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Efficient exciton transport is the essential property of natural and synthetic light-harvesting (LH) devices.
Here we investigate exciton transport properties in LH organic polymer nanoparticles (ONPs) of 40 nm
diameter. The ONPs are loaded with a rhodamine B dye derivative and bulky counterion, enabling dye
loadings as high as 0.3 M, while preserving fluorescence quantum yields larger than 30%. We use time-
resolved fluorescence spectroscopy to monitor exciton—exciton annihilation (EEA) kinetics within the
ONPs dispersed in water. We demonstrate that unlike the common practice for photoluminescence
investigations of EEA, the non-uniform intensity profile of the excitation light pulse must be taken into
account to analyse reliably intensity-dependent population dynamics. Alternatively, a simple confocal
detection scheme is demonstrated, which enables (i) retrieving the correct value for the bimolecular EEA
rate which would otherwise be underestimated by a typical factor of three, and (i) revealing minor EEA
by-products otherwise unnoticed. Considering the ONPs as homogeneous rigid solutions of weakly
interacting dyes, we postulate an incoherent exciton hoping mechanism to infer a diffusion constant
exceeding 0.003 cm? s~* and a diffusion length as large as 70 nm. This work demonstrates the success of
the present ONP design strategy at engineering efficient exciton transport in disordered multichromo-

rsc.li/nanoscale phoric systems.

Introduction

The transport of electronic excitation energy - excitons - is the
function of so-called Light-Harvesting (LH) organic materials.
In natural LH pigment-protein complexes, a subtle balance
between structural organisation and disorder results in a
partial delocalisation of electronic excitation over a few nearby
pigments and a remarkably efficient exciton transport directed
towards the photosynthetic reaction center.'™ In synthetic
organic materials, the efficiency of light energy conversion
remains limited by exciton transport to a donor-acceptor inter-
face, where electron-hole charge separation may occur.®® The
recent use of non-fullerene acceptors enabling a larger exciton
diffusion length - ie. beyond the typical 5 to 10 nm range —
was essential to improve significantly the efficiency of organic
photovoltaic energy conversion®** or photocatalysis."***

Much larger singlet exciton diffusion lengths - with
diffusion constants approaching or exceeding 1 cm® s~ - have
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been reported in structurally well organized, molecular aggre-
gates or crystals,"”™® possibly also enabling directed
transport.”’>*! In such systems, tight molecular packing and
large dye interactions favor the quantum delocalisation of elec-
tronic excitation over multiple sites.”>>* As a limiting case of
such a behavior, macroscopic exciton coherence, i.e. quantum
delocalisation over the entire length (~10 pm) of a highly-
ordered single polymer chain was demonstrated at 10 K.*®
Conversely, static or dynamic disorder promotes excitation
energy localisation on individual sites. In the corresponding
limiting case (e.g. weakly interacting dyes in solution), exciton
transport results from the incoherent hopping of electronic
excitation,”® where individual hopping events are described by
the Forster model for Resonant Energy Transfer (FRET) from a
dye in its first excited singlet (S;) state to a nearby dye in its
ground (S,) state. Remarkable exciton transport properties
have been reported at room temperature, e.g. along 1D supra-
molecular aggregates, and proposed to result from a “com-
bined coherent-incoherent motion”,'® such as an incoherent
hoping of excitons delocalised over few units,'®*” in line with
the exciton transport mechanism described in natural LH
complexes.”® In less ordered systems, transient exciton deloca-
lisation is introduced as a mechanism to explain exciton trans-
port outperforming the prediction of the incoherent hopping
model‘19,29,30
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Fig. 1 Chemical structures of dye (R18) with its bulky counter ion (F5-
TPB) and polymer (PMMA-MA) constituting dye-loaded polymeric,
light-harvesting nanoparticles sketched on the right-hand side.

In this paper, we investigate fluorescent, dye-loaded
polymer organic nanoparticles (ONPs), as a model for a dis-
ordered, weakly interacting multi-chromophoric system exhi-
biting remarkable exciton transport properties. Originally
designed to produce high-brightness nanoprobes for bio-
imaging and biosensing applications,*"**> the polymer ONPs
encapsulate cationic rhodamine B dye derivatives - see Fig. 1 —
together with bulky counterions used to prevent dye aggrega-
tion and mitigate aggregation-caused fluorescence quenching
(also called “self-quenching”).**** Depending on the polymer
used, the ONPs exhibit various photophysical properties
indicative of very efficient exciton transport, such as a collec-
tive fluorescence on/off switching,® similar to that observed
e.g. in molecular J-aggregates.’® Here, we use poly(methyl
methacrylate-co-methacrylic acid) (PMMA-MA) as the polymer
and the dyes are argued to be distributed homogeneously
inside the ONP,*” like in a disordered, rigid solution. Still sub-
ps electronic energy transfer between chromophores is
observed, indicating a very efficient exciton transport held
responsible for a “giant” antenna effect,®® with promising
application to single (bio)molecule detection.*”

Among various methods to characterise exciton transport in
organic materials,’®*! exciton-exciton annihilation (EEA) is a
process controlled by exciton transport and exciton-exciton
interactions, which results in an acceleration of the exciton
population decay kinetics with increasing light excitation power.
EEA has been investigated with a variety of experimental tech-
niques including steady-state or time-resolved photo-
luminescence spectroscopy,*®**™*® photon antibunching,”’~>°
transient absorption spectroscopy,”'*'®>'” time-resolved fluo-
rescence up-conversion,’®*> coherent multi-dimensional elec-
tronic spectroscopy®”® and related “intensity cycling” transient
absorption spectroscopy.®”> Here we propose to investigate the
exciton diffusion properties in these dye-loaded ONPs by moni-
toring EEA via time-resolved photoluminescence detection, as a
function of excitation power.

The mechanism commonly described for EEA in organic
materials is an energy transfer’’*° between two “colliding”
excitons, producing one electronic ground state S,, and one
higher-lying electronic state S,, with p > 1. In general, S, is very
short-lived and decays back to S; via internal conversion (IC)
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on the sub-100 fs time scale. Therefore, the exciton population

n(t) is modelled according to the following rate
equation:40’42’54’57’63’64
dn(?) r@® ,
=— A 1
= () - T 0), &

where k is the excited state (S;) decay rate of isolated excitons,
7 is the EEA rate associated to bimolecular exciton interactions,
and the factor 1/2 in the last term accounts for the fact that
only one out of two interacting excitons is lost, assuming

quantitative IC from S, to S;.*>°” The general solution of eqn
(1) is:
n(t) = no exp(—kt)
1+noh(t) ’

, r() )
with h(t) = LT exp(—kt')dt'.

Because of the bimolecular term «n’(t) in eqn (1), the
exciton population decay kinetics depends non-linearly on the
initial exciton density n,y, hence on the intensity of the exci-
tation light pulse. Since the detected signal is integrated over
the detection volume, the non-uniform transverse intensity
profile of the excitation light pulse must be taken into account
to enable a quantitative analysis of the observed population
decay kinetics.®* In other words - and in contrast to the vast
majority of the photoluminescence investigations of EEA
reported in the literature - one may in general not expect eqn
(2) to reproduce the observed decay kinetics unless special
excitation (e.g. flat excitation profile) or detection schemes are
implemented.

Here, after deriving the analytical expression for the fluo-
rescence decay kinetics actually expected for an ensemble of
ONPs in solution with a Gaussian excitation profile, we
propose a simple confocal detection scheme in order to
restrict the actual detection volume to the central part of the
excitation volume where the initial exciton density is nearly
uniform. Only then can we fit the data with eqn (2).°> We
demonstrate that the decay kinetics recorded with and without
the confocal detection scheme are indeed qualitatively
different, while fits of either dataset with the appropriate func-
tion give the same result for the EEA rate, within experimental
reproducibility. We also show that overlooking this experi-
mental issue leads to a systematic underestimate of y, by a
factor of two to three typically, and possibly more depending
on the excitation beam intensity profile.

In addition, in the ONPs loaded with the largest dye con-
centration, we observe a shortening of the exciton lifetime
upon increasing the excitation power, with a threshold effect
indicating a very non-linear power dependence. Importantly,
this phenomenon remains unnoticed without the confocal
detection scheme. The observed decay kinetics are nicely
reproduced with a modified model where quenchers Q are
formed with low yield as by-products of EEA, via a minor S,
decay channel competing with IC. The exciton decay rate k
then increases with the quencher density due to S; — Q colli-
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sional quenching, in perfect analogy with previous obser-
vations of exciton lifetime shortening due to singlet-triplet
exciton annihilation in conjugated polymers.®®

Eventually, all our data are nicely fitted with a time-inde-
pendent y coefficient, in line with the efficient exciton
diffusion expected in these ONPs.?® In fact, we observe that
excitation probabilities as low as 0.1% - meaning no more
than few excitons on average per nanoparticle — are enough to
observe the signature of EEA, demonstrating the effective
diffusion of excitons within the entire nanoparticle on a time
scale shorter than their natural lifetime.

Dimensional analysis reveals that y is proportional to the
product DR. of the exciton diffusion coefficient D and an
effective distance R., interpreted as the distance at which exci-
tons should approach to annihilate.®®” Measuring y is there-
fore not enough to infer D: “additional information is required
to separate motional (D) and interaction (R.) effects”.*’
Recently, the independent measurements of D and y revealed
the coherent suppression of exciton-exciton interaction at low
temperature in highly ordered molecular crystals.*®°®
However, when knowing only y, a model to describe EEA must
be postulated in order to evaluate D. Here, we assume the val-
idity of the FRET, and evaluate R, as a function of the Forster
radius Rgpa associated with electronic excitation energy trans-
fer between two excitons.®®””' We perform complementary
transient absorption spectroscopy (TAS) to determine Rgpa
from the overlap between the excitons (S;) absorption and
emission spectra. Eventually we evaluate D = 300 nm?* ns™" =
0.003 cm?® s™', a value more than one order of magnitude
larger than in previously reported dye-loaded PMMA films,*”"”>
thus validating the success of the present ONP design strategy

MO DF
M

| N o=

View Article Online

Nanoscale

to synthesize disordered multi-chromophoric systems acting
as efficient LH materials.

Materials and methods

Nanoprecipitation is used to encapsulate rhodamine B octade-
cyl ester (R18) and its counterion tetrakis(pentafluorophenyl)
borate (F5-TPB) in nanoparticles of poly(methyl methacrylate-
co-methacrylic acid) (PMMA-MA) polymer, as described else-
where.?® The average diameter of the organic nanoparticles
(ONPs) is measured by transmission electron microscopy to be
~40 nm, with a dispersion of +20%. Nanoparticles labelled
ONP30 and ONP100 are produced with dye concentrations of,
respectively, 30 wt% and 100 wt%, expressed as the mass of
dye and counterion (R18/F5-TPB) relative to the mass of the
polymer. This corresponds to R18 dye molar concentrations of
0.17 M and 0.36 M, respectively. Two distinct batches A and B
of each type of nanoparticle have been synthesized and investi-
gated in distinct measurement campaigns, to demonstrate the
reproducibility of the results below.

Fig. 2 illustrates the experimental scheme for time-resolved
fluorescence (TRF) spectroscopy. In short (see the details in
the ESIf), a 300 fs laser pulse centered at 515 nm is used to
excite the fluorescence of ONP30 and ONP100 dispersed in
water to a typical absorption coefficient of 0.5 mm™" or less at
515 nm. The laser system (Tangerine, by Amplitude) enables
tuning the repetition rate from 100 kHz to 100 Hz when chan-
ging the excitation pulse energy from low to high, respectively.
The solutions are circulated in a flow cell of thickness [ = 0.2
or 0.5 mm. A streak camera is used to monitor the fluo-

Ay kP

SC

Sample

om—
PH 25 ym

S

14

In circulation 25

a

m 2

L | :

| g | 5

L | %

Pump o M

P Telescope

-100

(Mm)

Fig. 2 Scheme of the TRF setup. The 515 nm, 300 fs excitation (pump) beam is collimated and its diameter adjusted to 1.3 mm FWHM using a tele-
scope. It is then reflected by a dichroic filter (DF) and focused by a microscope objective (MO, Mitutoyo Plan Apo 10X, f = 20 mm, NA = 0.28, pupill
diameter = 11.2 mm ) in the circulated sample solution. The emitted fluorescence is collected by the same MO and transmitted through the DF to
the “confocal setup” composed of two achromatic doublets (AD, f = 100 mm) and a 25 pm pinhole (PH) used to spatially filter the fluorescence
signal. A streak camera (SC, Hamamatsu Streakscope C10627) working in single photon counting mode is used for detection under magic angle
configuration (P: polarizer, A: analyzer; F: long pass filter; CO: camera objectives). In addition, a flip mirror (FP) and a CCD camera are used to
monitor the fluorescence spot intensity profile in the PH plane as shown in the inset (dots; PH removed) together with its Gaussian fit (green curve),
and the 25 pm central region over which the fluorescence signal is detected when the PH is in place (blue dash-dotted lines). The actual excitation
spot size in the sample plane is 5 times smaller than in the PH plane and must be carefully calibrated (see details in the ESI{) to evaluate accurately
the initial exciton density ng.
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rescence decay kinetics with 10 ps time resolution (see Fig. S8
(B)t). The transverse profile of the laser pulse is nearly
Gaussian and carefully measured by imaging the fluorescence
spot with a conventional CCD camera, under very low exci-
tation power to avoid EEA and saturation of the fluorescence
intensity. At higher excitation power where EEA takes place,
more EEA and faster decay kinetics will occur for ONPs located
in the center of the excitation volume — where the pulse inten-
sity and excitation probability are higher - than in the periph-
ery. The decay kinetics actually monitored results from the
average over the entire excitation volume. Alternatively, we may
collect the fluorescence emission using a confocal detection
scheme which allows us to overlap a pinhole with an inter-
mediate real optical image of the excitation volume in order to
detect only the fluorescence emitted from the central part of
the excitation volume.

For a quantitative analysis of the observed decay kinetics,
we define the excitation pulse energy profile as:

e(x,y,2) = %0 e “f(x,y), where &, is the energy per pulse, f(x,y)

the transverse energy profile with f(x =y = 0) = 1 and S =
[f(x,y)dxdy the pulse transverse section. The e * factor
accounts for the pulse absorption along its propagation direc-
tion z inside the sample, with a the absorption coefficient. The
assumption that the transverse beam profile f(x,y) does not
depend on z remains valid at the beam focus, provided that
the Rayleigh length L exceeds the sample thickness [ or light
penetration depth. We typically have L > 0.6 mm > [ (see ESIT
for details). The fluorescence emission of an ONP located in
7 = (x,y,z) within the excitation volume is proportional to its
exciton population n(7,¢t), which decays according to eqn (2),
with an initial exciton density n(r;t=0) = nyf(x,y)e %
directly proportional to the energy pulse profile (see ESIT). The
measured fluorescence decay kinetics is thus proportional to
the integral F(¢) of n(7, t) over the entire detection volume V:

1 (noe%f(x,y) exp(—kt)
PO = | e e

> (3)

In the confocal detection scheme, the pinhole is used to
restrict the detection volume V to only the central part of the
excitation volume, i.e. x, y small enough that f(x, y) ~ 1 inside
V. In this case, the detected signal is, for a weakly absorbing
sample (al < 1):

_ Hy exp(—kt)

F = . 4

0 =77 Aioh(t) )

This is nothing but eqn (2), where n, is replaced by
1— —al

iy = Ny X T?, the peak exciton density averaged along z

over the sample thickness /, see ESI} for details. Hence, only
for a flat excitation profile — or in the presence of a small-
enough pinhole in the confocal detection scheme - do we
expect to observe decay kinetics obeying eqn (2).

When removing the pinhole, the integration volume V
extends to the entire excitation volume. For a Gaussian pulse
profile, the integration can be written analytically (see ESI} for
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details), and for a weakly absorbing sample, the measured
decay kinetics is expected to obey:

FnoPH(t) = %

In(1 + 72ph(t)). (5)

The light power dependence of the fluorescence decay kine-
tics predicted by eqn (4) or (5) are qualitatively different, and
neglecting the effect of an inhomogeneous beam energy
profile results in significant errors on the y value, as illustrated
in Fig. S4 in the ESL{ In the following, we report a series of
fluorescence decay kinetics recorded as a function of excitation
power on several ONP solutions produced from different syn-
thetic batches. We compare the results obtained with and
without the pinhole and fit the data with the functional forms
given by eqn (4) or (5), respectively. As will be seen below, the
exciton decay kinetics is nicely reproduced in all cases when
postulating a time-independent y value, meaning that a(t) = (1
— exp(—kt))/na, where we define n, = 2k/y the critical exciton
density above which the exciton decay is dominated by EEA
rather than natural S; lifetime. The determination of reliable y
values requires accurate calibration of the initial exciton
density n,, deduced from the R18 dye extinction coefficient —
calibrated t0 €max = 125000 M~ em™,”® at Apax = 560 nm -
and from the dye number density p in the ONPs (see ESI} for
details).

Results

Fig. 3(A) shows the absorption and emission spectra of ONPs
with 0.5, 30 and 100 wt% dye-loading. We observe a slight
increase in the intensity of the vibrational shoulder at 525 nm,
indicating a relatively weak interaction between dyes despite
the large dye concentration. The weak red shift of the fluo-
rescence emission (by no more than 120 cm™"), may also be
due to dye-dye interactions. However, since the single nano-
particle absorbance approaches 0.15 at A« for the largest dye
concentration, also reabsorption likely contributes to the
observed fluorescence red-shift.

With low-enough excitation power where no EEA occurs,
the exciton decay kinetics do not depend on the excitation
power. Fig. 3(B) compares the fluorescence decay kinetics
monitored at such low excitation powers on different samples.
The decay kinetics are clearly not monoexponential, but cor-
rectly fitted with a sum of 3 exponential decay components (k;
i =1 to 3) representative of a distribution of exciton decay
rates, itself indicative of a distribution of exciton sub-popu-
lations possibly related to structural disorder among ONPs.
The results of the fits are displayed in Table 1 and show that
all decay kinetics exhibit a consistent 4.3 ns long-lived com-
ponent with a significant relative weight. Noticeably, this life-
time is that of low-loading ONPs showing a 99% fluorescence
quantum yield.*® We conclude, that even at much higher load-
ings, a significant sub-population of dyes (of 34% and 19% for
ONP30 and ONP100, respectively) still keep a non-quenched
fluorescence lifetime.

Nanoscale, 2024, 16, 1550-11563 | 11553
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(A) ONPs steady-state absorption and emission spectra as a function of R18/F5-TPB loading. (B) Comparison of the fluorescence decay kine-

tics recorded with (PH) or without (no PH) pinhole, at low excitation power where no EEA occurs, for two batches A and B of nanoparticles ONP30
and ONP100. The results of the tri-exponential fits of all these curves are disclosed in Table 1.

Table 1 Decay rates (k) and corresponding relative amplitudes (A)
resulting from the triexponential fit of the fluorescence decay kinetics
displayed in Fig. 3, together with the ensemble-averaged fluorescence

lifetimes <<‘r> = ZA,-/ki) and quantum yields (QY), as a function of dye
i

loading
Triexp. fit amplitudes® (%)
Loading 1/k; (ns)  1/k, (ns) 1/k; (ns)
(Wt%)  0.1t00.2 1.35+0.15 4.3%0.6 (7)(ns) QY
0.5 — — 100 4.2 0.99
30 17 +2 49 +£2 34+2 2.35+£0.15 0.44 £0.02
100 222 572 19+2 1.6 £0.2 0.32 + 0.04

“All decay kinetics displayed in Fig. 3 are fitted independently and
reveal similar decay rates within the specified error bars. ?Values
taken from ref. 38.

Fig. 4 compares the decay kinetics observed with ONP30A
when increasing the excitation power, in two distinct experi-
ments performed in the absence or presence of the pinhole in
the confocal detection scheme. The excitation power depen-
dence of the decay kinetics is qualitatively different in both
experiments. The quantitative analysis is done as follows. In
line with the above tree-component analysis of the low-power
decay kinetics indicating a distribution of ONPs (or a distri-
bution of domains within ONPs), we postulate a 3-component
fitting function Kpymopn(t), with three exciton decay rates (the
kis evidenced above), but a common y coefficient describing
the exciton diffusion and interaction in all ONPs or domains:

3
KPH/noPH(t) = Z aiFPH/noPH(kia 75t), (6)

i—1
where Fpymopn(ki, 7, t) are defined by eqn (4) or (5) for data
recorded in the presence or absence of the pinhole, respect-
ively. In both fits (see ref. 65), the a; and k; values are very close
and mostly determined by the low-energy data, while a unique
y parameter is enough to account for the faster decay at higher

11554 | Nanoscale, 2024, 16, T1550-11563

energies. Importantly, neglecting the effect of averaging over
the excitation volume and fitting the data recorded without
pinhole with the function Kpy(t) (see Fig. S10t) results in a y
value underestimated by a factor of 3. Including all results
obtained with ONP30A (Fig. 4, panels A and B) and ONP30B
(Fig. 10,7 left panel), we conclude that for a dye loading of 6 =
30%, we observe y = 5600 + 900 nm® ns™".

With the 100 wt% dye-loaded ONPs, we observe a similar
behavior up to intermediate excitation powers, but a shorten-
ing of the excitons lifetime for the highest excitation powers,
as illustrated in Fig. 5. This observation is much more specta-
cular in the presence of the pinhole (compare Fig. 5A and C),
as we collect the signal only from the center of the excitation
volume, where the initial exciton density is the highest. To
account for this observation, we need to modify the model pro-
posed in eqn (1): we hypothesize the light-induced formation
of long-lived quenchers Q at a density nq(t) such that colli-
sional quenching occurs with rate yqng(¢) and shortens the
lifetime of the mobile excitons. Such a model is described by
the following rate equations:

PO ket rqmal)n(t) — (1 +) 3 12(0) + mop()
an(t) o ﬂ 2 (7)
a2

where f is the fraction of doubly-excited dyes (S, state, p > 1)
formed via EEA, which would not undergo IC back to S; but a
competing decay channel to Q. The term n,P(t) accounts for
laser-induced exciton formation kinetics, with P(¢) the instru-
ment response function assumed to be Gaussian here.

The highly-excited singlet S, state produced by EEA is very
commonly assumed to decay quantitatively via IC to the S;
state, justifying the factor 1/2 in the EEA-induced population
decay term in eqn (1). However, in various conjugated poly-
mers, other decay channels have been reported, which
compete with IC: highly-excited singlet states produced either
by sequential two photon absorption from sub-ps pulses or by

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 ONP30, batch A: comparison of the exciton density (in nm~3) decay kinetics averaged over the detection volume (A) without or (B) with the
pinhole in the confocal detection scheme, for increasing excitation powers (see ESI} for the vertical axis calibration). The red lines are the result of

the global fit of the decay kinetics with Knopy(t) for panel (A) and Kpy(t) for panel (B), see eqn (6), yielding y = 6500 and 4700 nm?® ns

with the residuals displayed in the lower panels.

1, respectively,
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Fig. 5 ONP100, batch B: exciton density (in nm—) decay kinetics averaged over the detection volume (A) without or (B and C) with the pinhole in
the confocal detection scheme, for increasing excitation powers. The red lines are the result of the global fit with three distinct models. In panel (A)
the global fit is done with K,opnH(t) while disregarding the decay traces recorded with the highest three excitation powers. In panel (B) the data are
the same as in panel (C) but we disregard the highest three excitation powers and the global fit is performed with Kpy(t). In panel (C) all decay traces
are analyzed globally based on the model described by eqn (7), with = 0.024 as a result of the fit (see text). The three analyses yield y = 7800,

8300, 8030 nm® ns~%, for panel A, B, and C, respectively.

EEA were observed to decay into charge-separated states*>’*”°

also referred to as molecular radical ions,”® or into triplet
states - via ultrafast singlet fission.?*®' Single molecule spec-
troscopy of the rhodamine 6G fluorophore also evidenced
photobleaching pathways from higher lying states (S, - 1),** as
well as the photoproduction of both, long-lived triplet T; and
reduced radical states.®® For rhodamine B in ethanol, the T,

This journal is © The Royal Society of Chemistry 2024

and radical states happen to absorb at wavelengths Ay, =
560 nm and 550 nm, respectively - where the ground state S,
also absorbs - with an extinction coefficient &.,,x about 4 to 5
times weaker than that of the S, state.®® The Forster radius Rq
for the exciton energy transfer to these species is thus close to
Ry/5Y° ~ 4 nm, where R, is the Forster radius for homo-FRET
evaluated from the spectral overlap of R18 emission and
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absorption spectra (see ESIT for the evaluation of R,). Hence,
both the T; and radical states qualify as good exciton quench-
ers in the OPNs.

The exciton quenching (yq) and annihilation (y) rates in eqn
(7) are related, since they describe diffusion-limited excitation
energy transfer to a fixed quencher (with Forster radius Rq) or
to another diffusing exciton (with Forster radius Rgga), respect-
ively. Anticipating the Discussion section, we argue that yq = 7/
2%* x (Ro/Rera). If we assume R, = 4 nm and use the value
derived below for Rgga, We get yq = y/3. Setting yq = y/3, and
solving numerically the model described by eqn (7), yields
fluorescence decay kinetics Fq(f,k,,t). In line with eqn (6) we
again postulate a 3-component fitting function Kq(t) =

> aiFo(p, ki,y,t) — with § and y parameters common to all
i

three sub-populations - to fit the data recorded in the presence
of PH (where no additional averaging over the excitation
volume is needed) as illustrated in Fig. 5C. The fitting pro-
cedure (see ref. 65) yields = 0.024, and y = 8030 nm® ns™".

An alternative model, where the quencher Q would be pro-
duced as a secondary decay channel directly from S; rather
than from S, does not reproduce the data so well (see ESIY).
We conclude that a fraction of order 2% of the EEA events
produce a byproduct Q, which is a good energy acceptor and
reduces the exciton lifetime by collisional quenching. This
result calls for scaling down by 2% the y values obtained based
on eqn (1) (where y should be replaced by (1 + )y, even if no
signature of Q is detectable). In the present case, this correc-
tion is anyway negligible compared to the experimental repro-
ducibility. When performing the same experiments on
ONP100 from the other synthetic batch (batch A, see
Fig. S111), we did not quite explore such high excitation den-
sities and did not observe the shortening of the excitons life-
time. Still, we retrieved y = 7000 + 1100 m® ns™" (without or

(P
. 0.0 NPT
3
£ delays (ps)
iy —-04
< 101 —0.12
—1.35
—63
1000
o0
450 500 550 600 650 700

wavelength (nm)
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with PH), in reasonable agreement with the results obtained
with batch B (Fig. 5).

Complementary transient absorption (TA) experiments (see
ESIt for details) are carried out to retrieve the excited state
absorption (ESA) spectrum and its overlap with the fluo-
rescence spectrum in order to evaluate the Forster radius Rgsa
associated with the energy transfer between two S; excited
states. The TA data recorded with various excitation probabil-
ities in the range 3% to 14%, are illustrated in Fig. 6. The nega-
tive contribution observed at wavelengths longer than 500 nm
(Fig. 6(A)) is dominated by ground state bleach (GSB) and
stimulated emission (SE), while excited state absorption (ESA)
dominates the signal at shorter wavelengths. The negative
band (GSB + SE) is observed to slightly deepen and red-shift by
1.35 ps. This is mostly attributed to the dynamic Stokes shift
of the SE signal - also observed for rhodamine dyes in
aqueous solution (not shown) - resulting from vibrational and
solvent (here polymer) relaxation on this time scale in the
excited state. In addition, inhomogeneous broadening of the
ground state absorption band may contribute to a genuine
red-shift of the GSB due to exciton transfer from higher-energy
absorbing dyes to lower-energy absorbing dyes, already on the
ps time scale in these ONPs. A significant GSB redshift was
observed, although on a much slower time scale, in other dye-
loaded PMMA films®® and attributed to inhomogeneous spec-
tral broadening. Following this early spectral relaxation, the TA
signal decays already very significantly by 60 ps, indicating
rapid EEA. With a pump pulse focused in the sample to a dia-
meter of ~70 pm, approximately twice as large as the diameter
of the probe pulse, the decay kinetics compare very well with
the data recorded with the SC in the presence of a pinhole, as
illustrated in Fig. 6(B). This good agreement is also a consist-
ency check for our evaluations of the excitation probabilities in
both experimental setups. Provided that the large majority of

(B)
a Excitation probability:
8 — SC 9%
= 1.57 SC2.7%
e —— SC1.0%
I —— TA3.1%
g 1.0 —— TA14%
S
{ cat
A 0.5 -
)
(o
¥ 0.0 1
0 100 200 300 400 500
time (ps)

Fig. 6 Transient absorption (TA) spectroscopy on ONP30. (A) TA spectra (in mOD) at a selection of pump—probe delays (in ps), upon excitation at
515 nm with a 60 fs pulse and 3.1% excitation probability. The grey bar indicates the spectral region where pump light scattering degrades the signal
quality. The vertical line at 560 nm indicates the ONP absorption maximum. (B) Comparison of the streak camera (SC) and TA kinetics recorded for
various excitation probabilities. The TA kinetics are obtained by integrating the fluorescence signal spectrally from 550 nm to 730 nm.
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excitons decays via EEA in the TA experiments, the formation
with a 2% yield of a quencher state Q characterized by an
extinction coefficient 5 times weaker than the SE and GSB
signals, would contribute a positive signal of ~0.008 mOD at
maximum - in the same spectral range as the corresponding
~—0.04 mOD residual negative GSB. This remains undetect-
able in the present TA experiment characterized by a noise
floor ~0.04 mOD rms at 550 nm (evaluated at negative time
delays, see e.g. the —0.4 ps signal in Fig. 6(A)), and further
underlines the unparalleled sensitivity of the proposed con-
focal implementation of the photoluminescence experiment,
as compared to a TA experiment.

The ESA spectrum can be extracted quantitatively from the
TA signal observed on long times scales (i.e. after the early
spectral relaxation) by subtracting the GSB and SE contri-
butions. While the GSB is simply proportional to the opposite
of the ground state absorption, the negative extinction coeffi-
cient for SE egp(1) can be computed (in units of M™' em™) as
(see ESIT for details):

e g,

esp(d) = — 4

mmw (8)

where eg5(4) and A(4) are respectively the ground state extinc-
tion coefficient and the fluorescence emission spectrum dis-
played in Fig. 3(A). The retrieved ESA spectrum egga(4) is dis-
played in Fig. S14.f While its magnitude (efex) is evaluated
with an error bar of +30% (see ESI}), it strongly overlaps with
the fluorescence emission A(4), resulting in a Forster radius
Rgpa = (1.10 + 0.05) x Ry, where R, is the Forster radius for
homo-FRET defined by the overlap of £gg(4) with the same A(4)
(see ESIt for details). The ESA spectrum retrieved here com-
pares well with that of rhodamine B in ethanol,®® and the
reported £m3 = 38 000 M~ " cm™" falls within our error bar.

Discussion

In all kinetic traces reported in this work, the asymptotic decay
corresponds to the 4.2 ns radiative lifetime of R18/F5-TPB in
PMMA, except when the excitation power exceeds the threshold
where EEA-induced byproducts start reducing the exciton life-
times via collisional quenching (Fig. 5(C) and eqn (7)). We
propose that also collisional quenching - itself boosted by
large exciton diffusivity - is the mechanism for the onset of
shorter-lived exciton sub-populations,®” as a function of dye
concentration (Fig. 3(B)). Increasing dye-loading most likely
enhances the population of molecular aggregates possibly also
acting as quenchers available for exciton collisional quench-
ing. However, the fact that even at 100 wt% dye loading, about
20% of the exciton population has an unquenched lifetime
would then reveal the presence of nanoparticles or sub-
domains inside nanoparticles, where no quenching occurs.
Conversely, the population of shorter-lived excitons would
reveal various degrees of quenching probabilities as a function
of the (small, hence fluctuating) number of effective quenchers

This journal is © The Royal Society of Chemistry 2024
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in ONPs. Together with the assumption of a homogeneous dis-
tribution of (R18/F5-TPB) inside ONPs, these considerations
led us to define eqn (6) as a fitting function, where we postu-
late an average EEA rate y, but a distribution of lifetimes, in
fact revealing a distribution of quencher concentrations to
collide with.

With y = 5600 nm® ns™" in ONP30 particles or domains
where no quencher is present (i.e. k' = 4.2 ns), we find that
the critical density above which EEA becomes significant is n,
= 2k/y = 8 x 107> nm~>. This corresponds to an average dis-
tance®® between excitons of 0.554/n,® ~ 13 nm > 2Rpga,
meaning that no “direct” EEA®” may occur at such low den-
sities. Instead, EEA is rather a diffusion-limited process, justi-
fying a posteriori the fact that y is time-independent. To further
test this statement, we performed a simultaneous global fit
(not shown) of the entire dataset illustrated in Fig. 6(B) includ-
ing the relatively noisier TA data (with time delays from 1 ps
on) together with the SC data (with time delays from 30 ps on)
at all excitation powers realized in both experiments. The fit
function was Kpy as given by eqn (6), and the fit quality was
evaluated in terms of the reduced y* weighted with the data
noise distribution on each kinetic trace. The fit quality was
neither improved when assuming a time-dependent EEA rate
y(t)=a+ b/ \/ t as expected in case of direct energy transfer at
very early time delays,””®” nor significantly degraded when
keeping a time-independent y fitting parameter.

We also note that with a dye number density p = 0.1 nm™
for ONP30 - ie. ~4000 dyes per nanoparticle - the exciton
density n, corresponds to an excitation probability of 0.08%,
i.e. no more than 3 to 4 excitons per nanoparticle. We con-
clude that exciton diffusion is efficient enough, that EEA
occurs with significant probability with only few excitons
inside a nanoparticle, provided no other quencher limits the
excitons lifetime. Similarly, few energy acceptors or quenchers
must be enough to cause collisional shortening of the exciton
lifetime, as argued above, and in line with previous reports of
a giant antenna effect enhancing the effective brightness of a
single fluorescent acceptor in these ONPs,*® or a collective
fluorescence quenching in closely related ONPs (R18/F5-TPB
in poly(p,r-lactide-co-glycolide) - PLGA - polymer).*

For biosensing applications, single ONP fluorescence spec-
troscopy is performed under cw illumination with light inten-
sities in the range of 1 W em™ or lower.*>?*%9 Under such
conditions (see ESI Section 8t for details), a 30 wt% loaded
ONP absorbs photons with a rate in the MHz range, and we
evaluate to ~10 Hz the frequency of EEA events. Hence, about
1 EEA-induced quencher state Q is produced every 5 seconds.
The rates of EEA events and Q state production are 5 times
larger in ONP100.

We now discuss how to infer a diffusion coefficient D from
the measured, time-independent y parameter. As mentioned
in the introduction, we need to postulate a model for the
diffusion-limited EEA process. In the following, we will postu-
late the validity of the Forster model which describes an inco-
herent energy transfer due to a resonant dipole-dipole inter-
action, because (i) the disorder and weak interactions between

1

3
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the dyes are arguments in favor of the incoherent hoping
assumption (i.e. we hypothesize, that there is no electronic
excitation delocalisation among nearby chromophores), and
(ii) the investigation of any other model is beyond the scope of
this work. Unless numerical modeling is used, only two limit-
ing cases can be discussed analytically: the low-diffusion limit,
where direct energy transfer dominates, and the high-diffusion
limit.**%77%71 Rollowing the above discussion, we shall con-
sider the latter case.

The high-diffusion limit is commonly discussed based on
the Smoluchovsky model for coagulation in colloids, where R.
is a contact radius introduced as a boundary condition in the
diffusion equation.®”®® As such, R. defines a distance also
called the radius of “dark sphere”, at which EEA occurs with
probability one at first encounter.*®”* Very generally, R, is pos-
tulated to be equal to the inter-dye distance and arbitrarily
chosen to be R, = 1 nm.%*040:42:45,66,90

An alternative approach to the dark sphere model describes
the evolution of the exciton pair correlation function g(7, ),
With:52,69,70

() = jg(f, £)kea (1) dF, (9)

where kgga(7) is the bimolecular annihilation rate as a function
of inter-exciton distance, i.e. kgpa(r) = k(Rpaa/r)® within the
Forster model. In the high-diffusion limit, the pair correlation
function relaxes rapidly and becomes time-independent.
Introducing the hard sphere approximation with an effective
interaction radius R. (g(r) =0 if  <R. and g(r) = 1 if r > R.)
results in:”°

747[ REAA6
T3 RS

Y (10)

In contrast to the dark sphere model, we argue that when
two excitons approach at a distance as low as the inter-dye or
“hopping” distance, they still have a non vanishing probability
to hop on another ground state chromophore also available
within the same distance - and to continue their diffusive
motion - rather than to annihilate at first encounter.
Therefore R. may be defined as the inter-dye distance at which
annihilation and further diffusion balance, by equating the
typical times scales for exciton transport on distance R. and
energy transfer between excitons separated by Re: R.>/(2D) = 1/
kepa(Re).>>"" As a result we get:

37\ 4/3
2D = (l) ]Cil/sREI.in2
4an

Here, we stress, that the relevant diffusion coefficient is 2D
rather than D, because EEA occurs between two diffusing exci-
tons, rather than between one mobile exciton and one fixed
“trap” or quencher.*>”"% With R, = 5.2 nm (see ESI) i.e. Ryga
= 5.7 nm, and k" = 4.2 ns we find for ONP30: D = 370 nm?
ns~'. With an average exciton lifetime of (z) = 2.35 ns, this
yields an exciton (3-dimensional) diffusion length
L = +/6D(z) ~ 73 nm. For ONP100, y ~ 8000 nm” ns ™" yields a

(11)
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larger D = 580 nm” ns™", but the same L = 75 nm due to the
slightly reduced (r) value.

In a disordered solution of dyes interacting via resonant
dipole interaction with Forster radius R,, incoherent exciton
transport is predicted to become diffusive on a time scale
shorter than the exciton lifetime k' provided the dimension-
less concentration C =2ERy%p exceeds unity, with p the dye
number density.>® For the 30 wt% dye-loaded ONPs, we have C
~ 60 indicative of a fully diffusive transport. In such a case the
diffusion coefficient is predicted to be:

Dy = ¢ X kC4/3R027 (12)

with ¢ a dimensionless prefactor, the precise value of which
(0.32, 0.43 or 0.56) has been the subject of various theoretical
investigations.>*”*?" With ¢ = 0.5 arbitrarily chosen, eqn (12)
predicts Dy, = 700 and 2000 nm?* ns™* for ONP30 and ONP100,
respectively, i.e. a factor of 2 to 4 larger than the diffusion con-
stant determined from the above EEA monitoring experiments.
Extensive investigations of rigid solutions of perylene red in
PMMA films®”7*%%927%* concluded that inhomogeneous spec-
tral broadening explains a similar discrepancy between the
measured diffusion coefficients and the values expected from
eqn (12): after the first few exciton hopping events and simul-
taneous energy relaxation, the blue-most absorbing dyes would
no longer contribute to electronic excitation transfer, thus
reducing the concentration of dyes effectively available for exci-
tation energy transport. Comparatively, the diffusion coeffi-
cient D measured in the present (R18/F5-TPB) loaded ONPs is
one order of magnitude larger than in perylene red PMMA
films with same dye loadings,”” and the saturation of the D
value in ONP100 occurs at significantly larger dye concen-
tration. We speculate, that the larger D value observed here
may be due to a weaker effect of inhomogeneous broadening
in the (R18/F5-TPB) dye/counterion system.

While we provide an accurate measurement of the EEA rate
and sensitive detection of EEA by-products acting as quench-
ers, complementary theoretical investigation is required to
refine the present evaluation of the exciton diffusion length,
and to conclude whether the proposed incoherent hoping
mechanism holds, or whether (transient) electronic excitation
delocalization operates - like argued in natural LH complexes
- to further enhance exciton transport properties also in dis-
ordered, rigid dye solutions at such large concentrations.

Conclusion

We report on EEA kinetics in dye-loaded ONPs dispersed in
water solution, by monitoring photoluminescence decay kine-
tics as a function of excitation pulse intensity. We demonstrate
that the inhomogeneous intensity profile of the excitation
pulse has a very significant influence on the observed decay
kinetics. While this effect is most generally overlooked, we
show that it induces a systematic underestimate - possibly
exceeding a factor of 3 depending on the actual pulse intensity
profile — of the retrieved EEA rate y, which also erroneously

This journal is © The Royal Society of Chemistry 2024
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appears to be intensity dependent. We propose two methods
to solve this experimental issue. (i) We derive the functional
form expected for the decay kinetics actually observed with a
Gaussian excitation pulse profile and use it to fit the data.
Alternatively, (ii) we implement a simple “confocal” experi-
mental scheme (i.e. one pinhole in between two achromats).
Only in the latter case can one use the expected eqn (2) to glob-
ally fit the observed decay kinetics and extract an unbiased y
value, independent of the pulse intensity. The confocal detec-
tion scheme also appears superior in detecting the EEA-
induced formation of minor by-products inducing further
exciton collisional quenching, a process which remains unno-
ticed when averaging the signal over the entire excitation
volume.

With the present PMMA-MA ONPs loaded with rhodamine
B dye derivatives (R18) and bulky F5-TPB counterions, we
observe efficient EEA already at excitation probabilities as low
as 0.1% - ie. few excitons per ONP - indicating efficient
exciton transport within the ONPs, in perfect line with the out-
standing LH properties previously reported for these ONPs.
The quantitative evaluation of the exciton diffusion constant
and diffusion length is conditioned to the modeling of both
exciton transport and exciton interactions in the ONPs.
Assuming here incoherent exciton hopping and FRET between
colliding excitons, we infer an exciton diffusion length in the
range of 70 nm, ie. almost twice the ONP diameter. This is a
remarkably high value for a disordered, rigid solution of dyes,
which results from (i) a diffusion coefficient exceeding that of
other dye loaded PMMA films by one order of magnitude, and
(ii) a relatively large exciton lifetime. Both properties are due
to the ONP design strategy using bulky counterions to mitigate
aggregation-caused fluorescence quenching even at large dye
concentration (up to 0.3 M). The ONP100 explores the limits of
the present synthetic design, since the exciton diffusion length
does not exceed that of ONP30. In contrast with the quest for
structurally ordered molecular systems possibly enabling
exciton delocalization and quantum transport, this work
adopts an alternative design strategy, which results in out-
standing exciton transport in disordered assemblies of weakly
interacting dyes in ONPs with remarkable, functional LH
properties.
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