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ABSTRACT. Dual nanoparticles endowed with emission photoswitching ability are produced by
flash coprecipitation of fluorophores and photochromes into water in order to investigate the
mutual interplay between the self-assembled photoactive units as a function of their respective
ratio. Photophysical studies show that high fluorophore:photochrome ratios favor very fast on/off

fluorescence photoswitching while the opposite is true for recovering emission thanks to the strong
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antenna effects permitted by the spatially confined entities in nanoparticles. Attempts to regenerate
the initial state upon visible irradiation reveal unexpected structural transformations, which results
from the non-covalent dye self-assemblies. Morphological investigations support phototriggered
photochrome clustering within and around the fluorescent core of the dual nanoparticles after a
UV-vis cycle or irradiation, causing partition of the photoactive units. The photoinduced
morphological changes open attractive prospects in the fabrication of smart drug delivery systems

where active material release by external stimuli represents a very dynamic research area.

INTRODUCTION

Fluorescent organic nanoparticles (FONs), made out of small fluorophores or semi-conductive
polymers, nowadays represent a remarkable part of the photoactive materials for bioimaging, '~
sensing® and tracking applications.*>¢ Their specific advantages reside in their molecular
composition, devoid of any diluting matrix like silica or inert polymers, and their straightforward
property modulation thanks to the versatile tools of organic synthesis.” Their particularly high
payload of functional units gives rise to unexplored photophysical effects associated to the close
packing of chromophores, which has been exploited to generate novel emission features through
excimer® or exciplex formation,” and efficient energy transfer between energy-donating and
accepting units.'®!! This specific interest in FONs has much more recently been extended to
another class of photoactive nanoparticles based on photochromic dyes.'> Since most of
photochromic reactions are accompanied with significant geometrical changes,'* photoconversion
within photochromic organic nanoparticles (PONs) can be dramatically impacted by structural
confinement due to apparent restriction of the degrees of freedom.!*!> Comparative studies
between thin films, nanoparticles and solutions actually revealed accelerated conversions for

nanoparticles as a result of cooperative interactions.'®!” Since the vast majority of FONs and
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PON:S is fabricated through nanoprecipitation in water of concentrated solutions of hydrophobic
dyes, hydration effects cannot be overlooked in the case of nanoparticles displaying significant
interface with water. Nonlinear optical measurements of FONs comprising push-pull fluorophores
evidenced interfacial dye organization at the nanoparticle surface'® while studies in deuterated
water showed increased fluorescence performances as a result of weakened vibrational coupling
with water.!® Other studies indicate that dyes with hydrogen bonding ability tend to form smaller
nanoparticles as a result of higher solubility?® while dye exchange between FON mixtures
comprising amphiphilic dyes was revealed by investigating energy transfer phenomena.?! This
latter study was the first one to examine the composition evolution of organic nanoparticles in
water. Several further works demonstrated the disintegration of organic nanoparticles in contact
of hydrophobic biological membranes using dyes displaying solvatochromism in the excited state
2223 or distance-dependent electron transfer properties.’* All these transformations could be
considered as a result of natural diffusion and interactions with the external media. However,
photoinducing FON transformation would represent a further attractive step to generate stimuli-
responsive nanomaterials with unexplored structural effects. In this context, pairing photochromes
and fluorophores represents an attractive strategy to gain insight into the investigated
transformation, the first photoactive molecules serving as actuators while the second ones would
monitor the phototransformation. Such a combination has actually been explored with very
buoyant interest since the seminal work of Irie et al,* that is currently expanded to fascinating
systems to photoswitch or photomodulate the signal of devices in organic electronics,?® and more
recently address super-resolution microscopy issues.?”?%2%3% Most investigations involved
monodye nanoparticles where the photochromic and fluorescent units are covalently linked,

thereby limiting straightforward performance modulation. With the progress toward bicomposite
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nano-objects where dyes are merely self-assembled, novel questions are raised about the
interactions developed, not only between the closely packed dyes, but also with their surroundings.
Especially, mastering the architectural evolution and chemical composition of dual nanoparticles
that are subjected to repeated photoirradiation steps and on/off fluorescence photoswitching due
to the photoconversion of photochromes into emission quenchers, becomes of prime importance
to achieve full reversibility and reproducibility. To address this issue, we report herein on the
exploration of novel dual nanoparticles comprising specifically designed fluorophores and
photochromes at various photochrome:fluorophore ratios. Comparative photophysical and
photochromic investigations between blend and separated mixtures of nanoparticles are performed
(Figure 1). They shine light on the optimal dye ratio requirements and main energy mechanisms
in order to achieve amplified on/off fluorescence photoswitching in dual nanoparticles. The
reported results offer new insights on the unexpected structural evolution of photoactivatable
nanoparticles at the nanoscale, which could open stimulating prospects to design novel objects for

on-command light-induced drug delivery.
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Figure 1. Schematic fabrication procedure: A) dual fluorescent and photochromic nanoparticles
(PFONs) upon flash co-nanoprecipitation of (F) fluorophores and (P) photochromes, B) mix of
fluorescent nanoparticles (FONs) and photochromic nanoparticles (PONs) upon separate flash

nanoprecipitation and further combination of the dispersions.

METHODS

Fabrication of aqueous FON, PON and PFON dispersions

Spectroscopic grade THF, used for all preparations and photophysical studies, was purchased from
Aldrich. (F) and (P) stock solutions in THF were prepared at a 2.4 mmol.L"! concentration (resp.
2.0 and 1.6 wt. %). Pristine FON and PON dispersions were obtained by first diluting by half the
stock solutions with THF and then quickly adding 50 pL of the resulting diluted solutions to a

larger volume of Millipore® water (2.5 mL) under stirring. PFONs with varying (F):(P) molar
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ratios (1:1, 2:1, 5:1) required the prior preparation of F and P mixtures at the right concentration.
To this aim, a total volume of 100 pL of (F) and (P) dyes were prepared by adding to a fixed
volume of 50 uL of (F) stock solution varied amounts of (P) stock solution, namely 50, 25, and 10
uL, and THF, namely 0, 25 and 40 pL to reach the targeted (F):(P) molar ratios, respectively 1:1,
2:1 and 5:1. Following the same protocol as that described for pristine FON and PON dispersions,
50 uL of the freshly above-prepared dye mixtures were added to 2.5 mL of Millipore® water to

yield PFON dispersions.

Structural characterizations of organic nanoparticles

Dynamic light scattering (DLS). The hydrodynamic diameter and size dispersion of organic
nanoparticles were determined by dynamic light scattering (DLS) by means of a nanoparticle size
analyzer Cordouan (Vasco 3) equipped with a 40 mW diode laser operating at 658 nm.
Measurements were collected in a backscattering mode at an angle of 135°. Measurements were
carried out at 25 °C on aqueous solutions of nanoparticles. For each sample, intensity
measurements were carried out in a multi-acquisition mode implying automatically adjusted
correlograms, and averaged measurements on 6 acquisitions. Nanoparticle mean sizes and
distribution widths were obtained by fitting each correlogram with a SBL algorithm, giving better
description of multimodal distributions. Number representations of the size distribution were
traced, assuming a refractive index value equal to 1.7 for organics, and extinction coefficient of
0.55 for UV-irradiated PFONs, which actually showed no significant incidence on the resulting

mean diameter.

Zetametry. Measurements of {'surface potential were carried out by means of a Zetasizer Nano ZS

ZEN 3600 (Malvern). The samples were placed in disposable folded capillary cells (DTS1070).
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Two sets of three measurements were realized for each sample and the zeta potential was

calculated from electrophoretic mobility dispersion fitted by the Smoluchowski model.

Transmission electron microscopy. FON size measurements as dry samples were performed on
diluted samples deposited on holey carbon-coated copper grids (300 mesh) purchased from Agar

Scientific, and required the use of MO-Jeol 1230 microscope (80 kV).

Photophysical studies

Steady-state measurements. UV—visible absorption spectra were recorded using a Varian Cary SE
spectrophotometer. Emission spectra were recorded using a spectrofluorometer Fluorolog 3-
Horiba mostly using Aexc =450 nm as the excitation wavelength that advantageously corresponded
to minimal absorption of the (c¢)-(P) forms while being close to the (F) absorption maximum.
Correction for the emission spectra with regard to the spectral response of the detector was
automatically applied. Fluorescence quantum yields were determined in solution, referred to

coumarin 540A in ethanol (&y=0.38).

Time-resolved fluorescence measurements. Fluorescence time decays were measured in water or
HBSS using the fully automated spectrofluorimeter (model Fluotime 300, PicoQuant) following
the time-correlated single photon counting method. Excitation was performed using a pulsed laser
diode (LDH-D-C-450B) working at 450 = 10 nm with a 70 ps full width at half maximum.
Fluorescence decays were recorded using a Hybrid-PMT detector combined with an acquisition
temporal resolution up to 25 ps. A long-pass edged filter purchased from Semrock centered at 473
nm (BPL01-473R-25) was used to discard any possible contribution of excitation light scattering
by the organic nanoparticle dispersions. Time fluorescence decay modeling was performed with
EasyTau 1 software provided by Picoquant. All fluorescence intensity decays could be modeled

after pulse reconvolution using a three-exponential law (1).
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with ai count weight of the time constant z. In order to take better into account the incidence of
the energy transfer in the absence of collision within the organic nanoparticles, each time constant

contribution was expressed as an amplitude fraction o: defined as (2):
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<TS >=zaifl- (3)

Resonance energy transfer (FRET). The Forster radius Ro can be estimated from the spectral

overlap factor between the energy donor (F) and acceptor (P) (4).

2 50 %
02108&°P"p J‘ID(A)gA(/i)/I“d/l &)

0

6
Ry
4

with @°p: fluorescence quantum yield of the donor in the absence of acceptor, n: refractive index
of the solution, x°: orientation factor with x2 = 0.476 for dipoles in a rigid medium like self-
assembled dyes within nanoparticles, Ip: emission intensity of the donor, ga: molar absorption

coefficient of the acceptor.

Photochromic investigations
Steady-state measurements. Photochromic experiments were performed with solutions,

magnetically stirred and placed in quartz cells, using a white light source Hg-Xe lamp (Hamamatsu

Accepted manuscript



— LC8) equipped with single-band bandpass filters centered at 340 nm (22 nm fwmh), 488 nm (25
nm fwmh), or 540 nm (88 nm fwmh) purchased from Semrock. The absorption and emission
spectra were recorded at various time intervals after irradiation using the spectrophotometer and
spectrofluorometer respectively, described above. From 'H NMR studies performed in the
photostationary state (PSS), the photoconversion yield pf.was assessed to be 92 % by comparative
integration of the methyl proton signals. The photoconversion yield pNPfor the (0)—(c)
transformation of PONs and PFONs was assessed with regard to (P) in THF solution and FON
absorption spectra, by using the formulae (5) and (6) to calculate the (P) contribution in PFON:s,
and taking advantage of exclusive absorption by (F) and (P) units at 480 and 597 nm respectively,
for PFONSs before UV irradiation.

NP _ AN”(597)X A°(340) o
AP 604) A4 (340)7 "

)

AM (480)

A4 (340) = AN (340 )— 47OV (340 ) x o
AN (480)

(6)

where 4%(1) features the absorbance of species X (PFON, FON, closed and open (P) forms) at

the wavelength 4, and pP the photoconversion yield of (P) in THF solution.

Photokinetic measurements. Time-resolved photoinduced cyclization and retrocyclization were
recorded on magnetically-stirred (P) solutions in THF using as an excitation source a continuous
Hg-Xe lamp (Hamamatsu — LCS). Irradiation was performed using the same single-band bandpass
filters as those involved in steady-state measurements. The in-situ photodynamics of both reactions
were followed by using a white light probe (Xenon 75 W) and a CCD-camera coupled with a
spectrograph (Princeton Instruments). Irradiation powers were measured with a photometer (Ophir

— Nova II) equipped with a photodiode (Ophir — PD 300 UV) in the UV (340 nm) at 0.18 mW.cm" 2
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and in the visible range (547 nm) at 6.9 mW.cm™. Modeling and calculations of the (0)—>(c)
cyclization and (¢)—(0) retrocyclization quantum yields, @oc and @, respectively, were performed
only for (P) in THF solution at the absorption maximum wavelength (604 nm) of the (¢) form
where the (o) form does not absorb by means of an algorithm programmed by a home-made
algorithm using Igor Pro software. The cyclization quantum yield @, for (P) in THF solution upon
irradiation at 340 nm was assessed to be equal to 0.69 while the retrocyclization quantum yield

@ upon irradiation at 540 nm was valued to be 1.3x1072 (Table S2).

RESULTS AND DISCUSSION

Design and fabrication of pristine and dual fluorescent and photochromic nanoparticles

As depicted in Figure 1, photoactive organic nanoparticles are simply obtained from the quick
addition into water of concentrated dye solutions prepared in a water-miscible solvent like
tetrahydrofuran (THF). The main challenge upon working with non-doped functional
nanoparticles lies in the retention, at least partly, of the photoactive properties of individual
molecules in solution when going to self-assembled molecules in nanoparticles. One
straightforward way relies on the introduction of bulky groups to create free volume and thus limit
intermolecular n—n stacking that is deleterious for both emission and photochromism.® From our
previous expertise, we focused our attention on the introduction of two fert-butyl substituted arms
on a triarylamine core in the fluorescent units (F), which helps maintain the fluorescence properties
of the constituting molecules. Furthermore, these hydrophobic groups greatly contribute to the
formation of well-dispersed and spherical nanoparticles in water as revealed by transmission

electron microscopy (TEM) (Figure 2A). The triarylamine scaffold is completed with a charge

10
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transfer structure that causes largely red-shifted emission, a pre-requisite for FRET photoswitching
ruled by the spectral overlap between the fluorophore emission band and the absorption band of
the closed forms of the photochrome. Since most of diarylethene compounds photocyclize into
closed isomers absorbing around 600 nm, we introduced into the fluorophore backbone the

benzothiadiazole unit known to impart large emission Stokes shift (Scheme S1).

As for the diarylethene derivative (P), we chose the carboxylic derivative (Figure 2A, Scheme S2),
displaying a rigid and elongated m-conjugated structure. Hence, dispersion interactions, namely 7t
interactions, between (P) and the central charge-transfer backbone of the (F) units, supporting the
radiative excited state (vide infra), should be favored within the bicomposite nanoparticles. Its
acidic unit is expected to bring additional colloidal stability in water upon partial deprotonation of
the dyes positioned at the water interface. Finally, the retained conjugated structure promotes the
formation of closed form (c)-(P) with absorption depletion right in the area of maximum
absorption of the (F) fluorophore (Figure 2B). Hence, selective excitation of the (F) units will be
allowed in order to offer a rationale of the implied photophysical mechanisms for efficient on/off

fluorescence photoswitching.

Comparative spectroscopic and photochromic properties between solutions and pristine
nanoparticles

From spectroscopic measurements carried out on the fluorescent compound (F), either in
solution (toluene, THF) or as nanoparticle dispersions in water, we could notice three main
features. Firstly, the absorption spectra display two intense bands, the first one in the UV range

centred at around 339 nm that is hardly sensitive to the solvent polarity, and the second one in the

11
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visible whose maximum absorption wavelength slightly varied from 466 to 459 nm when going
from toluene to THF (Figure 2A). Such bands in the UV and visible range have been attributed by
TDDFT computations to charge transfer from the triphenylamino core to respectively the

benzothiadiazolyl moiety and the external biphenyl branches.’!
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Figure 2. A) Structure and UV-vis absorption (bold line) and emission spectra (dotted line, Aexc =
450 nm) of fluorophores (F) in toluene and THF solution. B) Structure and UV-vis absorption

spectra of the (o) open and (c¢) closed isomers of photochrome (P) in THF.

Secondly, the fluorescence spectra show large dependence on solvent polarity with a band
maximum shifting from 603 to 678 nm when going from toluene to THF and a Stokes shift varying
from 4875 to 7037 cm’. These bathochromic and large Stokes shifts suggest substantial

reorganization of the Franck-Condon excited state upon charge transfer, letting anticipate high

12
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sensitivity to the molecular surroundings. Interestingly, the emission signal of FONs in water
resembles that of THF solution, with a band maximum located at 654 nm (Figure 3A, Table S1).
Its noticeable finer shape (fwhm = 2665 cm™') compared to that in THF solution (fwhm = 3200
cm™) could thus result from internal motions, more restricted for molecules self-assembled in
nanoparticles compared to free-rotating molecules in solutions. Interestingly, this is in contrast
with the absorption spectra that slightly broaden for FON dispersions compared to (F) one in
solution. However, this observation may result from a distribution of dye geometries and additional
interactions with the water molecules at the FON surface rather than from intermolecular
interactions between the dyes. Indeed, no notable hypochromism of the charge transfer band in the
visible, implying the triphenylamino and benzothiadiazolyl units, was observed when going from
(F) in solution to (F) processed as FONs (Figure S1). Thirdly, whereas the fluorescence quantum
yield @rnotably drops from 0.58 in toluene to 0.23 in THF solution for polarity reasons, its value
remains very close between THF solution (&= 0.23) and nanoparticle dispersion in water (@r=
0.27). Time-resolved fluorescence measurements follow the same trend with a monoexponential
fluorescence decay at 5.86 ns in toluene that shortens to 4.08 ns in THF. All these features thus
show the efficient role played by the bulky tert-butylphenyl groups to prevent fluorescence

quenching upon fluorophore n—n stacking, thereby validating the adopted strategy.
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Figure 3. A) UV-vis absorption and emission spectra (Aexc =450 nm) of FONSs in water and TEM
imaging. B) UV-vis absorption of PONs in water with (P) photochromes in their open forms (o)
and in the photostationary state (PSS) after irradiation at 340 nm, and TEM imaging. Scale bar:

100 nm.

Given the quite large similarity between THF and water in terms of photophysics for (F) and FONs
respectively, all spectroscopic and photochromic analyses of photochromes (P) in solution were
conducted in THF solution. The absorption spectra of the open (0)-(P) form in THF and PONs in
water show quite distinct energy profiles contrarily to the closed (c)-(P) forms, appearing similar
(Figure 2B, Figure 3B, Table S2). For (P) in THF solution, two intense bands in the UV at around
270 and 320 nm were observed before irradiation, the latter appearing as a shoulder for PONs.
Photocyclization, performed at 340 nm, yielded an intense purple solution due to a novel
absorption band characteristic of the (P) closed forms, centered at 604 nm in THF solution and
597 nm for aqueous PON dispersions (Figure S2-S3). Full reversibility upon irradiation at 540 nm
of (P) solution in its PSS was obtained as the initial absorption spectrum of the open form was

restored (Figure S2B). By contrast, for aqueous PON dispersions, reversibility was not fully
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achieved (Figure S3C). Since dye degradation cannot be evoked from experiments in solution, we
will see later another possible explanation to support this interesting observation. The absorption
spectra deserve additional important comments. The visible band at the photostationary state
appears more structured and less intense for PONs than for (P) solution, despite similar initial
absorbance. The lower photoconversion yield (p29V= 0.66 against 0.92 for (P) in THF solution)
and the structured absorption band for PONs let us suggest non negligible intermolecular n—n
interactions within the nanoparticles that would partly impede molecular geometry change upon
photoirradiation. Finally, one can notice that the band in the visible range strongly overlaps with
the emission band of (F) or FONSs, as required for efficient fluorescence photoswitching upon
photoinduced energy transfer. Using random dipole orientation in a rigid medium (orientation
factor x° = 0.476) and considering the emission spectra of FONs in water and absorption spectra
of (P) in THF solution (rather than that of PON where dye interactions operate), the Forster radius
Ro, featuring the distance at which the probabilities for the fluorophores to deactivate in the
absence of quencher or to undergo energy transfer are equal, was calculated to be 3.4 nm. All these

data let us anticipate significant electronic interplay between fluorophores (F) and photochromes

(P), once they are tightly confined in dual nanoparticles.

Tuning fluorescence photoswitching in dual nanoparticles

We thus generated dual organic nanoparticles PFONSs, using the same protocol as that described
above for pristine FONs and PONs. To apprehend their fluorescence photoswitching capability
upon energy transfer, we varied the molar (F):(P) ratio (1:1, 2:1, 5:1), starting from an equimolar
ratio and ending up with a fivefold default of the photochromic units compared to the fluorescent
ones. To make the measurements comparable, all PFONs were fabricated using THF solutions

containing similar amounts of fluorophores. The solutions were adjusted to the same volume by
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adding THF complements, so that solutions with identical concentrations in fluorophores were
precipitated each time into water. The resulting absorption spectra show one intense band in the
UV range, characteristic of overlapping (P) and (F) contributions, and one less intense band in the

visible range, typical of (F) units as long as (P) units remain in their open form (Figure 4A).
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Figure 4. Evolution of the absorption and emission spectra (Aexc =450 nm) of 1:1 PFONs in water
before (red) and after (purple) irradiation at 340 nm (50 mW.cm™, 10 s irradiation) under stirring.

The white tail figures the dramatic decrease in emission.

All fabricated PFONs show identical emission maximum wavelengths Ana®" at 648 nm, coming
from the (F) units (Table S3), while @r dropped to 0.11-0.13 for PFONs. The hypsochromic
absorption shift and emission intensity decrease observed for PFONs already suggest quite tight

(F) and (P) dye interactions and intermixing thereof.

After irradiation at 340 nm under the same conditions as those used for pristine PONs, a new
absorption band centered at 630 nm arose following the formation of the (P) closed forms.
Unexpectedly, its final absorbance at the PSS did not show direct correlation with the initial (P)
stock solution concentration, again evoking particular intermolecular interactions in the solid state.
At this stage, we can discard any difference in light penetration in the nanoparticles due to distinct

(F):(P) ratios since all absorption photokinetic rate constants k" (abs®’) were found to be the same
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(Figure SA, Table S3). Irradiation at 340 nm also caused quenching of the PFON emission whose
FRET efficiency clearly depends on the (F):(P) ratio, but no longer in a linear manner. The
emission signal remarkably declined by 82.7 % of the initial value for a 5:1 ratio, and eventually
by 98.9 and 99.7 % for 2:1 and 1:1 ratios respectively (Figure 4B and Figure S4-S6). Such emission
decrease directly corresponds to the energy transfer efficiency @er since the absorbance at the
excitation wavelength remained constant (Table S3). Remarkably, not only the emission residue
but also the emission decrease rate are function of the (P) amount within the nanoparticles. Indeed,
for 1:1 PFONs, accumulation of enough closed forms required hardly less than 10 s to induce
almost complete quenching through energy transfer, against 60s and partial quenching for 5:1
PFONSs (Figure 4, Figure 5B). Very interestingly, two features could be noticed. First, upon UV
irradiation, the drop of emission quenching is far faster than the absorbance rise at 630 nm
(kY (em?3°) > kY (abs®’), characteristic of the formation of (P) closed isomers (Figure SA and 5B,
Table S3). Secondly, the photokinetic rate constant kU (em®’) of the emission quenching increases
with the amount of coprecipitated diarylethenes relative to (F) one. By contrast, the rate constant
of (P) photocyclization, characterized by the absorbance rise at 630 nm, was found to be quite the
same whatever the amount of coprecipitated (P) photochromes, which means that the generation

of the (P) closed forms is not impeded by the presence of the (F) fluorophores (Table S3).
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Figure 5. Normalized spectral evolution of aqueous dispersions of PFONs with (F):(P) ratios
varying according to 1:1, 2:1 and 5:1 under irradiation at 340 nm (plain symbols) and 488 nm
(empty symbols): A) Change in the normalized absorbance at 630 nm (round), B) Change in the
normalized emission at 650 nm (Aexe =450 nm) (square), C) Change in the emission spectra before
UV irradiation (plain down to the baseline), after UV irradiation at 340 nm (clear tint only visible
for a 5:1 ratio) followed by irradiation at 488 nm (hatched area). Irradiation powers at 340 and 488

nm were fixed at 50 mW.cm™.

The faster emission evolution compared to the absorbance rise of the closed forms can be ascribed
to cooperative energy transfer by the surrounded closed forms, thereby amplifying the fluorescence

photoquenching effect, as previously proposed for nanoparticles made out of diarylethenes
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covalently linked to fluorophores.'? Interestingly, a relatively slower decrease rate for the emission
signal is encountered in our case but turns to be larger than that reported for the sole example to
our knowledge of non-covalently linked photoactive dyes in non-polymeric nanoparticles.*?
Evoking distinct Forster radii Ro is actually insufficient to explain such difference since PFONs
in our case display the smaller value. Energy migration through hopping, promoted by extended
n—m aggregation of fluorophores and photochromes and more generally conjugated organic dyes>>
confined within nanoparticles, could reasonably be evoked as an additional mechanism
underpinning the on/off switching efficiency. This would require substantial calculations to
apprehend the spatial delocalization of excitons as reported for m-conjugated molecular

3435 which is beyond the scope of the reported studies.>®*” Nevertheless, to support such

materials,
assumption, we noticed that FONs precipitated in deuterated water, displayed enhanced
amplitude-averaged lifetime <z> = 3.75 ns compared to 2.77 ns. Since vibrational coupling
mediated by hydrogen bonds can induce radiationless deactivation of polar excited states, change
in the global emission of hydrophobic organic nanoparticles expelling water molecules could be

ascribed to the occurrence of energy migration from the surface until the core thanks to extensive

molecular orbital overlap between the self-assembled fluorophores.'’

In order to apprehend the reversibility of the emission photoswitching process, irradiation in the
visible at 540 nm where the closed (P) forms absorb was performed. As reported for pristine PONSs,
cycloreversion could efficiently be achieved. Using this wavelength could appear logical at the
first sight but makes the photoconversion analyses less straightforward as the number of absorbed
photons changes over time due to the transformation of the (c)-(P) forms into the (0)-(P) ones. We
thus exploited the ability of (F) fluorophores to cause efficient FRET within the dual nanoparticles

by irradiating at 488 nm where (F) units exclusively absorb, hence absorbance at the irradiation
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wavelength remains constant. Full reversibility for all PFON compositions was achieved as the
absorption band above 600 nm and characteristic of (¢)-(P) completely vanished while the initial
absorption spectra before UV irradiation were restored (Figure S7). Plotting normalized
absorbance (Figure 5A) and emission evolutions (Figure 5B) as a function of the irradiation time
yields very distinct dynamics between the closure and opening processes, characterized by the rate

constants k"5(em®’) in emission, and k""(abs%’) in absorption.

Here, the absorption band at 630 nm of the closed (P) forms readily disappeared, but the decrease
rate k'S(abs%’) differed between the compositions. Nanoparticles containing less photochromes,
like 5:1 PFON:s, revert back to the (P) colorless forms much faster (Table S3). Hence, the
accelerated photokinetic effects in absorption and emission observed with higher (F):(P) ratios
readily support the aforementioned assumption of FRET mechanism, completed by possible
additional energy migration, responsible for (c)-(P) opening. Here, larger amounts of (F) units
foster enhanced antenna effects to the closed (P) forms in the same way as larger amounts of open
(P) forms lead to faster fluorescence extinction. In our case, heating effects as recently reported in
an interesting study, showing photothermal effects at the nanoscale as a possible reason of the
amplified cycloreversion step of diarylethene nanoparticles, can be ruled out to much a two low
fluence and continuous irradiation regime used in our conditions.*® So, to sum up the reported
photokinetics, the faster quenching of the emission intensity with regard to the rate of (0)—(c)-(P)
transformation results from the probability of one diarylethene in its closed form to quench a
multifold of vicinal fluorophores, which cannot be achieved in solution. Such nonlinear behavior
can also be noted with the (c)—(0)-(P) retrocyclization, photosensitized by fluorophores (F). The

larger the amount of fluorescent units with respect to the (¢)-(P) ones, the faster the retrocyclization
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rate due to a higher probability of transferring the energy from (F) to promote reopening of the

diarylethenes.

Finally, the last unexpected feature relies on the much slower and uncomplete recovery of the
emission signal compared to the decrease of the absorption band at 630 nm. All compositions
provide similar values for the emission signal recovery, representing half of the initial intensity
before UV irradiation (Figure 5C). Such unexpected results prompted us to perform cyclic
experiments, namely successive UV-vis irradiation steps to understand the underlying phenomena.
For questions of sensitivity, we restricted our studies to the 1:1 PFON composition. Ten cycles
were thus applied (Figure 6). A continuous decrease in the emission signal was observed after each
cycle, the loss in intensity being maximal after the first irradiation cycle. Conversely, absorbance
at 630 nm related to the closed photochromes remains almost constant before starting to slowly
decline. These observations offer strong discrepancy with the reversible absorbance and emission
recoveries reported for photochromes and fluorophores covalently linked, either directly® or

through polymer chains***!

within nanoparticles. We first explored the possibility of fluorophore
photobleaching upon irradiation to explain the notable loss of emission after one UV-visible
irradiation cycle. While visible irradiation had no impact, prolonged UV irradiation over 60 s only

generated a 13 % decrease in the emission signal at 650 nm, which rules out photodegradation of

(F) units as the main reason of the absence of PFON emission recovery.
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Figure 6. Evolution of the absorbance at 630 nm and emission intensity signal at 650 nm (Aexc =
450 nm) of 1:1 PFONSs in water upon ten successive UV-visible irradiation cycles (alternative

irradiations at 340 nm (50 mW.cm™ — 20 s duration) and 488 nm (50 mW.cm™ — 250 s duration).

Phototriggered dye segregation within nanoparticles

To go a step further in the understanding of the limited emission reversibility, we examined the
microscopic fate of the photoirradiated 1:1 PFONSs by performing TEM and DLS analyses. Before
irradiation, TEM imaging revealed well-defined and spherical nanoparticles that tend to spread
after UV irradiation not only for PONs (Figure S8) but also for 1:1 PFONs (Figure 7B), as if the
photochromic dyes were leaking out. After subsequent irradiation in the visible range at 540 nm,
the nanoparticles did not recover their initial shape but nevertheless appeared more delineated than
after UV irradiation. The blurry shape of the UV-irradiated nanoparticles makes the determination
of size distribution too unprecise, which prompted us to correlate TEM analyses with DLS
measurements. The latter revealed slight shrinkage of 1:1 PFONSs after UV irradiation, which

appeared more clearly on the number-weighted size distribution. (Figure 7C and Table S4).
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Figure 7. A) Schematic evolution, B) TEM imaging (scale bar 200 nm), and C) Intensity-weighted
and number-weighted size distributions obtained by DLS measurements of 1:1 PFONSs in water,
before irradiation, after UV irradiation (340 nm), and after a UV-vis irradiation cycle (340 and

then 540 nm).

The most remarkable feature relies on the size distribution after ulterior irradiation at 540 nm
where the size distribution considerably broadens (Figure 7C). These geometrical changes were
also accompanied by a large modification of the zeta potential {measured at-21.9 + 3.4 mV before
UV irradiation and -22.9 + 3.6 mV after UV irradiation, and evolving to -32.1 £ 3.7 mV after

additional irradiation at 540 nm. The latter value turns to be comparable to those of pristine FONs

23

Accepted manuscript



(-34.0 £ 4.4 mV) and PONs (-31.0 = 3.6 mV). All these observations indicate large structural
changes after one UV-vis irradiation cycle that may be caused by (P) diffusion within the
nanoparticle up to the surface. Due to the large hydrophobic character of (P) dyes in their open
and closed forms, extensive dissolution of (P) in water appears largely unfavorable as already
investigated with aromatic fluorophores comprising acidic units and amenable to efficient self-
assembling in water.?’ The fact that repetitive UV-vis cycling is accompanied with a steadily
decreasing absorbance of the (c¢)-(P) form suggests less efficient (0)—(c) photoconversion, which

may reflect (P) clustering inside and right at the periphery of FONSs.

To examine the assumption of (P) clustering and segregation, we investigated the photophysical
properties of a PON+FON mixture, by adding together separately prepared PON and FON
dispersions, following an equimolar ratio in (P) and (F) dyes. To our surprise, a significant
emission decrease at 650 nm occurred after UV illumination, leading to an energy transfer
efficiency of 73.0 % against 99.7 % for 1:1 PFONs (Figure S9) and a photoconversion yield of 72
%, close to that found for PONs and significantly larger than those for all PFONs (Table S3).
Moreover, only half of the initial emission intensity for the PON+FON mixture was recovered
after a photoinduced closure-opening cycle, which recalls previous observations with PFON
dispersions, whatever the (F):(P) molar ratio (Figure S4-S6). Such unexpected results tend again
to suggest non-negligible interactions between both kinds of nanoparticles, mediated through the
hydrophobic backbones of their dye units. Dye co-precipitation to form pure FONs and PONs
instead of dual PFONs could thus reasonably be questioned. It turns out that the decrease rates
k"5(abs®’) in the (c)-(P) absorbance upon visible irradiation were found notably faster (3 to 8
times higher) for PFONs compared to that for the PON+FON mixture (Table S3). Since

retrocyclization is here assisted by energy transfer or migration, physically close (F) and (P) units
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favor more efficient retrocyclization, hence tight intermixing of (F) and (P) within PFONs can
reasonably be envisaged. Such spatial vicinity seems to be essential to observe on/off fluorescence
photoswitching since an equimolar solution of (F) and (P) in THF showed no significant change
in the (F) emission intensity upon UV phototransformation of (P) into its colored form (Figure
S10). It is worth noting the higher absorbance of the closed form at 597 nm, in agreement with the
absence of geometrical constraints in solution compared to nanoparticles. To support further the
assumption of dye co-precipitation within the same nanoparticle, time-resolved fluorescence
measurements were performed by exciting at 450 nm and detecting the intensity decay at 650 nm.
After UV irradiation, the amplitude-averaged lifetime <z> for the PON+FON mixture was
actually calculated to be around 1.95 ns, close to 2.24 ns for FONs (Figure S11, Table S5). On the
contrary, 1:1 PFON dispersions displayed a significantly shorter value for <z> at 0.89 ns. Such a
fluorescence decay shortening and the fact that the most efficient UV-photoswitching process was
observed in PFONs comprising a high number of (P) units, let us propose that only vicinal
photochromic and fluorescent units can produce a notable decrease in the emission decay and

intensity signal.

Based on TEM images and all photophysical investigations, we thus propose a tentative schematic
explanation for the absence of full emission recovery noticed for all PFONs. After one UV-vis
irradiation cycle, PFONS are likely to evolve toward the formation of FONs doped with very small
PON:s, and possibly additionally coated with small PONs, similar to what could happen for the
PON+FON mixture where PONs can only interact with the FON surface. Such an architectural
evolution would be highly favored by n—mn interactions between the aromatic structure of (P)
(especially in its close form), and the hydrophobic character of (F) units and FONs. It would

support the decreasing absorption of the closed (P) forms upon UV-vis cycling as a result of more
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geometrically hampered (P) in small PONs. In the same way, the steadily decrease in the
fluorescence signal is likely to mainly result from changes in the local surroundings of the
fluorophores. We already noticed a lower emission quantum yield when (F) were mixed with (P)
within 1:1 PFON (@&r=0.11) compared to the situation of pure FONs (&= 0.27) (Table S1). Such
quenching was also observed for mixed PON and FON dispersions in a 1:1 ratio (&= 0.17). By
contrast, the averaged fluorescence decays of 1:1 PFON and PON+FON dispersions were much
less impacted, with only a 15 and 4 % reduction respectively compared to that of FONs (Table S1,
Figure S11). This suggests that (P) in its open form can exert deleterious hydrogen bonds and
strong m— interactions with the (F) units, leading to non-fluorescent adducts in their ground state.
The strong reduction of the fluorescence intensity undergone after the first UV-vis cycle is of
particularly interest and thus tends to evoke extensive (P) reorganization and segregation thereof,
until reaching a plateau. Following all these observations, the generation of numerous tiny (P)
clusters in close contact with (F) and leading to fluorescence quenching in the ground state could
appear as a quite plausible explanation for the lack of on/off emission photoswitching and the
resulting emission intensity reduction. Whereas previous studies have evidenced composition
evolution of amphiphilic FONs over time due to interparticle molecular exchange,?! this is the first
time to our knowledge that photoinduced segregation within functional organic nanoparticles is

reported, pointing out the need for long-term composition follow-up.

CONCLUSIONS

To conclude, these studies describe the ubiquitous non-covalent association of fluorophores and

diarylethene derivatives to form upon flash nanoprecipitation photoswitchable fluorescent organic
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nanoparticles with varying ratios of fluorophores and photochromes. Photokinetics in emission
and absorption confirm the FRET mechanism operating between the fluorophores and
photochromic units to induce accelerated fluorescence photoswitching of the resulting
nanoparticles. They remarkably point out the fact that fine compromise regarding the respective
amounts of fluorophores and photochromes needs to be found to achieve high speed and large on-
off fluorescence photoswitching efficiency induced for both UV-assisted cyclization and visible-
assisted retrocyclization. Very interestingly, segregation of dyes, initially randomly spread within
organic nanoparticles, could be phototriggered, presumably due to the large change in
hydrophobicity and hydrophilicity undergone by the closed forms of the photochromic units,
diffusing inside and outside the core of the dual nanoparticles. Photochrome clustering into small
nanoparticles, either dispersed in FONs or coating the FON surface, is evoked to explain the
unexpected absorbance and emission photoswitching evolution upon UV-vis cycling. Such novel
results emphasize the tight interactions established not only between the space-confined aromatic
dyes but also between distinct organic nanoparticles in high concentration, promoting significant
energy migration in addition to the usually evoked FRET mechanism. In some respect, such results
demonstrate that organic nanoparticles, comprising small t-conjugated molecules, actually behave
like P-dots where the self-assembled semiconducting polymers support efficient exciton migration
and long-distance sensing.*>** To our knowledge, this is the first time that phototriggered self-
sorting of dyes within small-molecule based organic nanoparticles is reported. These results open
promising perspectives in the field of nanomedicines where smart photoactivatable drug

nanocarriers represent a stimulating area of research.
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Supporting Information. Synthesis procedures for fluorophore (F) and photochrome (P),
photoswitching experiments involving absorption and emission spectra as well as time-resolved

fluorescence measurements, TEM images of dual nanoparticles.
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