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Reversible Light-Triggered Stretching of Small-Molecule
Photochromic Organic Nanoparticles

Etienne Bequet-Ermoy, Virginie Silvestre, Stéphane Cuenot,* and Eléna Ishow*

Functional organic nanomaterials are nowadays largely spread in the field of
nanomedicine. In situ modulation of their morphology is thus expected to
considerably impact their interactions with the surroundings. In this context,
photoswitchable nanoparticles that are manufactured, amenable to extensive
disassembling upon illumination in the visible, and reversible reshaping
under UV exposure. Such reversibility turns to be strongly impaired for
photochromic nanoparticles in close contact with a substrate. In situ atomic
force microscopy investigations at the nanoscale actually reveal progressive
disintegration of the organic nanoparticles under successive UV-vis cycles of
irradiation, in the absence of intrinsic elastic forces. These results point out
the dramatic interactions exerted by surfaces on the cohesion of
non-covalently bonded organic nanoparticles. They invite to harness such
systems, often used as biomarkers, to also serve as photoactivatable drug

delivery nanocarriers.

1. Introduction

Triggering the geometry of photoresponsive organic materials
using light activation!!! represents a fascinating approach for the
remote controls of surface hydrophilicity!?! and wettability,*! cell
adhesion,*! or optical waveguides!®! to cite only a few. Reversibil-
ity is smartly accomplished by incorporating photochromic
dyes characterized by efficient photoconversion between two
stable states, each addressable at a specific wavelength from the
Ultraviolet (UV) to the near- infrared rangel®®! while striving
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to reduce the delivered energy.®! In order
to improve the efficacy of shape modulation
in the solid state, molecular ordering, pro-
moting tight intermolecular interactions
and cooperativity, is highly beneficial.[1%11]
The first strategy hinges on liquid crys-
talline polymers,>13] incorporating pho-
tochromes in the main chain, and produc-
ing impressive macroscopic bending,'*
twisting!®®! or oscillation!’®! from micro-
scopic synergy under isotropic or polar-
ized illumination.!'”] The second strategy
relies on molecular crystals where col-
lective response of the interacting pho-
tochromes revisited the mechanical prop-
erties of organic crystals.’® Two semi-
nal works demonstrated remarkable elas-
tic UV-induced deformation of micrometer-
thin crystals made of anthracenyl units!*"!
or dithienylethenes,?®! the latter display-
ing full reversibility after exposure to
visible light. More recently, light-controlled phase transitions of
crystals into a gel, glassy, or liquid statel?!! have stirred particular
attraction for their potential to restitute stored energy as solar
thermal fuels,!??! or convert the phase change into mechanical
works, by opening the road toward nanorobots/?*! and pho-
toremovable adhesives.[?*] Finally, a third family of photoactive
materials, made exclusively out of small molecules substituted
with bulky groups, and displaying amorphous glassy properties,
showed stunning macroscopic deformation when monomeric
azo thin films(?>2% were subjected to interferential polarized il-
lumination, due to collective dye migration in an external optical
gradient field.I?’”) The amplitude and rate of the deformation were
found to be directly governed by the steric and electronic interac-
tions between the azo substituents.[?®?] Nowadays, going down
the scale until reaching nanoparticle dimensions, while keeping
tight cohesion, can easily be achieved by resorting to nanopre-
cipitation of small hydrophobic dyes in water.3*-32] Confinement
effects, mainly promoted by z—x stacking of the aromatic
backbones, leads to considerably amplified and ultrafast energy
and electron transfers due to the close vicinity of the photoactive
dyes.[3>%°] Hence, nonlinear fluorescence quenching could be
observed in composite nanoparticles made out of self-assembled
fluorophores and diarylethenes(*¢37) or azol*®! photochromes
acting as energy or electron traps respectively. Exploiting this
spatial vicinity to induce cooperative geometrical changes in
small molecule-based nanoparticles has however been scarcely
harnessed. Photochromic microspheres constituted of self-
assembled amphiphilic diarylethenes showed the formation of
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Scheme 1. Structure and E-Z photoisomerization reactions of azoH and azoF.

nanometer filaments at their surface upon UV irradiation as a
result of phase transition.®”) Nevertheless, the morphological
transformation is quite limited due to the small structural
changes undergone between the open and planarized closed
forms. Conversely, azo compounds, endowed with subsequent
contraction/elongation of the azo E and Z photoisomers after
UV and vis irradiations respectively, impart self-assemblies with
remarkable transformation capability. A first work with azo pho-
tochromes, comprising the 4-biphenylcarbonitrile mesogenic
unit, described the reversible generation of microspheres from
an homogeneous aqueous solution under UV illumination.!*”]
Later on, azo self-assemblies, based on 1,3,5-benzene tricarbox-
amide discotic units and forming micro- and nanofibers in their
initial E-state in water, underwent by contrast full dissolution
upon UV illumination.»#?l Following the abovementioned
examples, symmetrical or weakly polar azo derivatives have so
far mostly been considered since switching between their E and
Z isomers can be performed by exciting their energy-distinct
zz* and nz* transitions. However, as noticed, the increase
in dipole moment occurring upon E-to-Z photoisomerization
causes severe changes in the mutual interactions between the
azo self-assemblies and their aqueous surroundings. The irre-
versible collapse of azo-coated metallic nanoparticles into larger
aggregates progressively occurs in the absence of surfactant.[**]
The incorporation of polar and hydrophilic ligands into the
azo shell contributed to stabilize the aqueous nanoparticle
dispersions thanks to favorable dipole-dipole interactions with
the water solvation.[**] Nevertheless, back thermal relaxation of
the UV-photogenerated Z isomers was considerably accelerated
by up to three orders of magnitude.l*) Hence, ensuring colloidal
stability while maintaining thermal stability of the photoinduced
changes becomes a major challenge for aqueous dispersions of
neutral organic nanoparticles.

To solve this dilemma, we want herein to demonstrate
that both colloidal stability and reversible photoswitching of
azo nanoparticles in water can eventually be achieved with
pseudo-stilbene azo compounds, incorporating o-fluorinated
phenyl units, known to bring large thermal stability of the
Z isomers.***’l To this aim, we have retained azo com-
pounds, allowing for dual-wavelength excitation and yield-
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ing large modulations of the nanoparticle geometry, that
have been addressed at the nanoscale by combining atomic
force microscopy and in situ irradiation. Such delicate mea-
surements importantly question the experimental conditions
adopted to investigate the photomechanical response of pho-
tochromic nanoparticle dispersions as a function of their close
environment.

2. Results and Discussion

2.1. Azo Engineering and Impact of Ortho-Fluorine Substitution

Following previous works on photoactive nanoparticles and azo
polar compounds,*#*8] we have retained a bulky and twisted
electron-donating triphenylamino group, creating enough disor-
der and free volume to yield an amorphous phase, and thus per-
mit photoisomerization in the hydrated solid state, as described
in Scheme 1.1#]

In order to endow the azo unit with strong charge trans-
fer, an additional electron-withdrawing carbonyl group has been
introduced along the main azo bond direction (Scheme S1;
Figures S1-S12, Supporting Information). Substitution with flu-
orine atoms was performed on the side of the electron-poor car-
bonyl substituent to reinforce charge transfer and yield com-
pound azoF. Interestingly, the expected glassy properties, char-
acterized by differential scanning calorimetry, were identified at
lower temperature for azoF, with values of glass transition tem-
perature T, found at 100 °C against 119 °C for azoH (Figure
S13, Supporting Information). This discrepancy is likely to stem
from the more distorted azoF backbone (dihedral angle of 31°
between the azo phenyl rings), preventing extensive intermolec-
ular interactions upon z—z aggregation in the solid state, as es-
tablished from geometry optimization using quantum computa-
tions (Figures S14 and S15, Supporting Information). The slight
but significant differences between both compounds were also
noted in the absorption spectra (Figure 1a). While the absorp-
tion maximum in tetrahydrofuran (THF) solution underwent an
8 nm bathochromic shift from 464 nm for azoH to 472 nm for
the similar fluorinated azo derivative azoF, the second band in
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Figure 1. Absorption spectra of azoH and azoF in THF solution. a) £ and Z isomers, the latter being inferred from Fisher’s method for azoH and 'H
NMR measurements for azoF. b) Back thermal relaxation in the dark from the azoH photostationary state reached after irradiation at 550 nm (total
recording time: 16 h). c) Back thermal relaxation in the dark from the azoF photostationary state reached after irradiation at 550 nm (total recording
time: 24 h to vary from 0.63 to 0.73); the upper curve corresponds to that of the E isomer before irradiation).

the UV range displayed a hypsochromic shift from 333 nm for
azoH to 327 nm for azoF (Table 1; Figure 1a).

From time-dependent density functional theory (TD-DFT), the
latter band results from overlapping transitions, involving charge
transfer from the central nitrogen to the peripheral biphenyl
arms as well as zz* transitions centered on the azo central re-
gion (Figures S14 and S15, Supporting Information). When go-
ing from THF solution to nanoparticle dispersion in water, the
maximum absorption wavelengths were found 10 nm longer,
as a result of the increase in polarity exerted by each azo dye

Table 1. Photophysical and photochromic properties of azoH and azoF in
THF solution.

Cpd Anax [NM] (€ [10¢ Pz B e %Y 7 (2) [
L.mol~.cm™1]) (A 550 nm) (4, 365 nm)
(iyr 488 nm)

E-isomer Z-isomer

azoH 464 (2.90) 468 (0.81) 62 65 25
333 (3.84) 325 (3.76) 81

azoF 472 (2.86) 460 (0.64) 65 63 57
327 (3.83) 317 (3.39) 63

% Determined from Fisher's method for azoH and 'H NMR spectra for azoF;

 Inferred from the absorption spectra for the (Z)-isomer calculated after irradiation
in the visible range; 9 Back thermal relaxation at 20 °C of a solution irradiated at
550 nm at the photostationary state, modeled by a first-order kinetics.
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whose dipole moment was calculated to be 7.40 and 6.46 De-
bye for E-azoH and E-azoF respectively in THF solution. In or-
der to assess the photochromic potentiality of both azoH and
azoF dyes, irradiation was first performed in THF solution at
488 nm, close to the absorption maximum wavelength. A neat
decrease of the absorption band in the visible could be observed
while isosbestic points at 397 and 392 nm featured the E-Z
equilibrium for azoH and azoF, respectively (Figure 1b). Con-
trary to the very similar changes in absorption, the back ther-
mal relaxation dramatically differs between azoH and azoF. The
rate constant k,, was indeed found to be 4.88 x 107® s7! (time
constant 7(Z) ~57 h) for azoF against 1.09 x 10™* s7! (time
7(Z) ~2.5 h) for azoH, namely a considerable slowdown of the
Z—E thermal reversion by almost 23 times for the o-fluorinated
azo dye (Table 1; Figure S18, Supporting Information). Such a
slow relaxation for azoF is to be related to the steric and elec-
tronic effects exerted by the inductive fluorine atoms that tend
to notably stabilize the Z-isomer and prevent thermally activated
isomerization.[5031]

Given the stability of azoF, nuclear magnetic resonance (NMR)
spectroscopy appeared very convenient to assess the photoiso-
merization efficacy in solution. Despite the simple description
of the 1F NMR spectra (Figure S10, Supporting Information),
it turns out that 'H NMR spectra provided more reliable results
(Figure S11, Supporting Information). Integration of the protons
close to the azo moiety gave E—Z photoconversion yields pg_, ,
equal to 63 and 65% when irradiating azoF at 488 and 550 nm,
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Figure 2. a) Schematic description of flash-nanoprecipitation in the water out of a 1.45 x 10~ mol L= azoF solution in THF. b) Transmission electron
microscopy (TEM) imaging of azoF nanoparticles deposited on a holey carbon-coated copper grid. c) Absorption spectra in the water of azoF nanopar-
ticles before (dashed line), after 550 nm irradiation (green), and 365 nm irradiation (violet) (10 mW cm~2 for 30 s). d) Absorbance at 486 nm upon
photoswitching at 550 and 365 nm (10 mW cm~2 for 30 s). Absorption spectra of azoH and azoF in THF solution).

respectively, while keeping the same intensity of 10 mW cm™

(Figure S12, Supporting Information). These results are to be
compared to those inferred for azoH by resorting to the Fischer’s
method, and found to be 62 and 81% when irradiating at 488 and
550 nm in the same conditions (Figure S20; Table S1, Supporting
Information). Such distinct results corroborate previous experi-
mental data, also emphasizing the use of a green light source to
efficiently promote the formation of Z isomers in the case of o-
substituted azo compounds, despite their lower absorbance than
that at the absorption maximum.l'®! This counterintuitive out-
come is to be related to the slightly better-separated energy ex-
cited states between the F and Z o-fluorinated isomers, thereby
limiting back reversion upon Z activation.[*®] Besides the distinct
probability of photon absorption between the Z isomers of azoF
and azoH, the ability of photoisomerizing in the excited state
seems also to differ. Indeed, E—Z photoconversion at 488 nm
was found higher for azoF compared to azoH despite lower ab-
sorbing Z species. This tends to suggest a higher photoisomer-
ization quantum yield @, , for azoF. However, to go further
with this interpretation, thorough wavelength-dependent inves-
tigations by ultrafast transient absorption spectroscopy would
be highly required, which is beyond the scope of the current
studies.

The additional particularity of the present compounds is that
irradiation at 365 nm enabled extensive reversion to the initial
state leading to a 65 and 63% repopulation of the E isomers
for azoH and azoF, respectively. This very unusual result opens
up, for the first time to our knowledge, switching in both di-
rections of the photostationary state of strongly push-pull azo
compounds.
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2.2. Behavior of Nanoparticles with Photoirradiation Cycles

We thus harnessed this new UV irradiation potentiality and the
bistability of compound azoF to further investigate the geomet-
rical changes undergone by the corresponding nanoparticles in
solution. The latter was formed by quick addition into water of a
concentrated solution of azoH or azoF compound in tetrahydro-
furan (Figure 2a,b). Dynamic light scattering (DLS) and zetame-
try measurements provided very close hydrodynamic diameters
D, (147 and 134 nm) for both azo nanoparticles, the smaller value
being systematically found for azoF (Table 2; Figure S21, Support-
ing Information). This observation agrees with the larger surface
potential { measured at —27 mV for azoF against —21 mV for
azoH, as a consequence of the enhanced electron density caused
by the fluorine substituents located on the electron-withdrawing
part. Larger interactions with water are then expected to increase
the dye solubility and thereby decrease the size of nanoparti-
cles, issued from a nucleation-aggregation mechanism.>?! Such
an assumption is nicely corroborated by the calculations of elec-
trostatic surface potential (Figure S16, Supporting Information).
Colloidal stability was found over months for solutions kept at
room temperature (19-20 °C), which contrasted with nanoparti-
cles issued from symmetrical ortho-fluorinated azo compounds,
here dubbed 4F and 4OMe (see supporting information), that
readily aggregated and decanted in less than 2 h (Figure S17, Sup-
porting Information).

Both azoH and azoF nanoparticles underwent photoswitching
in water upon visible irradiation, albeit to a significantly lesser
extent (9 and 20% for azoH and azoF, respectively, in terms
of minimum E—Z conversion yield p™") compared to dyes in
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Table 2. Structural, photophysical and photochromic properties of aque-
ous dispersions of azoH and azoF nanoparticles.

Cpd Dz[nm] L[V A nm] 7 [min] (e ] (™[99
(PDIY? Eisomer  [%])9 196
(PSS)9
azoH 147 (0.179) —21+6 480 (480) 5.3 2.4 9
342 (342) 17) (83)
azoF 134 (0.176) —28+7 484 (481) 75 30 (66) 20
333 (331) (34)

% Determined by DLS; ®) Determined by zetametry; 9 PSS obtained after irradiation
at 550 nm (10 mW cm™2); 4 Biexponential mathematical law fitting the recovered
absorbance at 481 nm of the E species upon back thermal relaxation in the dark
at 20 °C, after irradiation at 550 nm until reaching the PSS. 7; and f; designate the
time constant and averaged amplitude fraction, respectively, with f; = a;/ Ej a; and
[E] = [E]lp + a;exp(-t/ ;) + azexp(-t] 7,); ) Minimum conversion yield p™in = (Aq-
Apss) /Ay where Ay and Apgs designate the final absorbance after E isomer recovery
and the absorbance at the photostationary state (550 nm; 10 mW cm~2) respectively,
and considering that the Z isomers do not absorb.

solution. Interestingly, we found that thermal back relaxation of
azoF nanoparticles followed the same trend as that reported for
dyes in solution (Figures S18 and S19, Supporting Information).
Indeed, the kinetics, adequately fitted with a two-exponential law,
displayed relaxation time constants z; ten times longer for azoF
with respect to those for azoH, while the longer components 7,
were close to those measured in solution (Table 2). All these re-
sults tend to establish that the more distorted azoF backbone (di-
hedral angle of 31° between the azo phenyl rings) prevents exten-
sive quenching upon z—x aggregation in the solid state.

Owing to the higher thermal stability and larger photoconver-
sion of azoF comparatively to azoH, we focused our attention
on azoF for the following studies on photoisomerization cycling.
While reverse photoswitching could actually be observed for azoF
nanoparticles, a slight mismatch between the spectra after the
first UV-vis irradiation cycle and right after nanoprecipitation
was noticed. This tiny difference, albeit reversible upon UV-vis
cycling, was absent for dye solutions (Figure 2c,d). The slight and
reversible shift of the isosbestic point between the initial state and
the subsequent irradiated states lets us suggest a morphological
change that does not impact the chemical integrity of the con-
stituting azo molecules. We thus tried to address this assump-
tion by DLS investigations of the nanoparticle dispersions after
550 or 365 nm irradiation. This however provided unreliable re-
sults due to little difference in size apparently. In situ monitor-
ing during irradiation was then performed thanks to the capabil-
ities of the size analyzer to work in a high-rate repetition mode
with remote addressing. Contrarily to the common conditions of
study, stirring the dispersions was mandatory to reach homoge-
neous composition and thus avoid progressive replacement of
irradiated nanoparticles by non-irradiated ones in the volume ad-
dressed by the laser of the DLS setup. Although no size measure-
ments could be inferred in these conditions, photoswitching of
the scattered light by nanoparticles was remarkably observed, in
direct correlation with the successive visible and UV irradiation
steps (Figure 3a). Scattering contribution of the excitation source
has to be ruled out for two reasons. First, sharp increase in scat-
tering should systematically operate after switching the light on,
whatever the wavelength. Here, the scattered light varies in op-
posite directions (decrease upon green irradiation, and rise for
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blue irradiation). Second, during light irradiation, the scattered
light varies in an exponential manner, evidencing inherent mat-
ter transformations.

2.3. In Situ AFM Follow-Up of Nanoparticle Photodeformation

In order to apprehend at the nanoscale the photoinduced mor-
phological evolution of nanoparticles, atomic force microscopy
(AFM) imaging, coupled with in situ light irradiation, were un-
dertaken (Figure 4a,b). A diluted dispersion of azo nanoparticles
was first deposited on a freshly cleaved mica plate. After 1 h, the
plate was washed out to remove excess of nanoparticles and re-
covered with water to let the adsorbed nanoparticles in a wet sur-
rounding. AFM images were recorded on the same scanned areas
before irradiation, and right after illumination at 550 or 365 nm.
The energy dose was optimized (30 s duration, 1.5 mW cm ™2 irra-
diance), so as to avoid irreversible disassembling of the nanopar-
ticles. Before irradiation, AFM imaging, performed on single
nanoparticles in the intermittent contact mode to prevent me-
chanical damages, revealed flattened nanoparticles with a height
between 4 and 9 nm. In the following, we looked not only at
the height of the nanoparticles, but also evaluated their volume
V that provided a more realistic variable parameter to describe
the “breathing” of the nanoparticle exposed to light (see support-
ing information for calculations). Indeed, since azo nanoparti-
cles are photostable in our conditions, any geometry change upon
photoisomerization is supposed to induce overall morphological
change, especially contraction or expansion. After vis irradiation,
we actually measured a 25% decrease in the nanoparticle volume
V with respect to the initial volume V,;, while the height sensibly
increased for the larger nanoparticle, as a result of matter con-
servation and lesser compaction effect (Figure 4). After UV irra-
diation, the nanoparticles notably stretched back and their vol-
ume V increased from 8 up to almost 170% for the larger azo
nanoparticles.

After a series of UV-vis irradiation cycles, the final nanopar-
ticle volumes with respect to the maximum volume progres-
sively reduced from 80% for the larger nanoparticle after 3 cy-
cles, to 55% for the smaller one after 2 cycles. This evolution
emphasized the peculiar behavior of non-covalently bound pho-
tochromic nanoparticles that progressively disintegrate upon al-
ternate contraction and stretching, as a “macroscopic” result of
the photoinduced motions of their molecular constituents. It is
worth noting that a more extensive and faster disintegration oc-
curs with smaller nanoparticles, which could reasonably be as-
cribed to a larger surface-to-volume ratio and competing interac-
tions with the mica substrate. Indeed, photoisomerization of azo
materials has been reported to proceed from the surface to the
center where the degrees of freedom are gradually reduced.l**!
In the absence of elastic forces as encountered in crosslinked
nanoparticles, extensive interactions with the mica surface pre-
vail over intermolecular interactions within the nanoparticles,
leading to dispersion of matter. One plausible mechanism to ex-
plain such dispersion would rely on the continuous mechanical
transformation of the photoinduced change owing to the glassy
property of azoF material. In such a state, each azo molecule
is surrounded by free volume the extension of which is ruled
by the external bulky substituents. Since contraction/elongation
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Figure 3. a) Time traces of scattered light (A = 648 nm) by azoF nanoparticle aqueous dispersions using a continuous laser diode from a DLS setup
upon alternative irradiation at 550 and 365 nm (10 mW cm~2, 30 s duration for each irradiation condition). White tails display scattered light right after
opening the shutter for a 550 nm illumination. b) TEM imaging of aqueous dispersions of azoF nanoparticles deposited on holey carbon-coated copper
grids before irradiation, after irradiation a 550 nm, and after 550 and 365 nm irradiation (10 mW cm=2, 30 s duration for each irradiation condition).

Scale bars: 1000 (top), 200 nm (bottom).

occurs upon photoisomerization, the change in the free volume
distribution allows the azo species to extensively physically move
in accord with the newly available free volume, unless interac-
tions with surface exert prominent adhesion effects. The effect
was particularly striking on an ensemble of nanoparticles whose
location appears more resolved in the course of UV-vis light cy-
cles, until vanishing due to extensive flattening (Figure S22, Sup-
porting Information). This behavior recalls similar results with
photochromic crystals, amenable to disintegrate and disseminate
under irradiation in the presence of a surfactant.*) In that case,
surfactant acts a soap, dissolving one by one the outer molecular
layers of the organic crystals while in our case, the surface retains
the molecules from the nanoparticle downside and only those on
the upper side progressively detach due to looser intermolecular
interactions after geometry modifications.

3. Conclusion

In conclusion, resorting to o-fluorinated push-pull azo com-
pounds enables the manufacturing of photochromic nanopar-
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ticles with long-term colloidal stability in water in the absence
of surfactant, and dual E-Z photoconversion properties. In the
absence of covalent bonds between the self-assembled pho-
tochromes, progressive disintegration was proved to occur upon
alternate irradiation in the visible and UV range. DLS measure-
ments and AFM imaging at the nanoparticle scale, both com-
bined with in situ photoirradiation, and completed with TEM
measurements, evidenced differentiated morphology changes
upon E—Z and Z—E photoconversion whether the nanoparti-
cles were dispersed in solution or adsorbed on a surface. The
underlying reason is likely to be found in the strong interactions
of azo nanoparticles with surfaces, reducing the reversibility of
their association/dissociation process. These results shed light
on the imperative need to consider the actuating properties of
nanomaterials not only in solution, but also in contact with sur-
faces where adhesion forces can compete with non-covalent inter-
molecular interactions.** This is of utmost important in the field
of nanomedicine where azo where close contact of nanoparticles
with cell membrane and receptors always precedes any action of
drug delivery or ion channel switch.

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. AB) AFM imaging in water of single azoF nanoparticle (A and B) deposited on a freshly cleaved mica sheet upon in situ continuous alternate
illumination at 550 and 365 nm (1.5 mW cm~2 on the sample for both illumination conditions). C) Evolution of the height and volume ratio with respect

to the initial volume V) after each sequence of irradiation at 550 and 365 nm.

4. Experimental Section

Materials:  All chemical reagents and solvents were purchased from
commercial sources and used as received unless otherwise specified. Re-
actions requiring anhydrous conditions were performed under argon. Pu-
rification by column chromatography was conducted on silica gel 60 m
(40-63 ) from Macherey-Nagel and thin layer chromatography reaction
monitoring on Merc Silica gel 60 F254 analytical plates with an UV coating
(254 or 365 nm).

Structural Characterizations: 'H, 13C NMR, and '°F spectra were
recorded on a Bruker Avance 300 MHz spectrometer and chemical shifts
were reported in ppm relative to the residual deuterated solvent (7.26 ppm
for TH CDCl; and 77.16 ppm for 13C CDCls; 2.50 ppm for 'H (CD;),SO

Small 2024, 20, 2403912
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and 39.52 ppm for 13C (CD,),SO). High-resolution mass spectra were
obtained by ASAP-TOF or ESI-TOF on a Waters Xevo G2-XS QTOF mass
spectrometer.

(E)—4-[bis(4'-tert-butylbiphenyl-4-yl)amino) |- 4'- (4" -formyl phenyl)
—2',6'-difluoroazobenzene azoF: In a Schlenk tube, the azo derivative
3F (60 mg, 82 umol), 4-formylphenylboronic acid (13.6 mg, 91 umol),
and Pd(PPh3)4 (3 mg, 1 umol) were dissolved in toluene (1 mL). Ethanol
(0.8 mL) and a 2 mol L™! Na,CO; aqueous solution (0.1 mL) were added.
The mixture was deoxygenated with argon 4 times and stirred at 80 °C
for 15 h, then diluted with toluene, water and brine. The organic layer
was separated, dried over anhydrous Na,SOy, filtered, and concentrated
in vacuo. The crude residue was purified by column chromatography
(petroleum ether:dichloromethane 1:1) to yield azoF as a red solid

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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(55 mg, 88%). E-isomer: "H (300 MHz, CDCl;): 6 10.1 (s, TH, H11), 7.97
(d, J100 = 9 Hz, 2H, H10), 7.86 (d, J;.6 = 9 Hz, 2H, H7), 7.76 (d, Jg.10 =
9 Hz, 2H, H9), 7.55 (d, J5., = 9 Hz, 4H, H3), 7.53 (d, ] .5 = 9 Hz, 4H, H4),
7.46 (d, |55 = 9 Hz, 4H, H2), 7.30 (d, Jg.r = 9 Hz, 2H, H8), 7.25 (d, Js., =
9 Hz, 4H, H5), 7.18 (d, Js.; = 6 Hz, 2H, H6), 1.36 (s, 18H, H1). 3C NMR
(CDCl;, 300 MHz): § 191.7 (C1), 156.2 (dd, Jor = 257 Hz, Jcr = 6 Hz),
151.6, 150.3, 148.1, 145.5, 144.0, 141.0 (t, Jcr = 9.8 Hz), 137.5, 137.3,
136.2, 1314 (t, Jor = 9.8 Hz), 130.6, 128.2, 127.6, 126.6, 126.0, 125.9,
1249, 111.3 (dd, Jor = 17.3 Hz, Jop = 6.8 Hz) (Car), 34.7, 31.5 (CH;).
PF NMR (282 MHz, CDCl3): 6 —120.45 (s, Far); HRMS (ESI) m/z calcd
for Cs1H,gN; OF, [(M + H)*] 754.3609, found 754.3613.

(E)—4-[bis(4'-tert-butylbiphenyl-4-yl)amino) |- 4'- (4" -formyl ~ phenyl)
azobenzene azoH: In a Schlenk tube, the azo derivative 3H (70 mg,
0.1 mmol), 4-formylphenylboronic acid (17 mg, 0.11 mmol), and
Pd(PPh;), (34.6 mg, 0.03 mmol) were dissolved in toluene (2 mL).
Ethanol (0.8 mL) and a 2 mol L~" Na,CO; aqueous solution (23.3 mg,
0.1 mL, 0.22 mmol) were added. The mixture was deoxygenated with
argon 4 times and stirred at 80 °C overnight. After cooling down to room
temperature, the organic solution was separated, and washed with water
and brine. The organic layer was dried over anhydrous Na,SOy,, filtered,
and concentrated in vacuo. The crude residue was purified by column
chromatography (petroleum ether:dichloromethane 1:1) to yield the final
compound azoH as a red solid (52 mg, 72%). E-isomer: "H (300 MHz,
CDCly): 6 10.08 (s, TH, H12), 8.00 (d, J10.17 = 8.7 Hz, 2H, H11), 7.99 (d,
Js.o = 8.1 Hz, 2H, H8), 7.88 (d, Js; = 9 Hz, 2H, H7), 7.83 (d, J10.11 =
8.4 Hz, 4H, H10), 7.78 (d, Js.o = 8.4 Hz, 2H, H9), 7.56 (d, J,5 = 8.1 Hz,
4H, H4), 7.56 (d, J,5 = 9 Hz, 4H, H4), 7.55 (d, ], = 8.7 Hz, 4H, H2),
7.47 (d, )3 = 8.7 Hz, 4H, H2), 7.27 (d, J,5 = 8.4 Hz, 2H, H5), 7.23 (d,
Jog =9 Hz, 2H, H6), 1.37 (s, 18H). 3C NMR (CDCl;, 300 MHz): 5 192.0,
150.8, 150.3, 147.5, 146.4, 145.9, 141.3, 137.7, 137.0, 135.6, 130.5, 128.2,
128.1, 127.8, 126.6, 125.9, 125.8, 124.6, 123.4, 122.0, 34.7, 31.5. HRMS
(ESI) m/z caled for CgyH,gN;O [(M + H)*] 718.3797, found 718.3798.

Thermal Analysis:  The glass transition temperature range and proof of
the amorphous character of the investigated systems were obtained from
classical differential scanning calorimetry (DSC) performed at 30 K.min~',
under a nitrogen flow of 50 mL min~, over the 20-180 °C temperature
window, using a TA Q100 apparatus. The calibration included an empty
run to establish the baseline, the cell resistance and capacitance using the
Tzero procedure, and a DSC run of indium at 10 K min~" for both temper-
ature and energy. To optimize the sample/sensor contact, the powdered
samples in the DSC pan were slowly heated to the liquid state on a Kofler
bench. After a first heating-cooling cycle to erase the sample history, two
further additional cycles were recorded to inquire about the glass stability
of the material.

UV-Absorption and Photochromic Investigations: UV-vis absorption
spectra were recorded using a Varian Model Cary 5E spectrophotometer.
Molar absorption coefficients were obtained by an average of at least two
measurements with less than 10% variation.

Photochromic Investigations:  Solutions of azo compounds were pre-
pared at a concentration of ~2 X 107> mol L=! in THF solution while
the azo nanoparticles dispersions were diluted by five with Millipore wa-
ter. They were irradiated under vigorous stirring using a H g-Xe light
source (Hamamatsu, Lightning Cure LC8), equipped with a quartz fiber
and a comprising single-band bandpass filters to irradiate in the vis-
ible (550/88 nm BrightLine, Semrock, Optoprim-France retailer), or in
the UV (365 nm MaxLamp Mercury line filter, Semrock, Optoprim-France
retailer) range. The power was adjusted using a laser power meter
(Nova Il, Ophir) and a photodiode (PD300/UV/NIR). Back thermal re-
laxation was recorded from solutions promoted to their photostationary
state.

Fabrication of Photochromic Organic Nanoparticles: A stock solution
of azoF photochromes with a 1.45 mmol L~! concentration was pre-
pared in spectrophotometric grade tetrahydrofuran (THF). A small aliquot
(100 pL) was quickly injected in one shot into an 18 mL vial contain-
ing Millipore water (2.5 mL) under vigorous stirring by means of a
vortex.

Dynamic Light Scattering Measurements: Nanoparticle size measure-
ments in aqueous dispersions were performed via DLS using the VASCO
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Kin nanoparticle sizer provided by Cordouan Technologies and equipped
with a 45 mW diode laser operating at 638 nm. The laser power was
manually adjusted for each sample before any measurement to get sat-
isfying results. All measurements were collected on aqueous dispersions
at 25 °C in a backscattering mode at a 170° angle, over 2 min with a
5 Hz acquisition frequency, namely every 200 ms. Acquisitions and anal-
yses were done with the Nano Kin software, provided by Cordouan Tech-
nologies, Cumulant-based algorithm in intensity was privileged to infer
size distributions. A logarithmic scale was adopted for clarity reason, im-
proving visualization of all samples on the same scale, with no impact
on the fitted parameters. In situ illumination using a Hamamatsu lamp
(Lightning Cure — LC8) equipped with a wheel of narrow bandpass filters
(550/88 nm or 365 nm) was performed in a perpendicular direction with
respect to that of the scattered light detection. The nanoparticle disper-
sion was continuously stirred to homogenize the concentration of photo-
transformed nanoparticles, while a long-pass optical filter (600 nm) was
placed at the front of the detector to minimize light spikes upon illumi-
nation. lllumination was performed in a cyclic manned at 550 nm and
then 365 nm (irradiance 10 mW cm™2), for a 30 s duration each, while
being separated each time by a 30s-lasting dark period (no illumination
for 30's).

Zetametry Measurements:  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). 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: Nanoparticle size measurements as
dry samples were performed using a MO-Jeol 1230 microscope (80 kV)
and a Thermo Fisher Scientific S/TEM Themis Z (300 kV). The samples
were prepared from diluted dispersions in water, that were further de-
posited on holey carbon-coated copper grids (300 mesh), purchased from
Agar Scientific.

Atomic Force Microscopy Investigations: ~ All AFM experiments were per-
formed at room temperature (20 °C) using a NanoWizard Il atomic force
microscope (JPK, Germany) equipped with an inverted optical microscope
and x-y closed-loop control system. Cantilevers with silicon tips (App-
Nano purchased from Bruker) characterized by a <10 nm + 2 nm tip
radius and 40 N m~' spring constant were used for imaging in inter-
mittent contact mode at a 2 Hz frequency scan. Soft intermittent con-
tact conditions with a low free amplitude (~30 nm) and a set-point ra-
tio close to unity were used to avoid damaging of soft nanoparticles.
In situ illumination was performed by mounting right above the AFM
chamber through the available optical window the light guide of a Hama-
matsu lamp (Lightning Cure — LC8), equipped with a collimating lens
and the adapted bandpass filter (550/88 nm or 365 nm). The power was
adjusted to provide a ~1.5 mW cm~2 irradiance directly on the sam-
ple, after passing through the partly absorbing optical window. In order
to calculate the nanoparticle volume, AFM images were flattened by ex-
cluding the selected nanoparticle, and the substrate height was used as
a height reference. A closed border surrounding the selected nanopar-
ticle was then drawn to extract the height distribution of the nanopar-
ticle. The volume was calculated by numerical integration of the result-
ing distribution over the nanoparticle area at the substrate level. Interest-
ingly, this method gets rid of any assumption regarding the nanoparticle
shape.

Sample Preparation for AFM Measurements: Mica squared plates (1
inch, Oxford) were freshly-cleaved before depositing a small aliquot of
nanoparticle aqueous dispersion (100 pL), previously diluted 10 times
with Millipore water. After incubation for 1 h, the mica plate was
washed, covered with a drop of water, and stuck on a Petri dish,
coated with Parafilm to constrain the water droplets on the mica
plate.

Synthesis pathways for the precursors of azoF and azoH compounds
and the symmetrical 4-F and 4-OMe azo compounds, NMR spectra, ther-
mal analysis, TD-DFT computations, UV-vis spectra, and photochromic
properties, description of the Fischer's method, AFM statistical measure-
ments procedure.
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