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Binary dye-based fluorescent organic nanoparticles, composed of
varying proportions of A and D — two structurally related quad-
rupolar dyes — exhibit ultrafast and remarkably efficient excitation
energy transfer, which in addition promotes fluorescence tuning
and quantum yield enhancement as the acceptor content decreases.

Among fluorescent probes for bioimaging, nanoparticles based
on organic dyes have become increasingly popular tools, as their
high dye content makes them much brighter and more photo-
stable than individual molecular fluorescent probes. In recent
years, the incorporation of two or more different dyes, capable of
engaging in Forster resonance energy transfer (FRET), has also
gained significant attention. Dye-doped polymer nanoparticles
are especially popular for intra-particle FRET."” The polymer
matrix may be optically inactive, serving only as a nanocarrier
for the molecular donor and acceptor, or, in the case of con-
jugated polymers, it can itself act as the FRET donor." Dye-doped
silica-based nanoparticles have likewise shown very promising
applications.>* The role of FRET varies widely across different
systems. It can be employed to obtain colour-tunable particles by
adjusting the donor and acceptor ratios and their respective
emission intensities, as well as through sequential FRET invol-
ving more than two dye types.>® The donor can also function as
an energy antenna, enabling efficient light harvesting,” including
multiphoton harvesting, which allows for the effective excitation
of acceptors with poor two-photon absorption cross sections.*®
Furthermore, in the case of small-molecule ionic isolation lattices
(SMILES), adding an acceptor enhances the optical properties of
the material, by having FRET outcompete energy migration to the
quenching sites.’

Recently, we showed that self-stabilized dye-based fluores-
cent organic nanoparticles (dFONs) made from polar and
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polarizable dyes (PPD) represent an innovative approach
towards ultra-bright probes for bioimaging applications. Such
dFONs show good structural and colloidal properties, thanks to
the nature of their building blocks.'® Moreover, modifying the
structure and geometry of the PPD is an effective way to bottom-
up engineer the optical properties and surface properties of
dFONs: they can be rendered stealth™ or alternatively made to
internalize within cells."> Another salient structural characteristic
of dFONs made from PPDs is that high surface potentials can be
achieved, promoting excellent colloidal stability’’™* and effica-
cious cooperative electrostatic interaction-promoted surface
coating."” This characteristic also allows the formation of entirely
dye-based core-shell nanoparticles using a sequential nanopre-
cipitation procedure."*"'> Such binary dFONs (BFONs), made from
complementary dipolar dyes, show efficient shell-to-core energy
transfer’*"> and an unprecedented enhancement of the FRET-
mediated fluorescence quantum yield of the acceptor (by a factor
of up to 20)." Yet only indirect excitation of the acceptor leads to
the fluorescence quantum yield enhancement of acceptor (core)
emission. In order to overcome this limitation, we turned to alloy-
type dFONs made from quadrupolar dyes. We selected D (energy
donor) and A (energy acceptor) (Fig. 1a) — a pair of optically
complementary quadrupolar chromophores'? that share a simi-
lar structure built around one benzothiadiazole electron-
withdrawing core and two diphenylamine electron-releasing moi-
eties at their extremities. In A, the n-bridge is extended by the
addition of thienyl units, thus considerably red-shifting its
absorption and emission compared to D. This shift is preserved
upon nanoprecipitation (Fig. 1b), where D and A yield stable
suspensions of orange-emitting DAFONs and near-infrared (NIR)
emitting AAFONS, respectively. The significant overlap between
the emission spectrum of DAFONs and the absorption spectrum
of AAFONs makes them a good FRET pair, with a theoretical
Forster radius of 3.6 nm for a single D-A pair. Furthermore,
thanks to the bulky fluorenyl and diphenylamino motifs that
hinder n-stacking and aggregation caused quenching (ACQ),
DdFONSs retain substantial fluorescence quantum yield values
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Fig. 1 (a) Molecular structures of dyes D (energy donor) and A (energy
acceptor). (b) Absorption (full lines) and fluorescence spectra (dashed lines)
of aqueous suspensions of DAFONs in yellow and AdFONs in dark red.
Orange: overlap between the fluorescence spectrum of DAFONs and the
absorption spectrum of AdFONSs, where excitation energy transfer is
possible. (c) Preparation scheme of BFONs (binary dFONs). (d) Transmis-
sion electron microscopy (TEM) image of 8FONs (0.05/1).

in water (@ = 0.30 £ 0.05), thus leading to large brightness values
(B=1.110" M ' em™"), while AdFONs show much lower & values
but emit in the NIR1 region (Fig. 1b)."

A series of binary dFONs (BFONs) with decreasing A/D ratios
were prepared by nanoprecipitation (Fig. 1c). All BFONs were
prepared from stock solutions containing [D] = 1 mM and
0.001 mM < [A] < 0.3 mM in tetrahydrofuran (THF), so that
the quantity of donor D remained the same, while varying the
quantity of acceptor A. The resulting colloidal BFON suspensions
are named sBFONs ([A]/[D]), in reference to the stock solution
concentrations used. Transmission electron microscopy (TEM)
was performed, showing that BFONs appear for the most part
spherical, with some ellipsoidal shapes as well (Fig. 1d). The dry
diameters measured from the TEM images are represented as size
distributions in Fig. Sla-f, and median values are indicated in
Table S1. Interestingly, while sBFONs (0.01/1), BFONs (0.05/1),
BFONs (0.1/1) and BFONs (0.3/1) yield broad distributions center-
ing around 35-40 nm (as illustrated in Fig. Sic-f), the BFONs
with the smallest A/D ratio - namely BFONs(0.005/1) and
BFONs(0.001/1) - yield bimodal distributions, with one major
peak around 11 nm, and a second, very minor peak around
35-40 nm (Fig. Sla and b). The raw absorbance spectra of the
resulting BFONSs, represented in Fig. 2a, are simply a weighted
sum of DdFONs and AdFONSs, in accordance with their A/D ratios.
However, upon excitation of the donor at 445 nm, the emissive
properties of BFONs are found to differ drastically from those of
DdFONs and AdFONS.

Indeed, Fig. 2b clearly shows energy transfer from D to A in all
BFONS, regardless of A/D ratio, as evidenced by the quenching of
donor emission and the appearance of acceptor emission. BFON
emission spectra are found to differ in shape, maxima and
intensity, depending on their A/D ratio (Fig. 2b), with the emis-
sion maxima ranging from 665 nm to 611 nm (Fig. 2c) and
fluorescence quantum yields ranging from 0.08 to 0.32 (Fig. 2d)
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Fig. 2 (a) Raw absorbance spectra of dFON and sBFON suspensions. (b)
Raw emission spectra of dFON and BFON suspensions upon donor
excitation at 445 nm. Fluorescence spectra were acquired on 3-times
diluted suspensions under the strict same experimental conditions, so that
fluorescence intensities could be directly compared. (c) Maximum emis-
sion wavelength (right axis) and corresponding energy (left axis) of BFONs
upon donor excitation at 445 nm. (d) Fluorescence quantum yield @grons
of the BFONs upon donor excitation at 445 nm. Grey line: guide for the
eye. (e) Donor emission intensity of the BFONs as a function of the A/D
ratio (normalized by the emission intensity of DdFONSs(1)). The abrupt
change in the grey region is attributed to a high likelihood of forming
DdFONSs in this low A/D ratio domain. (f) Acceptor emission intensity of
BFONSs as a function of the A/D ratio (normalized by the emission intensity
of DAFONSs(1)). We attribute the abrupt change in the grey region to a high
likelihood of forming DdFONSs in this low A/D ratio domain.

for sBFONS (0.3/1) to BFONSs (0.001/1), respectively. Detailed photo-
physical data are summarized in Table S2. In order to analyse
these results, a deconvolution of the emission spectra of BFONs
was performed, as those with small A/D ratios clearly contain
different contributions. Deconvolution of the emission spectra
into donor and acceptor contributions (Fig. S2, Table S3) con-
firms an increase in donor emission as the A/D ratio decreases,
from under 1% donor contribution in 8FONs (0.3/1) up to 83% in
BFONs (0.001/1). These residual donor emission intensities
(Fig. S3a) were used to assess FRET efficiencies, resulting in
values of up to 99.7% for sBFONs (0.3/1) and down to 43% for
BFONs (0.001/1) (Table S3). We then used a Stern-Volmer plot to
assess our system’s energy transfer efficiency (Fig. S3b). The plot
shows an upward curvature characteristic for systems where
donors and acceptors are confined within small domains, and
where statistically, the number of acceptors per domain varies
according to a Poisson distribution.’®” In our case, this indicates
that a certain amount of the observed donor emission likely comes
from nanoparticles that contain no acceptors. The probability of
forming such DAFONs (1) increases as the A/D ratio and the
nanoparticle size decrease (Fig. S3c). The energy transfer efficien-
cies in BFONs (0.001/1) and 8BFONSs (0.005/1), evaluated using donor
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emission intensities, are thus underestimated. Since most models
accounting for sample heterogeneity make assumptions that do
not apply to our samples (narrow aggregate size or constant
fraction of inaccessible donors irrespective of A/D ratio'®), we
instead applied segmented linear fits to the data. This highlighted
two main regimes: a low A/D regime (0.001/1-0.01/1), with a
shallow slope (663), reflecting the presence of many donor-only
aggregates, and a higher A/D regime (0.05/1-0.3/1), where the
steeper slope (1093) reflects greater quenching efficiencies. This
means that one acceptor roughly quenches 1093 donors, which is
a full order of magnitude above the number of dyes that lie within
the quenching sphere defined by the Forster radius (115 dyes).
This excellent quenching efficiency suggests efficient exciton
diffusion within BFONs." Even more intriguing insights can be
gained by looking at the behaviour of the acceptor: upon decon-
volution, it appears that the initially observed blue shift of the raw
BFON emission (Fig. 2b) is not simply due to a contribution of
donor emission, but rather comes from a blue shift of the acceptor
emission itself (Fig. S5a). We attribute this variation of the acceptor
emission towards the A/D ratio to the specific nature of our dyes.
Indeed, no such effects were observed by McNeil et al. on PFBT
polymer nanoparticles doped with perylene red, despite the donor
properties being very similar to our own.'® We posited that
environmental polarity could be responsible for this blue shift
and we studied the dyes’ solvatochromism (Fig. S6) using the
Lippert-Mataga relationship'®?*® to estimate the environmental
polarity felt by A dyes within BFONs (Fig. S7). We found that the
Stokes shift of A in BFONs(1/0.3-0.05/1) corresponds to polarities
lying between that of DAFONs (Af = 0.03) and AdFONSs (Af = 0.19),
with progressively decreasing polarities matching the observed
blue shift for lower A/D ratios. In addition, whereas previous
literature on statistically mixed binary systems overwhelmingly
shows a decrease in acceptor intensity upon decreasing the A/D
ratio (Fig. $8),”"” our system shows the opposite: for A/D ratios up
to and including 0.01/1, the emission intensity increased (Fig. 2f).
Thus, we attribute the increase in acceptor fluorescence intensity
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with decreasing A/D ratios to an enhancement of the fluorescence
quantum yield of the acceptor itself. To the best of our knowledge,
such an effect has only been observed once before by Ishow et al.**
We note striking similarities between this environmental emission
enhancement (EEE) effect in sBFONs with A/D < 0.3 and the
previously reported nanointerfacial emission enhancement (NIEE)
effect in core-shell nanoparticles.”” These new results suggest that
no such donor-acceptor nano-interface is necessary for acceptor
enhancement, as long as acceptors are exposed to a majority-
donor environment. Dividing the fluorescence quantum yield of
such binary systems by that of the corresponding pure acceptor
AdFONSs yields the EEE factor. In this paper, we report a max-
imum EEE value of 12 (Table S2) for sFONs (0.005/1). While the
maximum reported NIEE factor for core-shell nanoparticles - 20
for D/A = 1/1*® - remains higher, we were able to obtain a similar
magnitude of emission enhancement using 200 times less
acceptor here. Thanks to efficient EEE, ultimate nanoparticle
brightness values of 9 x 10’ M~ cm ™" were obtained for BFONs
(0.05/1) emitting in the deep red (652 nm). As such, they are
among the brightest reported red-emitting organic nanoprobes,*
a full order of magnitude above quantum dots QD655 (4 X
10° M~' em™" per particle).'" Next, we performed femtosecond
transient absorption and fluorescence upconversion experiments
to gain more insights into excited state and fluorescence emission
dynamics. The broadband fluorescence up conversion measure-
ments revealed a significant red shift in time of the emission
spectra for the DAFONSs, with such temporal evolution being less
pronounced for the AdFONs (Fig. 3). The time-resolved emission
spectra underwent a larger dynamic Stokes shift for dye D com-
pared to A (Fig. S9 and S10). This is consistent with the observed
steady-state fluorosolvatochromism of dyes D and A (Fig. S6 and
S7), in line with symmetry breaking.**** Indeed, the ultrafast
spectroscopic investigation performed in solvents of different
polarity uncovered the population dynamics from a locally excited
(S1,.e) to an intramolecular charge transfer state (S, cr) for these
two quadrupolar dyes (Fig. S9-S12 and Table S5),>**” which occurs
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Fig. 3 Femtosecond broadband fluorescence up-conversion spectroscopy of aqueous suspensions of DdFONs, AdFONs, BFONs (0.05/1) and 8FONs
(0.3/1): (a) 3D data matrices, (b) time-resolved emission spectra and (c) decay-associated spectra obtained from global analysis.
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within a few picoseconds together with solvation and becomes
faster upon increasing the solvent polarity. The time resolved
absorption and emission spectra obtained for the pure DdFONs
and AdFONSs exhibited distinct and characteristic features. In the
case of the pure donor organic nanoparticles, the time resolved
emission spectra peaked between 550 and 600 nm (Fig. 3), while
the transient absorption spectra showed negative ground state
bleaching signals below 500 nm and a pronounced positive excited
state absorption above 620 nm (Fig. S13). Such spectral features
closely resemble those observed for the D dye in toluene (Fig. S9
and S11), in agreement with the low environmental polarity felt by
the DAFONs (Af = 0.03). In the case of the pure acceptor organic
nanoparticles, the time resolved emission spectra peaked around
650 nm (Fig. 3), while the transient absorption spectra exhibited a
pronounced ground state bleaching at ca. 540 nm (Fig. S13). When
BFONs with 0.05/1 and 0.3/1 ratios were considered, the time
resolved emission spectra recorded upon preferential donor
excitation at 400 nm show a significant temporal evolution
(Fig. 3). At early delays after photoexcitation, the emission spectra
are centred at 550-570 nm in the donor emission region. Inter-
estingly, at longer time delays, the fluorescence spectra are peaked
at ca. 640 nm in correspondence with the acceptor fluorescence.
Such spectral evolution suggests the occurrence of FRET in the
BFONSs.”®?° This was confirmed by the femtosecond transient
absorption results obtained for the BFONs (Fig. S13). The early
transient spectra show ground state bleaching below 500 nm and
excited state absorption above 620 nm, resembling the spectral
features of excited DAFONs. Differently, the late transient spectra
are characterized by a negative signal around 560 nm, which may
be due to the acceptor ground state bleaching. The results of the
global analysis of these data for the pure donor and acceptor
nanoparticles as well as for the BFONs are detailed in graphs c of
Fig. 3 and Fig. S13 and in Table S6. The lifetime associated with
the quenched donor in the binary nanoparticles and thus with the
energy transfer process was found to be ca. 2 ps for the (0.05/1)
and ca. 0.95 ps for the (0.3/1) BFONS, respectively. It is noteworthy
that the FRET time decreases upon increasing the acceptor
amount in the binary nanoparticles. Interestingly, considering
these 7p, lifetimes together with the 1y, lifetime of ca. 2000 ps for
the donor nanoparticles in the absence of acceptor (Table S6), the
FRET efficiency (E = 1 — Tpa/Tp) can be estimated to be ca. 99.9%
in our experimental conditions. In summary, our femtosecond
spectroscopic results confirm ultrafast and quantitative exciton
diffusion from the donor to the acceptor dyes within the investi-
gated binary alloy nanoparticles.
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