average number of quenchers per V,
and kg is the first-order quenching rate constant for quenching
in volumes with at least one quencher. To obtain robust fits, the
value of k, was assumed to be the same in both terms.
Firstly, single trace fits were performed according to eqn (1)
with all parameters freely adjustable, as shown in Fig. 3a and b
(solid line). Here, the values of ki, k,, A; and A, were fixed to
their values in the absence of quenchers, while k, and n were
floating parameters. The values of kq and n obtained for
different perylene red doping concentrations are summarized
in Table 1. With increasing doping concentrations above
40 nM, n increased much less than proportionally with concen-
tration and k, increased. This deviation from the model could
be attributed to the perylene red aggregated species formation
when there is more than one quencher per Pdot present.'*>°

This journal is © the Owner Societies 2025

Table 1 Fluorescence decay parameters obtained from single trace and
global fitting

Single trace fitting Global fitting

Perylene
red/nM  kg/ns™" (n) kg/mns™  (n)
1:1 (wt/wt) Pdots 7.2 0.37 0.4 0.47 0.3
22 0.42 1.1 0.47 1
36 0.47 1.4 0.47 1.3
71 0.57 2.2 — —
102 0.67 2.4 — —
127 0.77 2.7 — —
1:3 (wt/wt) Pdots 7.8 0.75 0.15 0.89 0.084
22 0.73 0.77 0.89 0.71
37 0.86 0.97 0.89 0.91
66 1.2 1.2 — —
103 1.3 1.6 — —
129 1.4 1.5 — —

Aggregation can also explain why the perylene red fluorescence
intensity in Fig. 2c and d did not increase after 40 nM was
reached, although the PFBT fluorescence was further quenched.

For the global fit analysis, we used only the data with <40 nM
quencher, where aggregation effects should be small and &4
invariant with quencher concentration as expected in the
Infelta-Tachiya model (Fig. 4b and c). The fluorescence decay
parameters ky, k,, A1, and A, were fixed to values obtained from
the double-exponential fitting of PFBT Pdots without a
quencher. The assessment of the goodness of the fit to the
model was based on the weighted residuals. The residuals
showed some deviation (only <5 cps compared to 10* in the
maximum channel) at <5 ns and were randomly distributed
around zero for both 1:1 and 1:3 (wt/wt) ratios (Fig. 4d and e).
From the values of n obtained and the estimated number of
moles of quencher added, we calculated the number of quench-
ing volumes in the sample. With the known mass of PFBT in
the sample and its corresponding density, we could then
calculate the value of V, (see ESIT). From the global fit results
in Table 1, we calculated V values as 2300 nm® and 1400 nm®,
corresponding to spheres with radii of 8.2 nm and 6.9 nm for
the 1:1 and 1:3 (wt/wt) ratios, respectively. The hydrodynamic

Phys. Chem. Chem. Phys., 2025, 27,1083-1088 | 1085
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Fig. 4 lllustration depicting the proposed morphology of Pdots for 1:1 and 1:3 (wt/wt) ratio. The dashed blue circle indicates the reduction in V, for

PFBT Pdots at 1: 3 (wt/wt) ratio (a). Fluorescence decay traces for three different doping concentrations of PFBT Pdots at 1:1 (b) and 1: 3 (c) (wt/wt) ratios
convoluted with IRF and globally fit with eqn (1) and their corresponding residuals (d and e).

radii from DLS (15 nm for both (wt/wt) ratios, Fig. S1a and b,
ESIT) were larger because DLS captures not only the hydro-
phobic core but also included the PS-PEG-COOH shell and a
solvent layer of certain thickness (Fig. 4a). A precise estimate of
the shell thickness is not available, but the molecular weights
of the PFBT and the PEG-part of PS-PEG-COOH are very similar
(ca. 24000 g mol'; see ESIf) while the PS-part is smaller
(8500 g mol™'). As the PEG-layer is much less dense than the
core, it will constitute a major part of the particle volume even
for the 1:1 (wt/wt) ratio Pdots. Thus, a conservative estimate of
the core radius in the 1:1(wt/wt) Pdots is <75% of the 15 nm
value (<42% of the volume), i.e. <10.5 nm. Thus, it is likely
that the observed Vq is actually limited by the physical size of
the hydrophobic core.

The larger k, values obtained as PFBT is diluted with more
PS-PEG-COOH was initially surprising, as it could instead be
expected to lead to longer exciton hoping distances and slower
quenching. It is not likely to be due to less energetic heterogeneity,
as the absorption and fluorescence spectra are essentially identical
for the two samples. Instead, the difference in &, can be attributed
to a smaller core volume with the 1:3 (wt/wt) ratio, since the
particle size did not change when the concentration of PS-PEG-
COOH used for preparation was increased and thus the Pdots
concentration must have increased for the same amount of PFBT
(Fig. S1a and b, ESIt). Fig. 4a illustrates the proposed reduction in
V4 and Pdots morphology. The larger k, with more PS-PEG-COOH
can also explain the similar extent of quenching at similar perylene
red concentrations in Fig. 2¢ and d, although the number of Pdots

1086 | Phys. Chem. Chem. Phys., 2025, 27, 1083-1088

is larger and thus 7 is smaller. The smaller V, obtained with the
1:3 ratio, in spite of a larger kg, is also consistent with V, being
limited by the physical size of the hydrophobic cores.
Fluorescence quenching efficiencies from steady-state data
were compared with those from the integrated surface areas
under the decay curves from time-resolved fluorescence mea-
surements at both (wt/wt) ratios (Fig. 5a and b). The integrated
surface areas under the normalized decay curves were estimated
from the average lifetimes obtained from eqn (S1) (ESIt) for
undoped and eqn (1) for doped Pdots. Steady-state and time-
resolved experiments yielded very similar extent of quenching
showing that static quenching (not resolved by TCSPC) is less
important. Nevertheless, the somewhat larger steady-state inten-
sity quenching suggests that n, and thus V,, are somewhat

(a) (b)
_18{v FofF 1:1 wtiwt 18 Fo/F 1:3 wt/wt
[}
z @ area under the curve area under the curve
S1e 5 |18
£
x o
3 144 1.4
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Fig. 5 Comparing fluorescence quenching efficiencies from steady-state
data with that from the integrated surface area under the decay
curves from time-resolved fluorescence measurements at 1:1 (a) and
1:3 (b) (wt/wt) ratios.
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underestimated. It is important to highlight that both Pdots
without and with quenchers (>36 nM) contribute significantly
to the observed fluorescence as Pdots with quenchers only
exhibit moderate quenching. This is different from the model
of complete quenching within a sphere-of-action, where the
fluorescence intensity ratio versus concentration plot shows
characteristic upward exponential increase.**

Conclusions

In summaty, our study uses the Infelta-Tachiya model for fluores-
cence quenching in particles to provide a new analysis and
understanding of exciton migration within PFBT Pdots stabilized
with different (wt/wt) ratios of PS-PEG-COOH. In contrast to
previous work on PBFT Pdots that have used numerical simula-
tions of steady-state fluorescence intensity data, we use an analy-
tical expression to fit time-resolved fluorescence data. The model’s
applicability was further confirmed by agreement from both
steady-state and time-resolved fluorescence experiments. The esti-
mated V, value of 2300 nm? for 1:1 (wt/wt) PBFT: PS-PEG-COOH
Pdots, to a spherical radius of 8.2 nm, is similar to the estimated
radius of the hydrophobic core, and agrees well with L, = 8.6 nm
reported by Ponzio et al. using the external quencher rhodamine
B.>" However, our results suggest a significantly longer Ly than
that, for the following reasons: (1) the value of V, obtained in the
present study seems to be limited by the radius of the hydrophobic
core, as discussed above; and (2) the random walk of excitons with
Lp = /(x?) (r.m.s. displacement in three dimensions) explores a
volume much smaller than that of a sphere with radius = Lp,. The
volume explored by random walk, using the Forster radius
(3.0 nm) as the reaction radius, corresponds to the so-called
Wiener sausage volume.** This suggests that the value of Ly, is
at least twice the radius of our particle core, L, ~ 19 nm (see ESIt
for details), similar to the value estimated from Monte Carlo
simulations of neat PFBT thin films (16 nm).*?

Our results suggest that excitons diffuse to the Pdot surface
with high probability, which in addition to their porous
properties,®* are important for photocatalytic applications. This
contrasts with light-emitting diode applications, where the
exciton diffusion to the particle surface is not required. More-
over, quenching by surface defects, as suggested by Ponzio
et al.,** could be outcompeted by a rapid catalytic reaction.
Finally, as excitons diffuse to the Pdot surface to a high extent,
we hypothesize that using PS-PEG-COOH could potentially
reduce overall defect density, which is supported by the com-
parable lifetimes between PFBT Pdots in water and PFBT in
THF. The study contributes valuable insights into the dynamics
of exciton migration and quenching behavior within Pdots,
enhancing our understanding for potential applications in
energy conversion.
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