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Avant-Propos
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Abbreviations

2D: Two dimensional

AHQI : Ammonium Hydroxyquinolinium lodide

ATR: Attenuated Total Reflectance
a.u.: Arbitrary Unit
AzPTES: (3-Azidopropyl)triethoxysilane

BET: Brunauer; Emmett and Teller
BJH: Barret-Joyner and Halenda
Br: Broad

BS: Bridged Silsesquioxane
BTME : Bis(trimethoxysilyl)ethane

CD: Cyclodextrin

cmc: Critical Micellar Concentration

Cu: Copper

CUuAAC: Copper-Catalyzed Azide-Alkyne
Cycloaddition

CTABr: Cetyl trimethyl Ammonium Bromide
CP: Cross Polarization

DCM: Dichloromethane
DMF: N,N-Dimethylformamide

EtOH: Ethanol

EtOEt: Diethylether

ESI: Electrospray lonization
Et3N: Triethylamine

FA: Folic Acid

FFT: Fast Fourier Transform

FRET: Forster Resonnance Energy Transfer
FTIR: Fourier-transformed InfraRed

HRMS: High Resolution Mass Spectrometry

TEM: Transmission Electron Microscopy
THF: Tetrahydrofurane

Thy: Thymine

TEOS: Tetraethylorthosilicate

TGA : Thermogravimetric Analysis

TLC: Thin Layer Chromatography
TMOS: Tetramethylorthosilicate

TMS: Trimethylsilyl

Laser: Light Amplification by Stimulated
Emission of Radiation

m: Multiplet

MAS: Magic Angle Spinning
MeOH: Methanol

MHz: MegaHertz

Na-Asc: Sodium Ascorbate
NMR: Nuclear Magnetic Resonnance

O/lI: Organic/Inorganic
Op: One pot

p-: para-

P: Power

PEG: Polyethyleneglycol

Ph: Phenyl

PFOA: Perfluoroctanoic Acid

PMO: Periodic Mesoporous Organosilica
ppm: Part Per Million

Prec: Precursor

PXRD: Powder X-ray Diffraction

g: Quadruplet

RT: Room Temperature

s: Singlet

SAXS: Small Angle X-ray Scattering
SEM: Scanning Electron Microscopy
SHS Sodium Hexadecylsulphate
SN: Nuleophilic Substitution

t: Triplet
TBABr : Tetrabutylammonium Bromide

UV: Ultraviolet
Vis: Visible
WAXS: Wide Angle X-ray Scattering

XRD: X-ray Diffraction
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General Introduction

Hybrid silicas are materials that contain organicieties and siloxane networks intimately
mixed at the nanometer scale, which can confer tegnergistic properties. They are of
central importance in nowadays research since thkgr a wide range of possible
applications (nanomedicine, coatings, catalysispgation,...). The sol-gel process offers the
ability to engineer, by different smart processigproaches, the morphological and the
structural properties of the materials accordingtheir targeted application (size, shape,
porosity, structuring). The amount and the spadigkribution of the organic fragments
incorporated within the material play a key rolditee-tune its properties and the application
range. In this work, we aim to develop a methodgltay materials functionalization using
click chemistry, which has enabled great advannekialogical engineering and polymers
modification. Click chemistry, in particular the pymer-catalyzed azide-alkyne cycloaddition
reaction (CUAAC) has a high potential in assembbngall fragments by covalent linkage
(Lego synthesis) with high conversions and excellergrtoice for functional groups. These
features make it very attractive for materials fioralization since it considerably broadens
the scope of possible functionalities incorporatédter a bibliographic introduction
presenting the synthesis of silica materials by sbkgel process and the mechanism and
applications of the CuAAC reaction, the manuscut be divided in two main sections

describing:

- The synthesis of a series of clickable PMOs andded silsesquioxanes which
inherently exhibit a maximal amount of clickableganic fragments, leading to high
extents of grafted functional groups by the CuAA@ation. These materials will then
be derivatized with various organic fragments indesr to tune the
hydrophilic/lipophilic balance of the surface viauBRAC reactions. Alternative
approaches based on the CuAAC click chemistryHersynthesis of functional hybrid
bridged silsesquioxanes will also be discussed.

- The synthesis of multifunctional mesoporous sil@moparticles to be used in the
controlled release of cargo molecules. CUAAC reastiwill be carried out in order to
provide a simplified and controlled synthesis ohomachines. In particular, we will
focus on the targeting of cancer cells, on the camigation between two
fluorophores by energy transfer, and on the foromatf a new type of nhanomachine
based on a photoacid-mediated gate-opening.

12



CHAPTER |

BIBLIOGRAPHIC STUDY

13



CHAPTER I: Bibliographic Study

In this chapter, we will highlight the importancétbe sol-gel process for the preparation of
silica-based functional porous materials under roddditions, suitable to incorporate organic
functionalities in the materials. Afterwards, thezent studies devoted to click chemistry in
materials science will be discussed based on repemhples from the literature. Finally, the
opportunities brought by the CuAAC click reactioor fthe functionalization of sol-gel

materials will be outlined.

1. The Sol-Gel Process

The sol-gel process is a bottom-up approach fosymthesis of (nano)materials. It is widely
used as a soft chemical process purposing the rdedigsolid materials from molecular
precursors in solution. This process typically @ns the formation of metal oxide-based
solid materials from metal alkoxide M(OQRprecursors (M= Metal atom, R= alkyl group)

under mild conditions (conventional solvents, l@mperature and pressure).

1.1. Physical point of view

The soluble metal alkoxides species are hydrolyinéal M(OR),x(OH)xand the obtained
metal hydroxide condense to give at firgad which is a colloidal suspension formed by the
primary inorganic oligomers, that undergoes furtress-linking to form @el, an advanced
condensed tridimensional metal oxide network empirap the solvent. The sol-to-gel
transition is characterized by a dramatic increafsthe viscosity of the mixture. A sol can
easily be processed to obtain materials underrdifteshapes: nanoparticles, thin films, fibers
or microdots arrays can be prepared following déife processing methods (Figure 1). The
gel can be subjected to an appropriate mechanical atltdomal treatment to afford a dry
solid with robust mechanical properties. For exanpupercritical drying affords an aerogel,
which is composed of about 90 to 99% air and camidsal for its insulation properties. A

conventional drying by thermal evaporation yieldeeeogel.

14



Solution sol: solvent

of containing gel: inorganic network
precursors Oligomers entrapping the solvent
supercritical
drying
— &>
| Thermal A |
sol 1 evaporation €roge
processmg :
Xerogel

Nanoparticles Thin Films M1crodots arrays

Figure 1: physical transitions occurring during the soljgelcess

1.2. Chemical point of view

The sol-gel process can be used with a variety efamalkoxided especially silicon,

aluminium, boron and transition metals such as dima, titanium, zirconium or hafnium.

Regarding our group’s expertise and the applicattomanomedicine intended from this

thesis, we will focus on siliceous materials in thibowing discussions.

Siliceous materials have proven to be of centrgbartance in nowadays research. They
expand their roots in almost all the fields of agglchemistry as well as in physics, biology
and medicine. A good understanding of the chenpecatesses governing the formation of

these materials is compulsory to design new madefioathese applications.
1.2.1. Reactions involvet®

Two main reactions are involved in the sol-gel ps®c hydrolysis and polycondensation. The
following mechanism is typical for a silicate s@tgreparation in water without any external

agent.

-Hydrolysis: water molecules react with alkoxys#afunctions Si-OR producing silanol
groups (Si-OH) and the corresponding alcohol (R-@tdys making the elemental entities that

will be involved in the condensation.
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-Condensation: the condensation is the step ofkbbaglding via siloxanes links (Si-O-Si).
This reaction occurs either by the coupling of tsifanol groups with formation of water
molecules or by condensation between silanols &k groups, with formation of alcohol

molecules.

The first steps of hydrolysis and condensation l&ae colloidal suspension of inorganic
oligomers, thesol, which cross-linking through sequences of hydisly@and condensation
reactions leads to thgel, formed by a 3D inorganic network entrapping tleenaining
solution The hydrolysis and condensation reactions are tgzpin Figure 2.

TR
1) i H,0 — Si(OR),.(OH), + xROH
vwSi + Xy . 4-
ROR\(;I OoR hydrolysis " i
RC|) RC\)
wSi Si +  ROH
ROV ™S ~“NJoR OR
2) d ol OH RO \OR RO
RO RO ———> RO—Si____SI—OR
| | condensation /| "o
. . RO OR H,0
«Si Si.y + 2
\! 7
ROTY SoH  HO” B R
RO
I
RO, o) S
\ /}/\HO/ » OR
—5;i Si—OR OR 3D
RO SI\ _
3) /| o7\ ; silica network
OL/F({O OR e SiO,
Sli polymerization
w
0 on

Figure 2: Reactions involved in the formation of silica frentetraalkoxysilane

1.2.2. Control of kinetics

The rate of the sol-gel transformation can be @aéf enhanced by using appropriate
catalysts (see below). Different factors can alsaumed in order to improve the reaction rate

or to control the morphology of the obtained sotidterial.
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-Temperature and solvent: Metal alkoxides are poorly soluble in water at lemperature.
This can inhibit the initiation of the hydrolysisgoess or strongly decrease the transformation
rate. Working at higher temperature and usingduhiiteon to water, a common solvent for the
reaction mixture (ideally the alcohol corresponditg the alkoxides to prevent any
perturbation in the reaction due to the differeninpounds formed) may increase the

homogeneity of the mixture and therefore the ratbetransformation.

-Concentration in alkoxides: The concentration of the metal alkoxides in tleaction

mixture also plays a crucial role in the reacti@ter especially during the condensation
process where the probability of the cross-linkbejween the precursors decreases when
lower gquantity of metal alkoxide is involved. THeature is used to control the size of the

obtained material.

-pH change: The pH has the most important effect on the coofsthe sol-gel reaction.
While the choice of the pH is essentially used datml the rate of the transformatfoh it
can be used to modify the shape and the size aftttaéned solid material

1.2.3. Catalysis of the sol-gel process

-Acidic catalysis (Figure 3): at low pH, the alkogyoups on the silicon atom get protonated
(Si-O(R)H"), thus rendering the silicon atom more electrophiind prone to nucleophilic

attack. A pentacoordinated silicon intermediat@®Ived in this step.

or OR
H /—\ | |
\6: Sie_* /Si\\OH
OHR
H/ v’ Nop e > RO OR
~ 1® i
RO OR -1
-ROH

H,0----Si----OHR

OR

Figure 3: acid-catalyzed hydrolysis
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-Basic catalysis (Figure 4): Hydroxide ions are enoucleophilic than water and can directly

attack the silicon atom, through an addition-eliation mechanism.

° OR
OR RO OR |
HO" f\‘ | \.” Si—_
Sie — HO----Si----OR A on
/N OR | RO OR
RO OR OR
+RO"

Figure 4: base-catalyzed hydrolysis

Nucleophilic catalysis (Figure 5): This catalytisute usually involves fluoride ions (NFA,
NaF, TBAF ...) under neutral conditions. It is spectb silicate chemistry, owing to the high
affinity between silicon and fluoride. The fluoridens reversibly add to the silicon center,
forming pentacoordinated intermediates in whichditieon-oxygen bonds are weakened. The
preferential hydrolysis of the Si-F bonds and tbpatture of alcohol molecules afford silanol
functions. It is noteworthy that the features & tiels obtained through fluoride catalysis are

mostly similar to those obtained under basic catsly

N I
F Si— Si—_ )
OR OH +ROH+F
RO/ \OR """""""" > RO/ T\OR
l © ©
RO OR RO OR
N F \Si/ 5'*
F----Si----OR - oSiso-- N
—_—
| o’ Sor f
OR
.'.7)\H
H

Figure 5: nucleophilic catalysis of hydrolysis mechanisnflogride ions

Owing to the intermediates involved under basiglenphilic or acidic catalysis, electron-
donating groups (alkyl, alkoxy) accelerate the biyghis reactions performed under acidic
catalysis, while electron withdrawing groups acke the nucleophile- or base-catalyzed
hydrolysis. This holds also true for the condemsatireactions that follow similar

mechanisms. O-Si groups being more electron-withithgtthan —OR groups, condensation at
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the end of the chains will be favored under acaditalysis, with the formation of chain-like
oligomers, while ramifications will be favored umd®asic or nucleophilic catalysis, with the
isotropic growth of the silicate clusters leadingpherical morphologies (Figure 6).

electron withdrawing

> rapid kinetics
under acid catalysis
R/OR/OH/OSi

Si MIOR

RO/

R/OR/OH/OSi

rapid kinetics —

under basic catalysis )
electron donating

Figure 6: influence of silicon substituent on reaction kioget Adapted from réf

The robustness of the sol-gel process has enabkdliévelopment of new categories of
highly useful materials and has opened doors t@madd engineering with countless research
fields and corresponding applications. In particuberous materials which are divided solids
containing accessible cavities (pores),are attrgatonsiderable attention as they can be used

as mini reactors or for storing molecules or salts.

2. Ordered Porous Materials

According to the pore size, the IUPAC classified thaterials into 3 groups: microporous
(pore diameter < 2 nm), mesoporous (2 nm < pore sis0 hm) and macroporous materials

for pores larger than 50 nm.

Zeolites were the first known useful porous matstidNaturally- or artificially-made zeolites
have found wide applications in refining and peterical processes especially owing to
their stability, ability to hold acidic, basic, mdsites and to replace the toxic liquid catafysts
previously used. Despite the great advantagesdfiey such as cristallinity, ionic exchange
ability, reproducibility, zeolites are essentiaihyicroporous and this can strongly limit their
field of application when voluminous molecules amgolved as it is the case for fine

chemicalS. The quest of new types of sieves to get rid ekéhdiffusion limitations led the
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researchers of the Mobil Corporation in the eaf90s to implement a novel type of ordered
mesoporous silica materials known as M41S, follgwearlier work of Kurod¥. These
materials were prepared in basic medium at religtilev temperature and using a cationic
structure directing agent (CTAB) forming micellesand which the negatively charged silica
source can condense. The surfactant can then beveengiving place to accessible pores.
The generated famous MCM-41 material (which stdnddobil Composition of Matter n°
41) exhibit very high surface area along with atleoed 2D-hexagonal pore arrangement with
very narrow size distributidh™® Related materials such as cubic MCM-48 and lamell
MCM-50 were also reported by varying the relativeoants of surfactant and silica sodfce
The discovery of M41S materials has been a brealtjtr, which has led to unprecedented
progress in the design of materials by modulatigreaction conditions.

2.1. Synthetic approaches to mesostructured matets

Depending on the synthesis conditions (especiaypiH), the silica source and the surfactant

nature, mesoporous materials can be obtained angdatwo main approaches (Figure 8):

- True liquid crystal templatitd®® in which the silica condenses around a preformed
surfactant mesophase. The inorganic phase grotire imtermicellar space, keeping the same

ordered structure. This mechanism requires higfastant concentratidfi

-Cooperative self-assembly: the interactions betwdlee surfactant and the inorganic
precursor lead to a mesostructured material. Tlashanism involves “hybrid” micelles that
are the nuclei of the final material. Cooperativaf-assembly mechanism occurs at the
critical micellar concentration (cmc) in water (ardcmc when working under catalytic

conditions).

Liquid crystal mesophase

% % | Liquid crystal templating
% %ﬁ %i Metal alkoxide precursor

@
@ & et /(O O
/

& 6B — OO0
& & OO

Mesoporous
Material

Metal alkoxide precursor

Q
3
.L. 0
+
W\/"‘N\,O | Cooperative self-assembly process |

Structure Directing Agent

Figure 7: main synthetic approaches to mesostructured atesct
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The cooperative assembly mechanism was outlinedleirails in several works*‘and
extended to a series of interactions between thrgamic precursor and the selected surfactant
depending on the pH (Figure 9).

Indeed, the charge of the silica surface playsyarte in the interaction with the surfactants.
The isoelectric point (when the surface chargaul§ of the silicates is found to be around pH
= 24,52 Above this pH, (Si-Q entities are dominant but below, (Si-gHare the present
specie¥’. In the first case, the use of surfactant with agife charge leads to a direct
interaction (IS* e.g. MCM-41, MCM-48) while similarly charged surfactaninvolve
counterions (halogenide anions$ of alkaline metals Xmainly coming from the solvent) as
intermediate species resulting in an indirect itéon X'S" (SBA-2, SBA-3). The literature
hasn’t mentioned any example of direct or mediatgéeraction between positively charged
silica and ionic surfactant. This kind of interactiis only devoted for other metal oxides
(aluminum, tin, titaniundy. In the case of non-ionic surfactants, the messpiagoverned by
dipolar interaction or H-bonding giving place tderactions either by neutral silica surface
such as MSU, HMS or neutral association betweersitleas surface and a couterion such as
SBA-15.

hydrophobic tail hydrophilic head
[
A e e e e e 2 AN CTAB
(€]
Br
0 _es SDS

oy Brij 56
/\/\/\/\/\/\/\/\60/\%0

Figure 8: examples of amphiphilic surfactants used in azdenaterials synthesis
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intermediate
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Figure 9: different possible interactions between silicated surfactants. | is the inorganic specie, S

is the surfactant and X is a mediator counter ion

2.2. From bulk materials to nanoparticles

Typical syntheses of mesoporous materials leadatticles on the micrometer-sc&€0.5

pum to several pms) not necessarily with definegpebaHowever, emerging applications as
polymers filling, chemical sensors and especialiygddelivery* impose smaller particles

sizes and well-defined shapes. Thus, the syntloéssesoporous silica nanoparticles (MSN),

with diameters from 50 to 400 nm has recently et&@ considerable attention.
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Although several works were carried out in ordeiptepare silica nanoparticles, the latter
were dens®, agglomerated or fused” particles which strongly limits their usefulne3svo
main routes are commonly used to prepare stablesiwed silica particles:

-High dilutions (Figure 10): This route consistsusing a very low concentration of silica
precursor in order to decrease the cross-linkimgtics of the precursors and hence inhibit
their growth. The pH used in this route is highfsiz ad the hydroxide ions act as nucleation
sites. This method has shown good success in makiagle colloidal mesoporous
nanoparticles by several research gréuffs

Micrometer-scale Nanosized
or Bulk Particles Particles (20-400 nm)

solution volume

.. inorganic precursor - _ _

high V.S. low

cross-linking between precursors

Figure 10: difference of interaction between inorganic preous by using high water dilutions

-Atrane route (Figure 11): The use of triethanoirelEOA as a hydrolysis-retarding agent
was outlined in the early 200ds In the absence of water, TEOA forms a stable amin
trialkoxo complex with the alkoxysilane by acting an anionic tetradentate ligand
N(CH,CH;0)sSi. Once exposed to water, the as-made complexstan relatively stable

towards hydrolysis presumably due to a combinatielectronic, steric and thermodynamic
factors®. The obtained atrane complex is then subjectesuttactant addition followed by

water along with controlling the temperature tdiate the hydrolysis-condensation process.
The atrane complex prevents the rapid cross-linknegwveen the alkoxysilanes making
possible the controle of the particles size byttime. It is noteworthy that so far, this route

was used only for materials made using the coneralisilica source (TEOS, TMOS).
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TEA TEOS Atrane complex

Figure 11: atrane complex formation by addition of TEOA te #ilica source

In order to extend the application field of mesapm silica materiafg, the mild conditions of

the sol-gel process combined with the high acckssbrface area obtained by templating
mechanisms allowed incorporating organic functiammaups. These hybrid organic/inorganic
frame works combine the robustness of the silicalet&n and the versatility of organic
functional groups thus renders possible a greatbeunrof chemical transformations at the
surface. This makes the functional hybrid materadl€entral importance in soft chemistry
with widespread applicatiohs'®?*~*! regrouping catalysis, sorption, separation, sensin

optics or drug delivery.

3. Hybrid Functional Mesoporous Silica

Hybrid functional materials synergistically combingganic and inorganic fragments at the
nanoscale, offering interactive properties from ith@ganic skeleton and the active organic
moieties. Depending on the link between the two poments, hybrid materials can be divided

into two classe$>°(Figure 12):

3.1.Class | : Weak interactions dominate the linkage betweerinbrganic skeleton and the

organic phase. This can be originated from hydragemds, van der Waals or electrostatic
interactions. However, the non-covalent interadidretween the silica and the organic
fragments allows the latter to leach out of theepaduring the treatment steps thus resulting

in low organic loadinif.

3.2.Class Il: The organic phase is strongly linked (by covaleonds) to the inorganic
matrix. Obviously, the covalent linkage atass Il materials can be widely exploited since it

offers a wide tunable range of chemical propewigs synthesis conditions.
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Figure 12: Structural difference betweetass landclass Ilhybrid silica materials

Class Il hybrid silica materials are prepared by incorgagabrganic groups into the silica

matrix during the synthesis process (co-condensgatio afterwards (post-functionalization).

In both cases, the organic fragments must be pueljioderivatized with at least one

i) l conventional

trialkoxysilyl group (Figurel3).

grafting

Bridged iii) Functional Organosilicas iv) Functionalizable
Alkoxysilanes | sol-gel grafting Organosilicas
ii)
i) | sol-gel
sol-gel
TEOS +
Functionalizable
Alkoxysilane

Figure 13: different functionalization routes fatass Ilhybrid materials.

3738 consists in anchoring the desired

3.2.1. Conventional post-modification(or grafting)
organic (active) function bearing a trialkoxysityloup on the surface silanols. This route is
simple, highly dependent on the condensation degie¢ke material and its efficiency may
vary from a batch to another depending on externabitions. Furthermore, the density of
grafted functions is highly heterogeneous, thereglesurface and the entrance of the pores
being more easily functionalized. The main advaatags in the preservation of the texture of

the original silica material.
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3.2.2. Co-condensatiofi ** of an organo(trialkoxy)silane with a silica sour¢€EOS,
TMOS,...) can be performed by the sol-gel processe ablvantage of this route is the
homogeneous distribution of the active functionthimi the whole materidl. However, the
creation of an organized porosity using surfactahtsvs strong limitations when voluminous
organic groups are inserted, as the interactiorizvdem the template and the growing

organosilica clusters gets altered.

TEOS
< Functional hybrid material

) ? \_organosilane
=N 5 QN I sl FiT

Si
O/ \\O
« T o . _ preformed siliceous
~_ O, in situ \I\_I_A/ post-grafting material
Q=S !
o

organosilane
Figure 14: functional silica synthesis by the co-condensatiod grafting methods

3.2.3. Hydrolysis-condensation of poly-silylated mcursors Without the use of any silica
source, poly-silylated precursors leadkiadged silsesquioxane@®r Periodic Mesoporous

Organosilica(PMOs) when a structure directing agent is used).

ol —

polysilylated organosilane

¥ —/ sol- gel
¥o s.—O—s. _/ —O—&
O

Bridged
Silisesquioxane
Figure 15: formation of pure organosilica by sol-gel process

This route is attracting increased interest singarovides materials with a high loading of
functional groups inherently homogenously distdautand may offer new widespread
application§*“® Moreover, a chain-like organosilica mainly congts the walls of the PMO

while introducing monosilylated organosilanes at®pending functionalities on the internal
and external surfaces (Figure 16). However, the&bion of PMOs is strongly dependent on
the structure of the precursor. PMOs can be pratlfroen organosilanes with small organic
fragments. Only few examples rule out this obsémwmatvhen the condensable fragments

(alkoxysilanes) are domindfit>?or when assisted by other interaction (e-gtacking5>.
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~ Mixed PMO with Mixed PMO with two
Bissilylated+ Monosilylated Bissilylated precursors
precursors

2D-hexagonal mesotructure

(EtO);Si—@RP—Si(OEt),

Pure PMO with a single
Bissilylated precursor

Figure 16: preparation of PMOs with organic moieties in tHeameworks. adapted frc ref*

3.2.4. Clickgrafting on functionalizable organosilica

To circumvent the issues associated with the carmvead grafting (use of moistu-sensitive
reagents, heterogeneous functionalization) andc¢-condensation methods (dependenc
the texture on the organic fragments introducd®,ahemical modification of organosilic
containing functionalizable groupspears as a promising strategy, which can also pkeaj
to PMO maerials, as functionalizable P\s can be made with small organosils which are
able to undergo further reactions; this can be wsaful to make highly functional materi

with robust fatures in a convenient rot

The reactions able to perform such chemical-modifications with high conversions for

wide scope of organic functionalities have beessifeed asClick reactions

—

]

Figure 17: postgrafting on a pr-synthesizearganosilica (PMO) bearing functionalizable grs.
Adapted from ref*
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4. Click Chemistry

4.1. Definition

As it was introduced in 2001 by Sharpless, Clicleirstry is defined as a “set of powerful,
highly reliable, and selective reactions for thpidasynthesis of useful new compounds and
combinatorial libraries®. It consists of joining small units (moleculesyéther with the
formation of carbon-heteroatom bonds in order tdaiob new, complex and useful

compounds.

Click Chemistry is not limited to a single typerefctions, but it is considered as a synthetic
strategy. This gathers a wide range of alreadytiagisransformations that fulfill the “Click”
criteria: the click reactions should be modulamevin scope, high yielding, need simple work
up and require benign reaction conditi®ra

Click reactions have a high thermodynamic driviagc€, leading to a rapid completion of the
reaction and to a high selectivity towards one pobdThis feature can be exploited in many
research areas making the click chemistry one eimbst valuable approaches in molecular

synthesis as well as in materials and polymerstiomalization.

4.2. Reactions This list shows the most frequently encountergdngples of chemical

transformations falling within the framework of tbkck chemistry:

a) Cycloaddition of unsaturated species:

- 1,3-dipolar cycloaddition: Copper catalyzed wais promoted azide-alkyne cycloaddition.
- [4+2] cycloadditon: Diels-Alder.

b) Addition to carbon—carbon multiple bonds:

-Thiol-ene reaction (more generally Michael addhtal Nu-H).

¢) Non-aldolic carbonyl reactions type:

-Hydrazone and Oxime formation reactions.

Click reactions have confirmed their efficiency imany applications going from
biotechnology, click modification of rotaxane, aydéxtrines, DNA, membranes, dendrimers,
biomolecules (proteins, carbohydrates, oligonuades) conjugatiotf>° to polymers and
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material science such as surface modification ifosi-°>% metal®?®® carbon-baséd®°

materials.

However, the Copper Catalyzed Azide-Alkyne Cyclaadd (CUAAC) remains by far the
most useful and applied click reaction especiatignks to its high yield, rapid kinetics,
chemo- and regio-selectivity, conferring it the m@stended field of applications amongst the

click reactions.

4.3. Copper Catalyzed Azide-Alkyne Cycloaddition (QAAC)

The typical example of click chemistry is undoulbyetie CUAAC reaction which is the most
encountered, useful and applied click reactionsTkaction was discovered simultaneously
by the groups of Sharpless and Meldal in Z802 The success of this reaction is fueled by
its quantitative yield, robustness and modulari§y contrast to Huisgen thermal
cycloaddition which requires high temperatures ancot regioselective (thus it is not
considered a click reaction), CUAAC consists ofegigselective 1,3-cycloaddition of an
organic azide and a terminal alkyne using Cu(laasatalyst and giving place solely to a
(1,4)-disubstituted triazole linker which is essalhy chemically inert to reactive conditions,
e.g oxidation, reduction, hydrolysis. This reactiarletates an extremely wide scope of

functionalities, which makes it a unique linking timead.

Regiospecificity: 1,4: 1,5=1:1
Huisgen thermal cycloaddition

N
1
N/ \N—R2
Heat )—/_ +
/ 4 5
Ri

N
1
\ N/ \N—R2
Cu® _
4 5
Ry

N—R,

Ry

7 N

N N -

R4 p— N—/—=N N R,

Copper-catalyzed cycloaddition
Regiospecificity: 1,4: 1,5=1:0

Figure 18: Cu-catalyzedrsHuisgen Azide-Alkyne cycloadditions
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Figure 19: Most encountered click reactions. Reproduced freferencé’
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4.3.1. Mechanism and kinetics of the CuUAAC reaction

Any mechanistic approach of the CUAAC Click reactghould take into account the unique
tolerance features of this reaction towards orgamups, solvent, pH and temperature.
CUAAC reaction is driven by a high thermodynamicé(> 20 kcal mof)®.

The great enhancement of the Huisgen reactiontmatasing Cu(l) has shed light on the
central importance of the mechanism modificatictuired by copper; several computational
studies®>’*"*were made in order to probe the most plausiblesitians of the this reaction.
Quantum calculations for non-catalyzed Huisgen treas between several azides and
alkynes have shown that the transition state ispotarized® and the alkyne remains a poor
electrophilé® by varying the adjacent group. In contrast to Heis thermal cycloaddition
which exhibits a concerted mechanism, a stepwiseharésm in which a single Cu(l) is
involved was initially suggested by DFT investigais>> The Cu(l) center is involved in the
catalytic cycle through the coordination on theslectrons of the alkyne rendering it more
acidic, followed by the exothermal formation of@per acetylide. The mechanism proposes
that Cu(l)-acetylide complex coordinates the azimkicing a rearrangement of the complex
into six-membered metallocycle then into coppeaizinlide. The triazole is finally released
after a reaction with an electrophile.

However, kinetic studié$ confirmed a second order reaction with respectCul)
concentration when the latter is lower than theceoiration of the involved clickable
partners. Therefore, it is very likely that morerhone Cu(l) centers are involved in the
transition stat€. This is supported by the Cambridge Cristal Dagabahich indicates that
more than 98% of alkyne-copper complexes implidate or three Cu atoms. In these
structures, the €C-Cw, fragments strongly involve the electrons of the alkyne in the Cu(l)
coordination rendering the adjacent carbon vergtedpositive. The proposed mechanism is
close to that involving a single metal. The copgmordination with the alkyne lowers the pKa
and expels the H(step 1) forming the copper-acetylide complexps2. In the transition
state, the coordination between the azide anddéty/lale does not necessarily take place on

the same Cu (step>3)y:73™

inducing the formation of the triazole-metalla®/¢step 4) then
releasing the triazole (step 5-6) after reactiothwie H liberated in step 1. Very recently,
Fokin has demonstrated using isotopic enricheménihe triazolides that exactly 2 copper

centers are involved in the mechanism of CuAAEigure 20).
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Figure 20: Proposed mechanism of the CUAAC click reactiongisivo copper centers. Reproduced
from ref”’

4.3.2. CuAAC reaction conditions

The CuAAC reaction success as well as its extefmascally related to the mild reaction
conditions which ensure the preservation of thekable partner (organic or bio molecules).
Undoubtedly, the copper center plays the centrda iro the reaction and it is important to
keep the concentration of the copper as high asethetion progress needs. Since most of the
click reactions are carried out under air, Cu(l)ynoaidize and the rate of the click reaction
strongly decrease. This is the reason why Cu(lifs saith excess of reducing agent are
widely used rendering the reaction less sensitvexygen.

The most common catalytic system is a combinatibrcapper sulfate (0.01-0.1 molar
equivalent to clickable partners) and sodium asaterlta 4 eg/ Cu) in a water-alcohol
mixture (typically tert-butanol) at room tempera&urhese conditions were first optimized by
Sharples¥ and used later in a myriad of wofk$*due to their quantitative yield.

However, some organic functionalities (lysine oraguine residues for example) are
sensitive to reducing agents (even to the mild wwndiascorbaf®) or to the aqueous
condition§®. Cu(l) halides as CuBr, Cul, CuBr(P{or Cu(l)-NHC complexes can be used
as an alternative to the CugNa-ascorbate system. In this case, the use oka isaoften
required (usually an amine such agNer DIPEA) to from the Cu-acetylide complex.
Copper halides are used in solvents of intermeghakarity like THF, MeCN, and DMSO. In
some cases the use of nitrogen heterocycles ligarelseeded to protect the copper from

oxidation.
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4.3.3. Effect of ligands

Although using ligands is not a basic requiremeant the catalytic effect of Cu(l) in the
CUAAC reaction, they are usually employed to protee Cu(l) from oxidation by oxygen
thus to preserve the activity of the catalyst whenking under air. They are also used to
enhance the rate of the triazole formation, howeivesome casé&it was found that some

ligands decrease the rate of the click reactiosatyrating the coordination sites of copper.

A) TBTA C) Bathophenanthroline
NN
Nj/ N7
N< =N / /
;=N N=""\

N N N N
>_ \)\/N\)%/ ‘K K/ ~ '\

B TTBTA D) PMEDTA

Figure 21: most popular ligands used to promote the CuAACkakaction. A, B, C are used in
molecular synthesis and materials functionalizatidpms frequent in polymer chemistry.

4.4. CuUAAC chemistry on hybrid silica materials

The CuAAC click chemistry is intensively exploitéd molecularLego construction and has
recently shown a high importance in materials smesince it enables a trustful tuning of the
materials properties. CUAAC functionalizations haween used on silica-based materials

processed as powders, nanoparticles, thin filmsw@ondots.

4.4.1. CuUAAC on mesoporous bulk materials

To the best of our knowledge, the first use of GAAC click reaction on mesoporous silicas
was reported in 2088%° In one example, an enzyme (trypsine) that wasesstully attached

on an azide-containing large-pores SBA-15 matéhni@mlugh a NHS pentynoate linker (Figure
22) was shown to retain its catalytic activity. deifunctions were introduced by nucleophilic
substitution on chloropropyl functions grafted dre tSBA-15 material. Considering the
difficulty to covalently incorporate biological fgaments into materials, this work is

considered a breakthrough and paved the way tala mwinge of possible functionalizations.
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Since then, the functionalization of mesoporousenmts was investigated with different
functions. For instance, the work was extendedeeral clickable functions (including
mannos® ferrocené' and TPA derivativéd) that were anchored by CUAAC taiSBA-15.
Recently, adsorption of antibiotics was also aobieby clicking hydrophobic moieties on
SBA-15 material¥.

The loading of azide was reproducible and predietalmce co-condensation method leads to

a homogenous distribution of pending groups.

o)

SBA-15 ac
2 clicked Trypsin

N3

Figure 22: CUAAC-functionalized SBA-15 material with trypsiAdapted from ref®

4.4.2. CUAAC on hybrid thin films

Making use of electrochemically-assisted self asdefEASA), clickable hybrid films with
ordered oriented mesopores and different extentscladkable functions were also
synthesizedand successfully characterized by cyebttammetry after CuAAC with

ferrocené”,

s00- Clicked Ferrocene

T T
04 0.2 00

E 1V vs. Ag/iAgCl

Figure 23: (left) lllustration of the EASA co-condensatioropess of AzPTMS and TEOS in the
presence of CTAB to get vertically aligned azidadiionalized mesoporous silica film
(W.E.=working electrode; C.E.=counter electrodej émght) Cyclic voltammograms characterizing

the different extent of clicked ferrocene. Adapheun ref*
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4.4.3. CuUAAC on Silica Mesoporous Microdots Arrays

Applying inkjet printing to produce microdots isopnising in the field of sensiigand to
miniaturize biochip®. By combining this technique with evaporation indd self assembly
(EISA) and the CuAAC click chemistry it was possilbd form microdots arrays of clickable
mesoporous silica on which sensing properties walidated by selectively clicking adenine
that was recognized by a labeled thymine (Figune Phe development of this chemistry to
produce innovative biochips is undertay

1) adenine-Nj,
CuSQy, Na ascorbate

2) thymine*

CHCl;
then rinsing

N—
alkyne- azide- | alkyne- y H'N\ﬂ/‘%( \_
silica silica silica o N

Figure 24: CUAAC covalent functionalization of alkyne derinzad silica microdots with
azidopropyl-adenine and subsequent recognition lafibled thymine. The central column consists of
azide-silica and serves as control. It can be éurthnctionalized by alkyne nucleosides in the same
fashion to obtain a multi-functional network. Regmoed from ref
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4.4.4. CuUAAC on mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSNs) offer a wrdage of important applications in
nanomedicing'® catalysi§® or for coating®’®. Nanoparticle functionalization is a step of

primary importance to implement functionalitieghe materials.

The first works that made use of the CUAAC reactoonmesoporous silica nanoparticles
were attempting to make nanocarriers for controliedg delivery upon specific stimuli.
Hence, the pores were capped with supramoleculanpgr such as cyclodextrifi&!%
DNA'%, rotaxan& by anchoring them to the external surface of treoparticles via CUAAC
click reaction. Enzymes were also imprisoned ireavork of MSN via CuAAC®, while a
peroxidase mimic based on an iron-based volumigomsp was successfully clicked and was
used for biosensing (Figure 2%Y.

- Outside Surface

(}QQ TEOS (99%) [EHa HO
@{E}Q gto\—* g ns;de Surface ||~OH
e Et0’§'/\o/\ua _ Z
cTAB Et0 (1%) b 200
TEM image
Ng-MSN
Cuso,, B
N\ Sodium Ascorbatel (Fe-Catj—==

O _l2- H
HN %'ﬁl\l—é = />N
|: i Fe-Cat ’
_( L.j—{“:NN HO OH
S ’< NN
[Fe"-(biuret-amide)] @WJ OH

(Fe-Cat)—= Fe-MSN

Figure 25: click reaction of [Fg(biuret-amide)] on MSN. Adapted from réf

Click chemistry offers promising opportunities terfprm multiple functionalization on silica
material€>®® The first published application of dual click céans on MSNs was
highlighted in 2012 where the orthogonal CuAAC ahdbl-ene reactions were used to

incorporate acidic and basic sites for cooperatatalysig® of the Henry reaction.
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basic sites

HaN
acidic sites
N
"0
SO3H
[‘, N
f azides N'N alkoxyamines

N3 for 0] for nitroxi
) ) or nitroxide
Lﬁ) SI)G 1 .S]dlp(?glgatf Lﬁ 9 ‘gi.ﬁ exchange
o oS cycloaddition Si. o*50 reaction

orthogonally functionalized MCM-41

Figure 26: Azide and alkene functionalized nanoparticles yedad CUAAC and thiol-ene couplings.
Adapted from ref®.

4.45. Click on PMOs

PMOs materials exhibit important features as theid ithe highest amount of organic
fragments. Even though several works were achiemedmesoporous silica materials
(focusing on SBA-15 and MCM-41), very few resulterer published on clickable PMOs
materials. Very recenty’ a clickable mixed PMO was synthesized via co-caedgon of

azidopropyltimethoxysilane (AzPTMS) with 1,2-bigftethoxysilyl)ethane (BTME) (Figure
27), and was used as a platform to screen surtazidnalities enabling efficient adsorption

of antibiotics.

P123 g Ny NS \9LR
H,C R—== cuso, ')J OH=
“o Ny \ Ont ——— %
N N
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H,C | Co-condensation
O\ _) OH R
CH, E xtraction 3
3-AzPTMS
CH
CHy [°
6\ O _O—CH;, -
5~k 10N,-PMO R—mmm
H,c—0" Yo ? 20N;-PMO
7 CH, 30N;-PMO g I

CH; R=azidopropyl
\ BTME -/

Figure 27: surface modification by CUAAC reaction on clickahixed PMO. Adapted from re¥

5. Conclusion/ Objectives of the present work

The sol-gel process is now a widely used methograpare silica-based materials with

controlled morphology and texture (shape, porosig). Owing to the mild conditions used,
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it is possible to introduce organic moieties inertb confer functionalities and broaden the
application field of such materials. Well-documehtmethods have been established to
incorporate organic functions and to optimize theace properties; however, the CuAAC
reaction arises as a great candidate to produdgyhfignctional materials owing to its high
conversions, exceptional functional group tolerameel to the mild conditions needed.
Clickable hybrid materials, nanoparticles, thinmil and mixed PMOs were recently
combined to the CuAAC reaction for various unpresgdd applications in nanomedicine,
luminescence, catalysis or adsorption thanks to e¢hse of incorporation of several

voluminous and functional groups.

Following this bibliographic review, it appears thelickable PMOs constitute a very
interesting target as these materials might allownaximal loading of clicked organic
functionalities, ideal to drastically tune the swod properties. Furthermore, the possibility to
implement multiple organic functionalities on a gl piece of material in a controlled
fashion should help designing multifunctional mitisr for applications in catalysis or

nanomedicine.

The present work is part of a wider study aimingeatablishing the foundations of the
CUuAAC functionalization methodology for silica-basmaterials made by the sol-gel process,
following the PhD thesis of Nirmalya Moifra Kristyna Biirglovd'* and Olivia De Los

Cobos®. Its specificity resides in the new types of mialsrdesigned (PMOs and MSNs) and

in the application foreseen in nanomedicine inatmration with Prof. JI Zink (UCLA).

In the first part, we will use a novel approachmake fully-clickable mesoporous bridged
silsesquioxanes and PMOs from clickable bridgedamogilanes. CUAAC reactions will be
then performed with model clickable molecules tghtight the high conversions and the
wide functional tolerance offered by the CUAAC tea. Afterwards, making benefit of this
feature, we will tailor the surface properties titkable mesoporous materials by grafting

organic fragments with different hydrophilic-lipdpb characters.

The second part of this work will be devoted to lgpglick chemistry on

multifunctionalizable mesoporous silica nanopagscin order to design stimuli-responsive
nanocarriers for controlled drug delivery. The CuBAeaction will be performed to confer
selected features to the nanoparticles such asgadireg for stimuli-responsive drug delivery,

cancer cell targeting, and fluorescent tracking.
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CHAPTER Il

Periodic Mesoporous Organosilica and Bridged Silsgsiioxane
Functionalized by CuAAC Click Reaction.
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CHAPTER II: Periodic Mesoporous Organosilica and Bidged Silsesquioxane
Functionalized by CuAAC Click Reaction.

In this chapter our discussions will focus abowd #ynthesis of new family of functional
materials making benefit of the potential of theABK click reaction as a gold standard in
molecularLego synthesis as well as in material functionalizatibhe second subdivision of
this chapter consists of using the strength of CGA#£ tailor and investigate the
hydrophobic/lipopholic induced character of theckdible bridged silsesquioxane using
different clickable model molecules.

1.Introduction

Over the past years hybrid (Inorganic/Organiceius materials have became a center of
interest in applied chemistry? occupying the irdedf between the inorganic materials’ input
and organic functions’ contributions. The combinedmplementary properties of the
inorganic silica matrix and the organic functiogabups is leading to many investments in
several applications where cataly$is'*® light harvestingf, drug deliver$?, sensing®**’,

r]118—122

adsorptio and microelectronic¢é® have shown their potential.

As we have shown in the first chapter, hybrid sileould be prepared according to many
pathway$*%. The co-condensation of an organosilane withieasiource (typically TEOS or
TMOS) is the most commonly used way to get an edleand homogeneously
functionalizable material while using limited cont&tions (up to 20%) of organosilane
bearing small organic fractions. In this case, fr@dnto 99% of the material only constitutes
the skeleton, thus this reduced amount of functignaups may limit the performances of
such materials. In order to obtain a maximal angula loading of functionalities, pure
polysilylated organosilanes (without added silioarses such as TEOS or TMOS) were used
to make, according to three pathways (Scheme gdx silsesquioxanes for which PMOs
(for Periodic Mesoporous Organosilica) constitutgaticular family. PMOs, which are
currently being developed for demanding applicatican be obtained by using structure-
directing agents during the synthesis. Howeverir teynthesis is known to be disfavoured

with organo-bridged silanes bearing voluminous piganits.
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In this respect, we will present here the use ohew series of clickable organo
bis(triethoxysilane)s which synthesis has beenntic@atented by our grodfy as new sol-
gel precursors to capitalize on CuAAC reactionsmaking functional PMOs and more
generally functional bridged silsesquioxane byaesithrafting methods (Scheme 1, pathway 1)
or direct sol-gel from a functional organosilaneiathis built by CUAAC from the starting
organosilane (Scheme 1, pathway 2) or finally, bsiregle step synthesis from the starting
clickable organosilane performing simultaneously siol-gel and CuAAC reactions in a one

pot strategy. (Scheme 1, pathway 3).

step #1 step #2

E\cr —

Pathway 1 Clickable Bridged
sol-gel Silsesquioxane

N=N
s ' 1
N, Pathway 3 I;Si N\/—Q
[(AIKO)sSil, . — 5 ,
Clickable Organosilane sol-gel + Fun_ctlonal
—o—_ Bridged

Silsesquioxane

Pathway 2 Functional organosilane
N sol-gel
r‘14 M
=R ) Q N—’
[(AlIkO)3Sil,

oFunctional

step #1 step #2
groups

Scheme 1New pathways to afford functional bridged silsésganes

Novel clickable polysilylated organo-bridged silanwere synthesized by our group to be
used as precursors i) for making other functiomgbnosilanewvia the CUAAC reaction and

i) to fabricate highly functionalizable materials click grafting.

(EtO)3Si/\/\N/\/\Si(OEt)3 (EtO)sSi/\/\ N/\/\§i(OEt)

/ Prec-Alk Prec-Az

N3

Clickable bis-silylated organosilanes used in fioral material preparation
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2. Functional PMOs and Bridged Silsesquioxane by GAAC
grafting

This part corresponds to pathway 1 of Scheme 1.clitlkeable organosilane undergoes a sol-
gel polymerisation process to form a clickable matdgstep 1). The sol-gel reaction can be
either fluoride, acid or base-catalyzed; in the tlatier cases, the use of an appropriate
surfactant leads to a porous and eventually stredtumaterial (PMO) that may afford
important properties. The functionalization of thaterial is done by a grafting method (step
2); easily prepared clickable functional molecutas be incorporated by a CuAAC reaction
under mild conditions (room temperature and atmesphpressure). Although the grafting
yield may vary with some conditions (size and sihitybof clickable partner, diffusion into
the pores, ...), the major advantage of this metisothe possibility to introduce useful
functions such as biocatalysts (enzymes), biomtdsc(DNA strands, folic acid), on a
preformed material without altering its structuoeafford structured and functional materials

hardly conceivable using other strategies.

As already mentioned, making PMOs is disfavouredh@ case of voluminous organic
fragments that may mask the interaction betweermydeolyzed precursor and the surfactant.
Few works attempting to make clickable PMOs havenbdone yet but with the use, in high
fraction, of organosilane bearing small organicug (ethyl, ethylene). Gao at.'® have
recently developed clickable PMOs by using a maxmmf 10% azidopropyltriethyxilane
AzPTES with 90% bis(trimethoxysilyl)ethane (BTME$ akeleton. At the functionalizing
level, this kind of “mixed” clickable PMOs still enunters limitations close to those of

materials made by co-condensation with silica se(¢f&€0S, TMOS).

In our work, we will make use solely d?rec-Alk and Prec-Az to synthesize ordered
clickable materials. As described in previous w&tk¥’ amine-containing bridged

organosilanes containing three trialkoxysilane geocan be transformed into PMOs using

anionic surfactants.
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In the aim of obtaining PMOs material using bisitdd organosilaneswo different types of

interactions between the organosilane and thedarfawere approached (scheme 1 bis):

1) Interaction betweearganic fragment and the ionic head of the surfactant: Analoguely t
trisilylated organosilanes, the amine propagyl gr@isubjected to a protonation at low pH.
An electrostatic interaction with a negatively ad surfactant may take place and afford the
desired PMO.

2) Interaction between thglicates and the hydrophilic head of the surfactant: Upasi®d
catalysis conditions, the silicates of the orgdaosi are negatively charged, an interaction

with a positively charged surfactant can be brougfat light in order to afford the PMO.

silicates  organic fragment

Et0)Si|” [N | si0E,

positively-charged /

negatively charged

organic fragment silicates 5\5‘;
\AA/\QZ?QNH(B i @O.Mvvvw mnnrO@ i @ Q——Sjvvwn
53‘9 anionic cationic "z'zq

surfactant surfactant

(SIfOEL) \S/

(EtO)a5i |
EtO):S: O/ O 4

mﬁ#’ a\ rle
{"tO:uSI O\ €
'1I'llll')l"ll"L SI O
(EtCI‘JSI surfactant / \

Scheme 1 bisTwo main types of interactions (organosilane-stigiat) approached in the synthesis of
PMO material
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2.1. Interaction Organic fragment- Surfactant

2.1.1. Synthesis of Clickable Periodic Mesoporousr@anosilicas M1 and M2

PMOsM1 andM2 were synthesized from their respective precurBoes-Alk andPrec-Az
using sodium hexadecylsulphate (SHS) as structiveetthg agent in acidic medium (60 °C
over 30 min). Under acidic conditions, the eledits interactions between the ammonium
group and the anionic head of the template leadntarganized 2D-hexagonal structure
according to scheme 2. After template removal, PM@ere fully-characterized and

functionalizedvia CUAAC Click Chemistry.

©
NaVaV,\ (@)
Electostatic [_— Organic = o é_-o <> In walls-Lowly accessible function
Interaction Clickable Pending E
’ ) Fragment Bridge )1 5 <> In pores-Highly accessible function

Anionic Surfactant
(SHS)

(EtO)5Si m'

(EtO)3Si
MOTN Hydrolysi

NH® .VVWWV\/‘ ydrolysts
J\r —_—

(EtO)3Si Condensation
(EtO)3Si,zAH &

(EtO)Si

(EtO)5Si

polycocondensation

Surfactant removal

Clickable PMO
with
2D-hexagonal Lattice

Scheme 2: Mechanism of PMOs formation using amine precwsmder acidic conditions.
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2.1.2. Clickable PMOs Characterization

Composition of the materials: Fourier-Transformed InfraRed (FTIR) and Raman
spectroscopies were firstly used to characterieesyimthesized materials (Figure 1). This kind
of analysis is very fast and gives valuable primarfjormation about the presence of
functional groups, thus the chemical compositioor. M1 andM2, both FTIR spectra show
vibrations typical of Si-O-Si (1000-1100 &) Si-OH (910 crif), C-C and C-N (1250-1470
cm™) and CH (2800-3000 cnl). A prominent peak corresponding to azide!ssitetching is
seen at 2097 cihfor M2. In the case oM1, the H-Gp stretching of the terminal alkyne is
identified by a medium peak at 3294 Yoy FTIR and the terminal (asymmetric)=C
vibration is only detectable, because of its pakilty, by Raman spectroscopy at about
2100 cnt.
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Figure 1: FTIR spectra oM1 (A)
andM2 (B) and Raman spectrum of
M1 (C) evidencing the presence of
of alkyne G=C and azide hbonds by
their characteristic vibrational bands.
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13C CP-MAS NMR spectra of11 andM2 (Figure 4) display the expected signals at close
positions to those of the corresponding precur&xsept the signals at 18 and 58 ppm, which
correspond to the ethoxy groups in the precursdristware involved in the sol-gel process.
The carbons in positions 1 and 2 (in alpha and toesilicon, respectively C1 and C2) appear
at low chemical shiftq 10-25 ppm), they are slightly shifted (from 7 @ dpm for C1 and 18

to 22 ppm for C2 foM1 andM2) because of the modification of their chemicalissrvment.
Carbons (3, 4) in alpha to the central nitrogemasoe in the 40-55 ppm region where carbon
5 (alpha of azide) iM2 is also seen. Typical signals of alkyne’s carbongll are shown at
about 70-80 ppnf’Si CP-MAS NMR shows a very high condensation degfe&8% forM1

and 91% foM2 with only T [R-Si (OSi}(SiOH)] and F [R-Si(OSi}] signals.
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Figure 2: **C CP MAS NMR of PMO#M1 (left) M2 (right) + liquid**C CPD NMR of the
corresponding precursdriec-Alk blue left,Prec-Azred right)

Elemental analyses performed on the alkyne-comgimnaterial before surfactant removal
are in good agreement with the formula;[Si(CH,)3]o,NCH,C=CH<C;6H3,SO, which
corresponds to a 1:1 adduct between the surfaatahthe fully condensed monomer (Table
1). However, whereas the extracted material doésomtain any more surfactant (with no
detectable sulphur), it still contains a high antooinwater, as the C and N contents are far
below the expected amounts (mass percentage), thieilerelative contents are in agreement
with the theoretical ratio (Table 1). This is confed by TGA analyses (Figure 5) with a
strong weight loss of around 17% below 100 °C.
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Elemental analysis
Material %N %C %S N/C (th)
M1-alk as
synthesized

2.3(25) 53(53) 6.5(5.8)

0.125
M1 35(5.8 2845 <0.2 (0.129)
M2-N; as
synthesized
0.52
M2 17.7 33.97 <0.2 (0,58)

(205)  (35.3)

Table 1: elemental analyses bf1 andM2 before and after template removal

Textural analyses: Scanning electron micrographs (Figure 2, A and m)date that the
material was obtained with a curved rods strucfoee70-150 nm wide and 1-5 pum long
microrods). Transmission Electron Microscopy (Fe@) clearly shows (pictures B and E)
tubular pores foM1 andM2 with a hexagonal lattice, as seen by Fourier Taansof part of
the image (insets). Furthermore, particles withagexal shapes are visible in micrographs C
and F. In additionSAXS experiments were run to confirm the mesostructitgeo/ed by
TEM for materialsM1 and M2, as this technique is representative of the winadterial,
contrarily to TEM which is a local technique. SAX®ofiles (Figure 3) are characteristic of
cylindrical mesopores with a 2D-hexagonal arrangerméthe structureR6mmspace group)
for M1 and M2. Before template extraction, both PMOs presentetteb resolved
mesostructure with clear Bragg peak)(@nd harmonics g, and 2q) at q = 1.5, 2.6 and
3.0 nm'* for M1 and q = 1.45, 2.5 and 2.9 finfor M2 corresponding to inter-reticular
distances of @, di1 and dy plans respectively. The cell parameter “a” indicgthe distance
between the axes of two neighbouring cylindricalesds calculated as a =:3d3"?while dyo

= 2n/qo. ThereforeM1 andM2 display very close interpore distances of (4.8 artinm).
According to results previously published by Hesemd on a related material synthesized
under similar conditions with the same surfactém, pores are expected to have a diameter
of 2.0 nm thus the wall thickness is calculate8.8t+ 0.3 nm for both PMOs. After template
removal, forM1 as well as foM2, the harmonics corresponding tg dnd do plans tend to
disappear, which means that the long-range mesbsteuorder is partially lost. No change in
diowas observed favi1l. However, the Bragg peak M2 is slightly shifted towards higher q
values (from 1.45 to 1.6 rify indicating a lattice compaction of 4 Ad. inter-reticular

distance reduction).
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Figure 3: SEM andTEM micrographs oM1 (A, B, C) andV2 (D, E, F.The insets represent the F
of the zones delimited by the red squ
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Figure 4: SAXS analyses d/11 andM2 before and after template removal

Thermal analysis:

Thermal stability of the PMOs is investigated byrthogravimetric analysis (TGA). The
TGA curve ofM1 presents (Figure 5) a weight loss between 200 &d°G of 14%, most
presumably arising from the decomposition of thepargyl pending groups. Indeed, the
decomposition into acetylene would yield to a weilgiss of 11% according to the formula
CoH1sNO3sSk. However, the thermal stability dfi2 is slightly lower than foM1, with a
weight loss of 15% starting at 180 °C. Accordinghe ideal formula €H16N4OsSiy, the loss
of a nitrogen molecule would result in a weightslad 10%. This difference could be due
either to the desorption of a confined solventmthie overlap with the other decomposition

fringe seen at about 260°C.
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Figure 5: Thermogravimetric analyses (10 °C fhimnder air) of materials11 (left) andM2 (right).
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N sorption analyses:To evaluate the porosity of the materiaj;$orption experiments were
run after outgassing the samples at low temperg#®eC) under a pressure of 10 ym
Under these standard conditions for O/l hybrid dasypwve were surprised that PMORE
andM2 did not show any adsorption of nitrogen. Indeed, bcorded adsorbed amounts lie
under the analytical limit of our equipment, withea negative values of adsorbed amounts
being displayed. Recent studigshave also mentioned that the use of bissilylaitdas
precursor (instead of trisilylated precursor) héae to compact material without surface nor
ordered mesoporosity. After several unsuccesstahgits, we decided to investigate if any
structural change would have occurred during osigas In order to probe the possible
structural changes, complementary SAXS studiesu(Ei®) were done on the same batch
(M2) before and after template extraction and esdgcidier degassing overnight at 40°C
under strong vacuum. Although the thermal stabiity"MO materials is close to 200°C at
atmospheric pressure (TGA, figure 5), SAXS studieswed a sharp decrease in the intensity
upon outgassing, which suggests either a partied¢ pollapse or a partial pore obstruction
phenomena resulting from a contrast in lower ebedtr density. It is noteworthy that the
FTIR spectra of the materials before and after aagomg remained mostly unchanged, which

proves that the fragile clickable functions weré¢ altered.
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Figure 6: SAXS study ofM2 before and after template removal and after déypg€9°C/ overnight

Despite the undetectable surface area, we dectdpdriorm CuAAC click reaction on both

PMQOs, resulting in high conversions as shown infelewing results.
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2.2. CUAAC Click Reactions on PMOs

In order to check the reactivity of prepared clickaPMOs, they were reacted under the
CuAAC conditions with molecules possessing a faotpn an easily accessible analytical
method, as it is the case for the ester functidaTiR.

Therefore, clickable esters (ethyl 2-azidoacetatd raethylpent-4-ynoate) were reacted with
the corresponding PMO using the classical coppehate-sodium ascorbate catalytic system

in a mixture of water antért-butanol over 48 h at room temperature (Scheme 3).

SiO, 5 Si0y s
N /\(O\/ CuSO4,Na-Asc >N
_\\ + N o water / -BuOH ‘WEN\\N
48h, RT N/
SiOy 5 SiOy s \\”’0 —
(o]
PMO-M1
SiO, 5 SiO¢ 5
N 9 CuSO4,Na-Asc y \
_\—N3 +NO/ water / -BuOH _\_N, =N é
=
48h, RT \M(
(o]
SiO, 5 SiO¢ 5
PMO-M2

Scheme 3 CuAAC reactions between model molecules and PM@sndM2

This reaction was first monitored by FTIR (Figune while no major change have occured in
the siloxane bands (1000-1100 tnthe spectra reveal interesting results:

-For the reaction between ethyl 2-azidoacetateMhdthe H-G, band at 3294 cihfade out
and a weak band at 3144 ¢mattributable to H-G stretching vibrations in the triazole
fragment appears along with a prominent band a6 t##' corresponding to the ester group.
-In the case oM2 reacting with methyl pent-4-ynoate, a conversibra60 % was attained
(calculated as the surface ratio between the gzidd at 2097 crthand the siloxane broad
band before and after click reaction). The preseridae ester group is confirmed by a clear
C=0 band 1735cth
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In both cases, a high conversion is deduced frarsgectra. Solid-state NMR analyses were

then performed to clearly confirm the formationtloé triazole linker and thus the success of
the CuAAC reaction.

A@\mﬁ/
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3144 \/”/H/// ”””””"“‘\[\V[\
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Figure 7: FTIR spectra of PMO materials before (a, blagig after (b, red) CUAAC
functionalization: (left) alkyne-containing PMQating with ethyl 2-azidoacetate. Inset: zoom an th
v(CH) bands; (right) azide-containing PMO reactingwmethyl pent-4-ynoate. Inset: zoom on the

azide band.

13C CP-MAS NMR analyses (Figure 8) clearly evidenbe formation of the triazole
fragment, with prominent signals &t125 (CH) and 146 ppm (Cq), and the presence of the
ester functionsd 168 ppm). Furthermore, the total vanishing of @ carbon signals for
M1 confirms the high conversion of the terminal alkywuggested by the FTIR analysis. It is
noteworthy that these positions of the differeghai match those of the molecular analogues
Prec A and Prec B synthesized for comparisorPrec A and Prec B. made by CuAAC
betweenPrec-Alk or Prec-Az and the functional clickable molecule ester 1 aster 2

respectively, under anhydrous conditions withouindpeinvolved in any hydrolysis-
condensation reaction).
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Figure 8: **C NMR spectra of precursors and PMO materials (sgution NMR ofA (a, green) CP-
MAS NMR of M1 before (b, black) and after (c, red) CUAAC functibration with ethyl 2-
azidoacetate; (down) solution NMR Bf(a, green) CP-MAS NMR d¥12 before (b, black) and after
(c, red) CUAAC functionalization with methyl pemyfoate. The *, P and § symbols denote spinning
side bands, triphenylphosphine oxide (130-140 pgma) CDC} signals (77 ppm) respectively.

2.2.1. Click reaction influence on textural properies of PMOs

After click reaction, the external texture of ckedkM1 andM2 shows no major modification

in SEM micrographs (Figure 9) with the preservatudrthe microrod structure. In addition,
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295ji CP-MAS NMR (Figure1l0) showsa slight decrease in the T2 sigrafter CUAAC
reaction. FoM1 andM2 it is presumably that the condensation of theaitietwork pursue
during the click reaction and some of the silanwds’e cocondensed together resulting
decrease of the signal [Si(C(OSi);(OR)] for [Si(OSi}(OR)]. SAXS study (Figure 11) we
performed for one batchWl reacted with ethyl Zzidoacetate) before and after temp
removal, and after CUAAC reaction to probe the ettoh of the mesoporous ucture. It
shows a decrease of the first peak (Bragg peak)aavahishing of the harmonics when
material M1 is reacted in solution. This behaviour is mostliikeue to the relatively thi
walls of the material which lead to a fragile stuue wtoseconsequence is the partial loss

the ordered structure with time when it is kepsatution

S-4800%25.0k

$-4800 x50.0K : N —  — 5-4800 X500k

Figure 9: SEM micrographs cM1 before (A) and after (BCUAAC reaction with ethyl azidoacet:
and ofM2 before C) and after (D) CUAAC with methyl pentyhoate
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Figure 11: SAXS profile ofM1 before and after template removal and after CuA@&ztion

2.3. Interaction Silicates-Surfactant

The first type of interaction (organic fragmentfagtant) has affordetll and M2 PMO
materials with accessible functionalities but itsaanfortunately too fragile under degassing
conditions (ultravacuum). In this part, we will cieto feasablility of PMO materials using
silicates-surfactant interaction in order to hatrecturally more stable materials, with both

high reactivity and easily-probed surfaces.
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The new materials made with this type of interactoe denotet¥13 andM4 respectively for
alkyne and azide-bearing materials (Scheme 1 bis).

negatively charged
silicates

@ i @ Q——S8jvvwn
cationic
surfactant

2.3.1. Synthesis of materials M3 and M4

MaterialsM3 andM4 were synthesized from their respective precur@emsc-Alk andPrec-
Az) using CTAB as surfactant and PFOA as co-surfadtatasic conditions. The use of
PFOA has led to a more reproducible material ahégher specific surface area (especially
for M4) while making the synthesis at higher scale thanfisst works?®. After surfactant

removal, the chemical and textural compositionsevwararacterized.

2.3.2. Characterization of M3 and M4

The chemical composition of the materials was attarzed by vibrational spectroscopy.
The FTIR spectra df13 andM4 (Figure 12) are essentially similar to thoseMdf andM2,
and show the existing typical bands of the clickahinctions: terminal alkyne’'s Hsg
stretching at 3302 cifor M3 and azide group which peak appears at 2107fonrM4.

100
954
90 4
85+
804
754
704
65+

Transmittance (%)

60

55+

50

45

40 T T T T T T
4000 3500 3000 2500 2000 1500 1000

-— wavelength (cm'l)

Figure 12: FTIR spectra oM3 andM4 materials after template removal

3%c CPMAS NMR (Figure 17) confirms the expected cleahistructure of synthesized

materials where the signals correspond to thogskeomolecular precursor except the signals
at 18 and 58 ppm, which correspond to the ethoxqumg in the precursors which are
involved in the sol-gel process. The carbons intes 1 and 2 (in alpha and beta to silicon,

respectively C1 and C2) appear at low chemicat ¢hit0-25 ppm), they are slightly shifted
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(from 7 to 11ppm for C1 and 18 to 22 ppm for C2 fM3 and M4) because of the
modification of their chemical envirment. Carbons (3, 4) iproximity to the central
nitrogen atom are in the 4% ppn regionwhere carbon 5 (alpha of azide)M4 is also seen.
Typical signals of alkyne’s carbonsM3 are shown at about 70-80 ppm.

295j CP-MAS NMR(Figure 21)shows only T and T signals, with evehigher condensatic
degrees than farll andM2 (ca 95%).

Figure 13: TEM and SEM micrographs of raw mesoporous mateM3 (A,C) andM4 (B,D)

TEM and SEM micrographs (Figure 13) show tM3 and M4 consist of aggregate
nanoparticles of 20-30 nm diameter. ClearlyM4 is more compact thavd3. In addition,
SAXS (Figure 14)pf mesoporous materii M3 andM4 after template extractic exhibit
similar behavioursAt intermediateq values (0.2-0.3 A), a nonPorod regime (I(q} g°)
is shown, suggesting that the nanospheres havé saurfaces. The broad peak around
A~ might correspond to the approximate distance betwese-like of 1.3 nm. N-
sorption experimentgFigure 14)display an overall close behavior fM3 and M4.
Looking at the adsorption branch, at very low fetapressure (/p° < 0.1) M3 exhibits
more affinity towards adsorbent ahosts more nitrogen thad4. In addition, a higt
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increase of the adsorbed amount in function ofqunesis observed fdvi3, to reach a
plateau at p/p° = 0.85, while the increase in #me®fM4 is slower and a quasi-plateau is

seen at lower pressure (p/p° = 0.75) followed Isjight increase that may corresponds to
non-porous punctual zones.
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Figure 14: SAXS of raw mesoporous materidfi8 andM4 after template extraction.,’orption
isotherms foM3 (blue) andvi4 (brown)

Those plateaus correspond to a saturation of theopoeosity. Both materials present a
type Il hysteresis loop with a brutal desorptioartstg at (p/p° = 0.7) foM3 but lower
(p/p° = 0.5) forM4 (this lowering is presumably coming from the difface of structure
compaction) and typical for inter-particular voidenstituting the mesopores. The less
compact structure of13 is outlined by the higher BET specific area (474g™h and
uptake at saturation (395 ¢m’) than in the case ofi4 (321 nfgand 162 cig?). The
t-plots ofM3 andM4 shown in figure 15 demonstrate that no micropogyasidetectable
by nitrogen sorption (Y-intercept < 0 giving a ntga pore volume which physically

means that microporosity does not exist).

Plot tPlot
Harkins and Jura o . Harkins and Jura
O SNPOS itted Points
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I
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Figure 15: Harkins and Jura’s t-plot for (lef3 and (right)M4
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Consequently, by combining the following resultshad textural analyses:

- Assemblies of nanospheres of 20-30 nm diameteci{iele microscopy)

- No structured porosity and surface roughness dass(&AXS). This roughness is
repetiting at 1.3 nm suggesting crater-like poreshe surface of the nanospheres.

- Nitrogen sorption indicated that the material idyomesoporous. However this

mesoporosity is constituted by the void betweeratigregated nanoparticules.

We can conclude that the obtained material canhbeottonsidered as a PMO but a
mesoporous assembly of golf-ball like nanoparticlegh the following suggested

morphology forM3 andM4:

interparticular mesopore: N,-physisorption (hysterisis)

\..

O
clickable / %\Q
functions — > = Q'Lq, ;Q %m
0 NN

crater-like pores

Jp
i ‘; (roughness) : SAXS

2.4. CUAAC reaction on Mesoporous Materials M3 and4

The reactivity of these mesoporous organosilicas @reecked using model alkynes and
azides bearing functions that can be easily praied=-TIR (C=0) or quantified by
elemental analysis such as phosphorous (Schemleus).€thyl 2-azidoacetate and diethyl
2-azidoethylphosphonate were clickedMA8 (afforded materials were denotkt8-ester

1 andM3-phosphonate respectively) and methyl pent-4-ynoate &hgdropargylthymine
were clicked onM4 (afforded materials were denotét#-ester 2 and M4-thymine,

respectively).
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Scheme 4Typical made CuAAC click reaction di3 andM4 using model molecules

The reactivity of the alkyne-materidM3 towards organic azides was probed by FTIR
(Figure 16). In all cases, an important decreasb®FTIR GsprH peak at 3294 cthand
the concomitant formation of the triazole ringsfg-H band at 3140 cil) were observed,
while no trace of remaining adsorbed organic atilat would absorb at 2100 &nwas
detected.

Clicked azidoacetate’s footprint is outlined by taster C=O band at 1749 ¢min
addition, by using organic fragments containinggghtmrus, it was possible to determine

the extent of click-grafting. Indeed, the P contefier grafting diethyl 2-azidoethyl
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phosphonate oM3 was 4.7%, with N/P and P/Si molar ratios of 4.8 @ril7. Form the
latter value, a conversion 6B35% can be calculated for this reaction. Furtheantre
presence of the phosphonated fragment was evidaencw FTIR spectrum by strong
peaks in the 950-1050 ¢hnegion (corresponding to P=0 and P-GHgvibrations).

On the other side, the azide-functionalized madteki@ was almost quantitatively
converted (89 + 10%) when reacted with methyl pegtioate using the CuUAAC-sodium
ascorbate catalytic system, with a nearly comptisappearance of thesfbsorption
band at 2100 cth (Figure 16) and a sharp and intense peak appeatiriy31 crit
corresponding to the clicked ester functionalityw@ak band (¢p2rH stretching) can also
be distinguished at 3140 &mwhich highlights the formation of the triazolengi In
addition, clickable materiali4 was functionalized using propargylthymine. As oled
by FTIR, a high conversion @t 78% was achieved, as deduced from the ratio gb¢lad
areas between the azide and siloxane absorptidrils, the band at 1680 ¢htorresponds

the amide functions of the thymine.

Furthermore, a control experiment was performedtbying separately3 andM4 in a
solution of copper (Il) sulphate and sodium ascrlia a watettbutanol mixture in the
absence of any clickable partner. After a prolongeaing (65 h instead of 48 h for the
CuAAC reactions), the band at 3140 tshows no detectable decrease while a 32%
decrease of the azide IR band at 2100 emas observed (Figure 16). This is much less
than for the corresponding CUAAC experiments in phesence of methylpent-4-ynoate
(89%) and propargylthymine (78%), for a signifidgnionger reaction time, indicating
that CUAAC occurs successfully and with high cosi@r on the prepared clickable

mesoporous material.

At first sight, this very high yield of functionaktion forM4 seems counterintuitive as the
materials are composed of dense nanospheres. Howleedlexible nature of the organic
fragments should favour the diffusion of small teats within the structure, which is
supported by SAXS analysis.
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Figure 16: FT-IR spectra of (up) mesoporous matekid (a, black) M3 after exposure to click
conditions (b, green) and after CUAAC-functiondii@a with (c, blue) diethyl 2-
azidoethylphosphonat&13-phosphonate and (d, red) ethyl 2-azidoacetaké3-ester 1). Inset:
zoom on the 3050-3350 ¢rmegion; (down) mesoporous mateii#d (a, black)M4 after exposure
to CUAAC conditions (b, green), and after CUAAC-dtianalization with (c, red) methyl pent-4-

ynoate M4-ester 2, (d, blue) propargylthyminé{4-thymine)

3% CP-MAS NMR spectra (Figure 17) were recordedtfar click reaction of ethyl 2-
azidoacetate orM3 and methylpent-4-ynoate oWN4. They highlight the covalent
anchoring of the functional moieti@g a triazole ring whose typical bands appear at 125
ppm and 145 ppm for both click reactions along whi 172 ppm signal corresponding to
C=0 ester carbons. M3-ester 1, the quasi-complete vanishing of the alkyne’s aligmat
70-80 ppm also confirms the CuUAAC reaction. AsNbt-ester 2 the appearance of new
bands (for instanced = 26, 33, 44 ppm) corresponding to carbons of dhehored

pentynoate is also a proof of the success of tberporation of the organic molecule. For
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comparison, the spectra are superimposed withtBeliquid NMR spectra of the
molecular analogued’(ec A andPrec B: made by CuAAC betweeRrec-Alk or Prec-
Az and the functional clickable molecule under anbydr conditions without being

involved in any hydrolysis-condensation reaction).
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Figure 17 **C NMR spectra of mesoporous materials before (ldnd)after (black) CUAAC

reaction, together with the corresponding molecakalogues in solution (red): (ull3-ester 1,
precursor A; (down)M4-ester 2, precursor B The *, P and § symbols denote spinning side

bands, triphenylphosphine oxide (130-140 ppm) aD&kgsignals (77 ppm) respectively.

After CUAAC reaction, the Nsorption isotherms of the materials derived frbf@ and

M4 (Figures 18, 19) show an evident decrease in spextifface area while keeping the
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same sorption behaviour than the parent mate#s. surface area of the mesoporous

materials are compiled in the following table:

Sample BET
Surface
Area
(m/g)
M3 475
M3-ester 1 187
M3-phosphonate 54
M4 320
M4-ester 2 12
M4-thymine 38

Table 2 BET specific surface areas of different raw alicked mesoporous material.
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Figure 18: N,-sorption isotherms of raw mesoporous matdviadl(black squares) and after

CuAAC-functionalizationM3-ester 1(blue triangles) and (red

o
'_
n
2
5 "
o | |
~ 1] o
Q .fl
kel oA
5 100+ e
.;I
a e
! s
< 80+ ..!J'
2 "
5 Y
>
O 2
] —0—0_ ¢ -0-0-0—000
® ..4{4444/‘*.

R o siaitoll
BSELSSS S

spher&3-phosphonate

A

T
04 06 08

Relative Pressure (p/p°) —

02

10

Figure 19 N-sorption isotherms of raw mesoporous matevidl(black squares) and after
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S-4800-%100KP

Figure 20: SEM micrographs cM3 before (A) and after (B) CUAAC reactidor M3-ester 1, of M4
before (G and after D) CUAAC reaction oM4-ester 2

After click reaction?°Si CPMAS NMR shows a slight decreaof the condensatiodegree.
It is clearly seen that the*T5 -58 ppm)signal increases in the case of clickethyl 2-

azidoacetate oM3 andmethyl pent-4-ynoate oM4. In the first case, evesome T species
[R-Si-(OSIi)(SIOH)] are detected atb = 51 ppm. Most presumably, a dissocial

chimisorption of water occurs by cleaving somexaltes bonds (-O-Si) and giving silanol

groups (SiIOH). This phenomenon probably may be due to the AliAeaction conditions
(Scheme 5).

dissociative chimisorption of water

HQ/Q.\_ OH HO
. N A
A I IR

Scheme 5siloxane bond hydrolysis dissociative chimisotion of water (adapted from >
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Interestingly, this phenomenon is in contrast withat happened tM1 andM2 (decrease of
T?). The origin of this, is presumably the differerinethe structural properties between the

two families M1, M2 andM3, M4)
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Figure 21 ?°Si CP-MAS NMR spectra of mesoporous materials leefblue) and after (black)
CUuAAC reaction with the corresponding ester: (IM8; (right) M4.

SEM micrographs (Figure 20) show a preservatiothefgranular structure of the materials
after click reaction with a narrow size of the paels. However, SAXS experiments show that
in the zone ranging from q = 0.2 to 0.3 the slope of I(q) g" (with n=3 in the case d¥I3
andM4) decreases slightly indicating that the roughmess reduced because I@y" (with
3<n<4 in the case dfi3-ester 1andM4-ester 2. A slight shift towards higher wavevectors
after click reaction is also seen, hence redudiegbres size from 1.5 nm in raw mateNt

andM4 to about to 1.1 nm in both clicked materil8-ester 1andM4-ester 2.
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Figure 22: SAXS profiles ofM3-ester 1andM4-ester 2 (after click reaction, compared to those
before CUAAC)
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In conclusion, using solely clickable organosilame were able to synthesize at first one
PMO material M1 and M2) bearing either alkyne or azide groups, using raeraction
between the organic fragment of the organosilaree tae surfactant. The high reactivity
towards CuAAC click reactions was probed with difet techniques but this family of
materials was droped since it was too fragile wbprthe evolution of its surface area. On the
other hand, the interaction between the silicates @f the organosilane with the surfactant
has led to a family of material81@ andM4) which cannot be considered as PMO but as a
mesoporous assemply of nanoparticles. This famdyg also highly reactive towards CUAAC

clickable molecules and easily probed by gas-sompxperiments.

3. Functional Bridged Organosilane from functionalorganosilane
block-built by CUAAC reaction

For this method, we have used the reverse ord€usAC and sol-gel reactions compared to
pathway 1 (Scheme 1). After forming a multifuncaboerganosilane by attaching a clickable
organosilane to a complementary clickable functiomét (step 1), the sol gel process is led
off (step 2). The final material contains a vergticlose to 100%) concentration in desired
functions if the condensation was complete. Newbeds, a structured material is very
difficult to make from this kind of precursors slglesince the organic fraction is highly
present and may alter any recognition with strieetlirecting agents. Merely small
polysilylated compounds are currently known to e PMOs so far. Only the rigid
aromatic systems rule out this observation and ewehis case, a small amount of added
TEOS may be required to stabilize the PMO framevaitér the removal of the surfactant
The PMO based on voluminous groups could be madeatlyducing small organosilane in

high concentration and with dominant fraction alevith the desired function.

3.1. Synthesis of material M-Thy

Prec C was synthesized by CUAAC reaction betwé&kpropargylthymine and thBrec-Az
by microwave at 100°C for 5 min irradiation undeert atmosphere.
M-Thy is synthesized from thBrec C via a nucleophilic catalysis (NAF) in a mixture of

water-ethanol and without the use of template.
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Scheme 6: 2 steps synthesis bf-Thy from (Prec-Az) according to pathway 2

3.2. Characterization of M-Thy

Chemical composition and textural properties wenabed by vibrational spectroscopy and

electron microscopy in addition to nitrogen sorptexperiments.

FTIR spectra (Figure 23) display very close prafiler the materiaM-Thy and its precursor
Prec-C. The main difference lies in the 1000-1200 amgion, where the Si-O-Et band of the
precursor at 1070 chis transformed into a broad Si-O-Si siloxane b&k@10-1100 cri)
for M-Thy , which shows the success of the sol-gel reactiba.important peaks at 1677 ¢m

(C=0 amide) and 3145 cfttriazole H-Gsp) stretching) are still prominently displayed.

TGA analysis (Figure 23) shows a strong weight lbetween 200 °C and 700 °C
corresponding to the weight loss of organic fragimewith respect to the formula
C]_5H22N6058i2.
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Figure 23: (Left) FTIR spectra oM-Thy and its precursoiPfecursor C) and (right)
thermogravimetric analysis of M-Thy (10 °C fljrunder air)
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Figure 24: SEM micrographs dfl-Thy

SEM micrographs showhat M-Thy consists of agglomeratathnoparticleswith diameters
ranging from30 to 90 nm. Thinterstitial space constitutése main accessible area whict
given by BET method as m? g*. The N-sorption isotherm isypical of a lowly porous
material (IUPAC type II). At the first edge, no moporosity is identified and the adsort
guantity ncreases very slowly (multimolecular adsorptionjiluit reactes a high relative
pressure (p/p= 0.9) and gets close to a maximum of 1m°g™. The hysteresis that tak
place from p/p°® = 1 to 0.i8 close tratype lll and it is characteristic of aggates having no
definite porosity as it is seen in SEimages of this material.
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Figure 25: N,-sorption isotherm of1-Thy

3.3. Conclusion

This work has showed that bissilylated organosilaitie a voluminous pending fragment ¢
very promising to prepare solid materials beariigh capacity of functional groups whids
hardly conceivable with a monosilylatorganosilane. The high organic fraction may akler
specific interaction with a surfactant and thenstauctured mateal made purely by
voluminous group is not reachable
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4. Functional Bridged Silsesquioxane by one pot plavay from
clickable organosilane

In this division, we will show that a click reaati@an be performed simultaneously with the
sol-gel process since both operations exhibit sinkinetics. While no material structuring is
needed, the addition of components of the cliclctrea along with the sol-gel catalyst is
convenient to one-step synthesis of functionalieggterial from an organosilane. In this
prospect, we made use of clickable bissilylatedcymsors (bearing azide and alkyne
functions) to prepare at first a clickable materdas a “blank” and most importantly a

functional material with am situ click reaction (one pot material synthesis).

4.1. Synthesis of Clickable Materials and One-Potunctional Materials

Clickable materials were made from the key-clickamtecursor®rec-Alk andPrec-Azin a
water-ethanol solvents mixture andth a nucleophilic catalysis (fluoride). These materia
were made to serve as a blank for the one-pot ifumadtmaterials and denotell% andM6,
respectively). One-pot materials were synthesizgdubing the same abovementioned
conditions for the precursoPfec-Alk or Prec-Az) but with addingn situ the corresponding
clickable partner (20% molar equivalent of Prec-AlkPrec-Az) in an appropriate solvent
(THF) and with the copper (I) catalyst. The clickapartner involved in the reaction was 1-
azidomethylpyrene (foPrec-Alk) and methylpent-4-ynoate (fprec-Az). Thein situ pyrene
and pentynoate clicked materials are denM&ebp andM6-op respectively (op: one pot).

F Nucleophilic Catalyzed sol-gel o

(EtO)Si AN N/\/\si(ost)3 o

L.,
CuAAC b%_R

- ’ \E\’\_«Z_ s

O 0{ c/> / S
N_Z/Nr/_ e M6-op 7 :N_\—vw
K E,’ o

MS5-op

sg’-o
o—

BS matrix BS matrix

Scheme 7:Schematic synthesis M5-op andM6-op with a sol-gel process and amsitu CUAAC
reaction.
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4.2. Characterization of one-pot made materials

Solid-state'®C CP-MAS NMR suggests the success of the CuAACti@aby the signal at
145 ppm corresponding to triazole while the expkaecond signal at 125 ppm may be
masked by the strong signa (20-135 ppm) corresponding to pyrene aromatic aeb
anchored after CUAAC reaction. In addition, theensity of G=C signal decreases from5

to M5-op (relatively to the band on 11 ppm correspondin@ tim alpha to Si nucleus, which
has not to be affected by the click reaction) megtihat some of the alkynes were converted.

The click reaction was also revealed M6 by the triazole’s inherent signatur@ 123 and
146 ppm) and the ester carbon of the clicked mgtbgt-4-ynoate which appears at 172 ppm.
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Figure 26: °C CP-MAS NMR spectra of (lef5 (black) andvi5-op (red) and (rightM6 (green)
andM6-op (orange)
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Figure 27: °Si NMR spectra of (leftM5 (black) andV5-op (red) and (rightM6 (green) and/6-op
(orange)

29Sj solid state CP-MAS NMR of15 shows only ¥ and F signals § -66 and -59 ppm)

indicating a high condensation degree. InNt&eop spectra, T signal appears in addition to a
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higher T /T° ratio. On the other hand, ttie situ click has no effect on the condensation
degree ofM6-op. Indeed, the small flexible chain of the methyinpé-ynoate can be

incorporated without any alteration of the ongdiognation of silica framework.

FTIR spectra show that no azidomethylpyrene is @sb on the material without being
clicked since no azide peak&a(2100 cnit) appears. Some of the peaks of the pyrene group
are evident in the clicked material, especiallysthat 3049 (aromatic He&) stretching) and
2992 (insets). Other peaks could be seen in themred aromatic C=C stretching (1390, 1438
and 1599 cr). Furthermore, the UV-vis spectrum (Figure 29)lisbersedVi5-op in ethanol
shows the same bands characteristic of substijpyeghe than in the molecular analogue,
confirming the presence of the pyrene function initthe material. M6-0op presents a
prominent band at 1735 ¢hrorresponding to the ester group (methyl pent-day). The
click reaction was characterized by the W& stretching of the triazole ring at 3145 tm
(inset) in addition to the decrease of the intgnsitthe azide peak @N2097 crt). This latter

is calculated to be 12% by using the ratio of istt@s between the azide and siloxane bands
before ad after click reaction. Taking into accoonly 20% of added pent-4-ynoate and 12%
of azide peak decrease, the extent of the clickti@ais calculated to be around 60%.
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Figure 29: FTIR spectra (aM5 (black),M5-op (red) and the azidomethylpyrene (oil green), (b} U
vis absorption spectra M5-op (red) and azidomethylpyrene in ethanol (oil greée))M6 (black),
M6-op (orange) and (d) zoom on 3500-3000 'dor (green) 100% and (red) 20% clickieib-op
Interestingly, a verification synthesis was made M5-op by adding toPrec-Alk 100%
molar equivalent of azidomethylpyrene (instead 0P62. FTIR (Figure 29 d) shows a
vanishing of the GH signal indicating that almost all the alkynes eveeacted with the

azidomethylpyrene. Thus, a quantitative reactionlmadone using this “rapid” strategy.

Material M5 SEM micrographs (Figure 30) exhibit blocks of aggated nanoparticles with a
size between 10 to 20 nm, its similar behavioM® andM4 in N,-sorption suggest th5
presents close textural properties (Figure 31)hysteresis loop (H4 type) with a plateau of
saturation of mesoporosity is seen but since nfastant is used here, the material is more
compact thatM3 andM4 and presents a 2 to 3 times lower accessiblecgigieea (Table 3) .

For M5-op, irregular blocks are seen in the picture and oty could be detected by,N
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sorption. M5-op is then an organ-based dense material which at (77 K, temperatul

sorpton experiments) becomes more rigid, explaining tisasurface area could be detec

L EHBOASAs DI e D DS S-4800 x25.0k

$-4800 x25.0k BN $-4800 x25.0k

Figure 30: SEM micrographs cM5 (A), M5-op (B), M6 (C) andM6-op (D)

As for M6, this materiais made of blocks of cro-linked particleswith a close size (1-20
nm) but which are expected to be r-regular.The nitrogen adsorption only takes place
the external surface of the particles assembliashwlbad to emodestspecific area. The F-
type hysteresis loop observed can be caus the existence of some noigid aggregates of
platelike particles or assemblages of-shaped pores. SEWhage indicates that the in s
click reaction led to a different structure of tmaterial. No porosity could be evidenced
N,-adsorption.
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Figure 31: N, sorption isotherms of (leftM5 (black) andM5-op (red) and (rightM6é (green) and
M6-op (orange)

BET surface area (fg) Maximum uptake (cfig)
M5 161 121
M5-op <10 <1
M6 164 125
M6-op <10 <1

Table 3: BET surface area of made material using pathway 3

4.3. Conclusion

Taking benefit from the close kinetics of the CuAAfick reaction and the hydrolysis-

condensation of the clickable precursoa sol-gel process we have proved that one-pot
synthesis of a functional material can be doneni@ step without concerns about the size and
the type of molecules. When no defined shape andtate are needed, this could combine

two steps in only one, resulting in saving time ag@ctants.

In the previous part, we have developed new multifional organosilica using the CuAAC
reaction by different strategies (post-functionatiian of a pre-synthesized material, sol-gel
reactions of a preformed functional precursor and pot click and sol-gel process). The
materials have shown good and in some cases qatarg@itonversions using model clickable

molecule. Making use of this property, in the fallog part will show how CuAAC reaction

can have drastic effect on the materials.
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5. Tailoring the Hydrophilic/Lipophilic Balance of Clickable
Mesoporous Organosilicas by CuUAACCIlick-Functionalization

Clickable Mesoporous Bridged Silsesquioxane
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Scheme 8Surface tailoring by CuAAC reaction

5.1. Introduction

Organosilicas are attracting considerable attentiwing to their wide range of
application, which include cataly$?$*2 depollutior®'%°*3* sensing, nanomedicitié'%
electronics, optics or as anti-scratch coatfhggor most applications, tailoring the surface
properties is of primary importan¢d Indeed, the density of silanol groups at theazgfof
the final material as well as the presence of hghilic or hydrophobic organic groups can
alter dramatically the properties for the desirpgligation*®. The introduction of a range of
organic functionalities is being classically penf@md using a post-functionalization strategy,

by reacting organo(alkoxy)silanes with the matétfaHowever, this approach is known to
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result in a heterogeneous functionalization ofshgacé®®*3® Furthermore, it is limited to
the availability of organo(alkoxy)silanes. In anettapproach, the sol-gel co-condensation of
organo(alkoxy)silanes with an (organo)silica preourcan lead to homogeneous dispersions
of the functional organic groups within the matrizut the textural properties depend
importantly on the functionality that is introdu¢&l In order to circumvent these issues,
several groups have used the CUuAAC click post-functionalization
approacf’92:93.95.:96.109.14L192\y hich js known to display a very wide functiongtoup
tolerance, to involve moisture-stable functionallecales, and to occur under mild conditions
with very high conversioi8® By co-condensing silicon tetraalkoxides or bridige
organosilanes with clickable organosilanes, newamwogilica materials ready for post-
functionalization can be produced. We recentlyodticed the preparation &frec-Alk as a
new precursor for clickable PMOs or mesoporous risds¥? 141> These materials, which
intrinsically exhibit the highest loading of clidka fragments for organosilicas can be
derivatized with very high conversions (up to 9094@%) with simple clickable organic
molecules without altering their morpholofyThese features make them ideal platforms for
studying the impact of post-functionalization one ttsurface properties and on the
hydrophilic/hydrophobic balance.

Sorption experiments represent the best stratagyefi@rmining the textural properties of
porous or divided materidf. Routinely, nitrogen is used as a probe in sugiesments, the
particular advantage of this sorbate being its pmharizability making it suitable for any kind
of material as it does not favor any type of swef4¢ The main information gained when
using N is related to the textural properties of the maleof interest whereas surface
chemistry can be investigated by using the samanigoe but with specific sorption
probes-*® Indeed, sorbates with different affinities for hyphilic or lipophilic surfaces may
be used to characterize the hydrophilic or lipdphtharacter of the materidf§™**> More
specifically, the affinity of a material for a satle can be characterized in the adsorption
isotherm by the behavior at low p/p° values (0-D@hich corresponds to the formation of
the first monolayer on the surface. The comparisetween sorbates such as low-polarizable
Ny, polar water or an apolar alkane would thus enabigod understanding of the surface
properties.

Despite the valuable information which can be drdmm these studies using a rather
simple experimental setup, only few examples haenlreported in literature to study the

surface modification of silica materiaf&*>***®*"|n order to draw a comparison between
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different organically modified siliceous materiala, family of materials with similar
morphologies but fully functionalized with varialideganic fragments should be used. To this
aim, we decided to make use of previously descritvesoporous material-alcynd3,

denoted M in_this part) and to derivatize it with lipophilic, hydrophilior fluorinated

moieties taking advantage of the wide scope, highversions and preservation of the
morphology offered by the CUAAC functionalizatiogaction. We present here the structural
characterizations and the comparativg Water and cyclohexane sorption studies of this

family of materials.

Material M used in this section exhibits the same featureseabave described in the first
part of this chapter. Meanwhile, a more detailedscdption will be devoted to the
physisorption analysis.

The nitrogen adsorption isotherm of the materi&bteeclick reaction is shown in (Figure 32).

It is a classical type IV adsorption isotherm, afirked by the IUPAC®® The main
characteristics are the clear saturation plateachesd at p/p° = 0.85 and a broad hysteresis
loop. This H2 type hysteresis loop is usually atedi with materials aggregated as small
particles, the voids between particles having a sizthe same order of magnitude than the
particles themselves. This interpretation is fulbnsistent with what was observed by TEM
and SEM (Figure 32).
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Figure 32: (left) N, sorption isotherm and (right) BJH plot after agéimn of nitrogen onto the parent
material.

The pore size distribution (PSD) obtained for tmaterial can be found in Figure 32. This
PSD, obtained after BJH derivation of the desorptiwanch of the adsorption isotherm,
shows a narrow pore size distribution centered radoti nm. This result must be carefully
considered. If this population of 4 nm pore diamegieres existed, it would be a striking

feature, already apparent on the adsorption bramcbuch a case, it would be possible to
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observe a marked sorbate uptake in a very smallivelpressure range, as it happens in the
case of MCM-41 materials for instance. However,atisorption branch only shows a gradual
amount uptake in a wide range of relative presdareur case, this result is likely an artifact
which can be classically attributed to the cawtatfalso named as catastrophic desorption) of
nitrogen from interconnected voids when the equiin pressure reaches 0.42
downward$®. It is typically the case of aggregated mineraides such as ceria or
zirconid®. Additionally, aftert-plot analysis, no microporosity was found in theepa
material. Using small and wide angle X-ray scatgr(SWAXS), it is possible to have
complementary information about the structure @ thaterial. For the parent material, the
SAXS profile is compatible with an assembly of sht#@nse nanospheres. The non-Porod
regime (I(q)a ) that is displayed at intermediatievalues indicates that the nanospheres
have rough surfaces (Figure 36). The weak pseudgeBpeak observed at@55 A’
(corresponding distance 11.1 A) might corresponiragular repetitions of crater-like holes

at the surface of the nanopatrticles, which wouldfeonanoscale roughness to the material.

5.2. CuAAC Reaction

Mesoporous materidfl was then functionalized using different organiclag (Table 4), with
functions that may confer it a hydrophilic, lipopbior hydrophobic and lipophobic character.

lipophilic
N
g ’ /\(\%ANB /\H?Na
Azidomethyl benzene (Ph) 6-azidohexane (§ 16- azido hexadecane (¢
hydrophilic
O>\/\
HO~ . HO%\/ ) N3
2-azidoethanol (OH) Tetraethyleneglycol azide (PEG)

hydrophobic and lipophobic

F3C< c jv N
F)
5

8-azido-1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoronetéF)
Table 4: Organic azides that were clicked on the materidis. corresponding suffixes (R) are written
in parenthesis.
The CuAACclick reactions were performed at room temperature nmxdure of water and

tert-butanol, yielding materials denoted as M-R #uffix R indicating the grafted organic
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functions (Scheme 9).

Si(OEt); SiO; 5 SiO; 5
H20 ’/N\ /R
? J NH ? /) RN ? N~ N
CTAB CuSO, f
N PFOA N Na-Asc N
4 70°C M I2-|52(3g-BuOH MR
Si(OEt); SiO; 5 SiO; 5

Scheme 9Formation of the parent material M and its funaéilization by CuAAC.

5.3. Characterization

The extent of click reaction was analyzed by FTHy(re 33-b). Indeed, during a CuAAC
reaction, theCsprH bond of the terminal alkyne is converted intGsg-H bond in the triazole
fragment, with a corresponding shift of the stratghvibration from 3300 cif{m) to 3142
cm™* (w). Whereas for all organic groups, the appea@aia weak G2>H band is observed at
3142 cnt, the full vanishing of th€pyH vibration at 3300 cihis only visible in the case of
the hydrophilic groups (PEG and OH). Therefore,pdesprecisely the same synthetic
conditions used, the conversion of the alkynes tnwole does not proceed to the same
extent, the highest conversions being observed théhydrophilic azides, even with the long
tetraethylene glycol group (12 C or O atoms).Inithla, the decrease of the=C stretching
band in Raman (2105 ¢H compared to the GsyH band (2800-3000 c) (Figure 33)
follows the same trend.The presence of the funatignoups is mainly evidenced from the
CspayH stretching region (2840-2960 &in Moreover, the successful removal of the excess
azide reactants is proven by the absence of peakk08 cn, that would correspond to the

strong vibration of the azide groups (Figure 33-a).

Solid-staté®C CP-MAS NMR (Figure 34-a) confirms the informatideduced from FTIR:
the formation of the triazole linkers is evidendsdthe appearance of signalscat125 and
145 ppm, while the intensity of the signals at DO48om, characteristic of the alkyne
functions decreases. This decrease is more proeduincthe case of M-PEG and M-OH,
though no quantitative information can be deducedhfthese spectra. The presence of the
functional groups is evident for all materials excéor M-F, with the appearance of intense
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signals at 125 ppm in the case of M-Ph (aromatibares) at 58 ppm for M-PEG or 30 ppm
for M-C6 or M-C16 (carbons from the alkylene chaifsis noteworthy that th&’Si NMR
spectra (Figure 34-b) remain unaltered during th&A&C reaction: no Q signal (-90 to -130
ppm) is observed, that is indicative of Si-C bondacage, and the shape of the T band
remains unaltered. Therefore, we can suggest tidegruhe CuAAC reaction conditions, no

rearrangement occurs in the siloxane frameworkitkeipe densification of the structure.
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Figure 33: a) (left) Full and (right) zoom on 3000-3500 tnegion of the FTIR and b) Raman spectra
of the parent (M) and of the functionalized mater{-R)

81



M-OH

T T T 7
60 40

160140120100 80

-120

3 (ppm)

3 (ppm)

s solid-state CP-MAS NMR spectra of the parent &)l the
funtionalized material (M

3C and (right)

Figure 34 : (left)

X)

82



On the structural point of view, SEM microgra (Figure 35)show a preservation of tl

morphology of the material after the functionaliaatreaction
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Figure 35:Transmission electron microscopy of the parent riaté), and SEM micrographs of re
and functionalized material M and-R (b-h)
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This is confirmed by SWAXS studies (Figure 36), hwiverall similar diffractogrammes,
though for the functionalized materials, the mediangle region can be fitted as I(@)q"
with n=3.8 except for the M-OH material withonly 315, compared to n = 3.0 in the case of
M. This can be attributed to a reduced roughness Hfe grafting of the organic groups, the
smallest CHCH,-OH yielding a material with still a noticeable ghness.
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Figure 36: SWAXS on the parent and on the functionalizedemals.

After click reaction, interesting results are fouindm the N-sorption experiments (Figure
37). In the case of the materials M-C6, M-OH, M-CGit&l M-Ph the same shape is obtained.
It can be deduced that the textural propertiehe$e clicked materials are similar to that of
the parent material. However, there is a differeimcéhe extent of adsorption at saturation
which decreases by a factor 2 in the case of MT@& decrease is even more pronounced in
the case of M-OH, M-Ph and M-C16. Different int&fations can account for this
observation, (i) coalescence of particles afterkcheaction which decreases the number of
accessible interparticular voids, (ii) void accasb®cked by the clicked molecules. It must
be noted that the hysteresis loops are very simitaterms of shape but also in terms of
relative pressure at which hysteresis occurs. Shiggests that the accessible pores of the

related materials retain their original structure.
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5.4. Gas-sorption study
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Figure 37: Nitrogen adsorption isotherms on parent and fonelized materials.

We mentioned that, as compared to the parent rahttre hystereses of the clicked materials
are less pronounced and the adsorbed amountsvegechb This is especially the case for the
materials M-F and M-PEG. In the latter case, adsmmps very limited and the hysteresis

loop is absent. It can be deduced that the cliektren disables the interparticular voids. The
nitrogen adsorption only takes place on the exteaumdace of the particles assemblies which
lead to a poor specific area. M-F leads to the semegpretations. The H3-type hysteresis
loop observed can be caused by the existence oé swn-rigid aggregates of plate-like

particles or assemblages of slit-shaped pétes

The affinity between nitrogen through its quadr@pohoment and the different materials can
be expressed in terms of Henry's constants defread the slope of the adsorption isotherms
at very low relative pressure. These have beenemghted in Table 5 along with textural

parameters.
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Uptake at saturation/ Henry's constant /

Seer /.G cm’.g* cm’.g*

M 475 340 4872
M-F 52 60 581
M-OH 143 57 1570
M-PEG 12 20 111

M-Ph 139 121 1355

M-C6 221 190 1957
M-C16 166 58 528

Table 5: Textural properties of the different materials &tehry's constants of nitrogen determined at
77 K.

Clear differences can be seen between Henry's amusstinterestingly, a wide range of
Henry's constants is found, the parent materialitgato the highest constant whereas M-
PEG leads to a poor Henry's constant. The intaapost of these differences is not
straightforward since it can be assumed that alldifferent materials still have some surface
silanols left. These adsorption sites interact witttogen as this happens in any mineral
oxide. The material before click reaction, namely &khibits the higher Henry's constant
which suggests a full accessibility to the mosivacsurface sites, either on the silica surface
or on the organic fragment. After click reactiohe tHenry's constants are lowered, likely
because the clicked molecule interacts at the esgerf the hindered surface sites. The
electric dipole polarizability of nitrogen is only.71 A%, which makes this probe ideal for
physisorption on any type of surfac&™! Indeed, this very low value will not really favor
any surface site. However, finding such differemnk's constants values indicate that the
nature of the surface of the clicked materials basn drastically modified. The prepared
materials can be classified as hydrophilic (M-OHPH®G), hydrophobic (M-C6, M-C16, M-
Ph) and strongly hydrophobic (M-F). The click reéactproducing these materials can be
validated by adsorbing specific probes, favoringrbgen bonding or only dispersion forces.
Specifically, cyclohexane and water were chosesodsates to evaluate the surface properties

of the modified materials.

Before hand, it must be said that nitrogen adsmmptinto these materials already showed

important differences in terms of adsorbed amoansaturation.

The adsorption isotherms of cyclohexane on thefit materials are presented in Figure 38.

Significant information can be deduced from twatidi regions: At high p/p° the uptake is
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an indication of the accessible pore volume, whergialow p/p° the slope of the curve
(Henry’s constant) outlines the sorbate-sorbentisff In fact, Henry's constants are derived
not from the first adsorption site, but from adsmnp taking place at relative pressure below
p/p° = 0.01.
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Figure 38: Adsorption isotherms of cyclohexaas the parent and the functionalized materiaBlat
K.
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Figure 38-bis: Adsorption isotherms of cyclohexanrs the parent and the functionalized materials at
313 K'in the low relative pressure region.

The shape of the adsorption isotherms is rathellaginwith significant maximum uptakes,
and mainly differs in terms of affinity at low réile pressure. As already obtained with the

adsorption of nitrogen, the highest interactiorolidained with the parent material. Having
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consistent results is very interesting since cyekaime only interacts through dispersive
interaction. Furthermore, clicking organic funcsosuch as C6 or C16 does not render the
material more lipophilic than the parent materilis could be due to the fact that clicking
the organic functions is at the expense of intevactites. Considering the clicked materials,
it is clear that cyclohexane preferentially intesawith lipophilic clicked species such as C6.
One would have expected a similar result with Gi@wever, the size of C16 likely prevents
the diffusion of cyclohexane into the materialwi go into more details, we can observe that
the adsorption isotherms of M and M-OH exhibit igt#l knee which is the indication of a
specific interaction. On the other hand, M-C6 andCli/b lead to straight line which is
indicative of a true Henry's behavior. These twizkeld materials act as a solvent for
cyclohexane and the adsorbed amount is proportimn#ie relative pressure. Cyclohexane
interacts very poorly with M-PEG likely because tbe structuration of the material, as
already discussed with the adsorption of nitrodisnspecific surface area is very low and as a
consequence the active sites of M-PEG are verycacd high relative pressure is required
for cyclohexane to adsorb in M-PEG. From p/p° =@p&ards, M-PEG also acts as a solvent
for cyclohexane. M-F exhibits a behavior very sanilHowever, the specific surface area of
M-F is higher than that of M-PEG. It can be conelddhat the fluorinated material results in
a lipophobic material. The Henry's constants derigelow relative pressure confirms these
findings (Table 6).

Adsorbate M M-F M-OH M-PEG M-Ph M-C6 M-C16
Cyclohexane 596 <5 245 <5 178 141 42
Water 26 34 113 62 38 54 17

Table 6.Henry's constants in mg‘dor the different systems at 313 K.

The original material, M, has a high specific soefarea. This textural feature implies a large
number of accessible surface sites and therefdrighraHenry's constant. The click reaction

with any organic molecule does not improve thendffifor cyclohexane. One reason is the
specific surface areas of the clicked materialsctvigire less than half of that of M. A second
reason is the fact that M already has a large acganmtent. Since cyclohexane only interacts
through dispersive interaction, it can be conclutieat the behavior generally observed is
closely related to that already discussed in tise cd the adsorption of nitrogen. The Henry's
constants are therefore sorted as in the caseosktlbtained with nitrogen. From this

observation, it is interesting to focus on a pslaibate such as water.
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The adsorption isotherms of water on the differaaterials are presented in Figure 39. The
shape of the adsorption isotherms is quite sinfitan one system to another. However, it can
be already noted that water has less affinity fothish cyclohexane has. As mentioned above,
the raw material M has already an organic contemen if few residual silanols are present,
this material is poorly hydrophilic. At low relaBvpressure, the adsorption isotherm is rather
flat, which indicates a low affinity between wat@nd M. This shape can be compared to
those obtained with clicked materials. In the cals®-OH and M-PEG, slight knees can be
observed which suggests a higher affinity. Thisasfirmed in Table 6 in which the Henry's
constants are gathered. Despite a very low sudaea, M-PEG leads to a high constant as
well as M-OH (62 and 113 mgigrespectively). In the case of hydrophobic matsrial
unsurprisingly low Henry's constants are found. Kwtance, in the case of M-C6, the
constant is 54 mg-ywhereas it is 62 mg-gfor M-PEG with a specific surface area 20 times
lower. This comparison also holds true for the othalrophobic clicked molecules M-Ph and
M-C16.

These materials can be sorted according to a higdiopcale:
M-OH>M-PEG>M-C6>M-Ph>M-F>M-C16.

It can be anticipated that obtaining nanopartidésM-PEG with accessible surface sites

would make this material the most hydrophilic abtberies.

By analyzing the wide angle zone of the SWAXS diffogramme, (Figure 40), we observe
the correlation peaks of water@trom 1 to 2 A™* and we point out that the corresponding
intensity due to the adsorbed water molecules froaterials in normal condition might be
correlated to the hydrophilic properties of mateN&ithout any assumption on the specific
surface or pore volume, a hydrophilic scale aofwihg M-OH>M-C6>M-PEG>M-Ph>M-

C16>M-F was deduced, which is close to the abovayie constant order.
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Figure 40: Zoom on the wide angle region of the SWAXS diffogramme for the parent and
functionalized materials.

5.5. Conclusions

The goal of this study was to design and charasematerials having different surface
chemistry, obtained from the same parent maténa.demonstrated that the CuAAslick
reaction could be used for this goal, thanks tditg conversions and excellent functional
group tolerance. Indeed, we investigated the tektand adsorption properties of these
materials with nitrogen, but also with water analofifexane. Nitrogen adsorption revealed
that the different materials were made of aggrebjat@noparticles, differing by the
accessibility of their interparticular voids. Thignfirmed the microscopy and SWAXS results
which already strongly suggested the occurrengwlbtball -like nanoparticles.

The parent material showed a good affinity for oelxane, higher than towards water. This
was explained by the high organic loadingand thg fewv surface silanol left in this material.
The functionalized materials exhibited a prefemdntffinity for water or cyclohexane,
depending on the grafted function. The quantifwatof the sorbate/sorbent affinity was
obtained by means of Henry's constants. We obtatinedollowing hydrophilic scaleM-
OH>M-PEG>M-C6>M-Ph>M-F>M-C16. This scale was mostly confirmed by SWAXS
measurements. We therefore clearly demonstratedtaiiaring the hydrophilic/lipophilic

balance of silica based materials could be posbylgsing the CUAACIick reaction.
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6. General conclusion of chapter Il

We made use of clickable bissilylated organosilaradseady described in our group, to
successfully preparesia the sol-gel process, clickable Periodic MesoporGuganosilicas
(PMOs) using anionic surfactant under acidic coodg by an interaction between the
organic ammonium group with the surfactant, theokable bridged silsesquioxanes as a
Mesoporous Material using CTAB as surfactant inidoaenditions based on the interaction
between anionic silicates and cationic head of soefactant. PMOs were carefully
characterized using different analytical methodstde@ed periodic structures were
characterized by electronic microscopy and X-rasttecing. However, the material was too
fragile to be probed by Nsorption, although a very good reactivity towacdsnplementary
clickable molecules was observed. On the other hamekoporous materials exhibit high
surface area and were used for further applicatiblmlel molecules were clicked and the
appropriate analytical methods evidenced a verylgeactivity with high conversion for the
CuAAC click reaction.

The bissilylated organosilanes were also useddwvige new organosilanes bearing functional
groups (.e. thymine)via CuAAC reaction under anhydrous conditions therafford the
corresponding materials by the sol-gel processgusurcleophilic catalysis with very high

payloads of functional groups.

Moreover, a one-step approach for obtaining fumetionaterials was established; CuUAAC
reaction and sol-gel polymerization were carried simultaneously to make one pot

functional material from the bissilylated organasgs.

Finally, the scope of the CuAAC-grafring was usedniduce radical changes to the surface
properties ofM3, by modifying the hydrophobic/hydrophilic balanaéer extensive click
reaction with different molecules. Water and cyelsdne vapour adsorption studies
demonstrated the drastic changes of the surfacaitafbf the CuAAC-modified materials
depending on the clicked molecules. Hence, theacher of the material was varied from
hydrophilic (after modification with PEG or hydraathyl groups), to lipophilic (with grafted
hexadecyl or hexyl chains) to hydrophobic and lipapc (when fluorinated chains were
clicked).
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CHAPTER Il

Multiclickable Mesoporous Silica Nanoparticles forControlled
Release of Cargo Molecules.
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CHAPTER llI: Multiclickable Mesoporous Silica Nanop articles for controlled release of

cargo molecules.

This chapter aims to demonstrate how mesoporousa silanoparticles (MSNs) can be
effectively functionalized by CuAAC click reactidoy a diversity of molecules having very
important properties. Based on collaboration wiglffrdy Zink’s group in UCLA, we will
focus specifically on functions enabling the coldxd opening of the pores of MSN for
cancer treatment purposes. We will try to demotestiiae juxtaposition of the functions to
achieve a controlled release of cargo molecules.

1. From a normal cell to a cancer celf>1%

Cells make up our human body; they are the “uriitat form the tissues. These tissues have a
normal regeneration process, caltadosis which upon the organ needs splits a cell into two
to replace a defective one or a cell coming toethe of its life span, thus making possible to

preserve the integrity of tissues functions.

Cells program is ordered by the genes of the chsomes inside the nucleus. When genes
undergo a change, nucleus can send out abnormabgesmaking the whole cell go wrong.
It multiplies uncontrollably and starts its ownelitycle by multiplying cells containing the
same defects, which proliferate forming the tunrouad normal cells.

Tumors implement many blood vessels in order twigerby supplying them with oxygen
and nutriments, this isngiogenesis However, a tumor becomes really dangerous when
cancer cells begin invading other tissues and dpteaough these blood vessels into
surrounding organs contributing to produce new ttamthis spreading process is called

metastasis

There are many factors leading the cell to becorten@r, these factors can exist to different
degrees such as hereditary genetic anomalies, @ets some viruses (HIV, hepatitis B, C
and D,...), exposure to toxic agents, chemical ageatkation including sunlight, unhealthy
behavior (Consumption of alcohol and tobacco, fdigf). All these factors can be the origin

of the above-mentioned gene mutations and thusenduumor.

Today, over 25 millions people live with a canced& millions die each year. However,

means to fight cancer do exist. Mainly, three kiotlgeatments are currently being in use:
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1- Surgery which consista removing the tumor ipart or in its entirety.

2- Radiotherapy, using radioactive rays which preveatdiseasd cellsfrom multiplying and

destroy them.

3- Chemotherapy: administeriisystemati@active medicinal substances to the pat
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Figure 1: tumor cell expansion

Chemo- and radio-therapiexct on cancer cells, but also on healthy , thus lack of
specificity inducing severe side effe Better knowledge of the characteristics of the ea
lead to developing therapies that target cancds erbre specifically. Crrent medicinal
needs in cancer treatment focus on finding newaggbres to rou, in a protected way, tr
presently available medicinal substar directly to the tumor tisst®. Ideally, this shoulc
consist in biocompatible, low toxic nanome«scaled systems able to resist to physiolog
conditions, owning the capacity to bear functionat specifically target cancer cells, alo
with good concentrations of medicinal active molesu Importantly, this drug must

protected from harsh conditions (enzymatic or cleaindegradation) and only released

demand without any premature uncontible leaking.

2. Hybrid Mesoporous Silica Nanoparticles (MSN¢

Hybrid (inorganic/organic) Mesoporous Silica Nanaigtes (MSNs)have been extensive
used as platform for different biomedical applioas including diagnos*?**®, biosensintf®
and drug deliveryf"****"* MCM-41 were first reported as nanocarriers for théves} of
therapeutics in 206% using CdS nanoparticles to block thee openings and controllab
release the cargo upon specific stimulus. Since, tbe the basis of the same concept, n

efforts were devoted to design multifunctional MS&&s drug delivery nanocarriers owni
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optimal characteristics for biocompatibility, higbading capacity of cargo molecules and
tunable chemistry allowing the functionalization tfe nanoparticles to fit different
circumstances (spatiotemporal controlled releasenirlescent properties for tracking,
targeting agents for cell, and stability in physgital system).

2.1. Biocompatibility and morphology of MSNs

The features of any drug delivery nanocarrier nraspect the cellular uptake mechanism.
How does the cell internalize the MSN? What are M3$®atures to reach an optimal uptake

by the cell? These are critical questions to syaekign multifunctional MSN.

The most common pathway of MSNs internalization itte cell issndocytosis®. This latter
is a complex process in which the MSNs are encosguhby the membrane lipid bilayer
forming the endosom&s. The internal acidic pH leads to a degradatiorthef endosome
liberating the MSN. Depending on the cell membrprgperties, the morphology (size and
shape) and the surface functionalization of MSNs @itical to optimize the endocytosis

process.

In order to apply the MSN as drug delivery systetinsir biocompatibility and cellular uptake
have to be checked on a well-defined morphologyamioparticles.

2.2. Morphology

Cellular uptake studies showed that particle semesind 100 nm are the most effective for
endocytic uptaké®. MSNs with larger size need more time to be irakred and this
“wasted” time could be fatal since ambient conditidend to degrade the silica matffx
Interestingly, rod-shaped nanoparticles displayebaiptake degree. Nanorods with aspect
ratio from 2 to 4 exhibit better internalizatiomathnanospheres or nanorods with smaller or

larger aspect ratt®®*"°in HeLa cells and A549 lung cancer cells.

2.3. Cytotoxicity

The main concern about silica cytotoxicity is retato silicosis.

Extensive investigations about the toxicity ofcalinanoparticles were carried out because the
recently-exploited high porosity (exposed surfamm)ld lead to different types of interaction
with the cell membrane and eventually create newsw# toxicity compared to the dense

silica nanoparticlédd®. There have been different reports about theciiyxiof silica
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nanoparticles depending on the synthesis condititatsaffect the surface properties and then
the interaction with the cells.

Zink, Nel and Brinker® have together studied the relation between cytcitgxand structure
for amorphous silica nanoparticles made either usdé conditions (colloidal route) or by a
high temperature route by comparing the cytotoxid¢a the silanols concentration, the
aggregation state, the straining degree of silodameds and the capability of producing
hydroxyl radicals (Figure 1 bis). Interestingly,llo@al silica did not show any toxicity
compared to fumed silica. The main conclusion @ gtudy is that, structures with three-
membered ring (3 Si-O elements) produced at higipézature, are responsible of producing
oxygen radicals. Therefore, the framework, the asafchemistry and the fused chain like
morphology resulted by high-temperature synthesl8Q0 °C) and rapid thermal quenching

are the basic cause of high toxicity displayedfioned silica.
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Figure 1 bis: strained three-membered ring role in the formatibaxygen radicals. Reproduced from
ref-*

Wherefore, it has been admitted that the main cadgexicity of silica nanoparticles is
associated with the surface sila8l4=Si-OH) that interact by hydrogen bonding to thd cel
membrane components or by electrostatic interaction with the phosppidls of the cell
membran&*,

Consequently, mesoporous silica nanoparticles Wigin internal surface may decrease the
extent of the silanols interacting with the cellmi#ane®. For instance, non-modified 100
nm MSNs have shown no toxicity even when they aegliwith concentration above the dose
needed for therapeutic treatménts

It was also shown that the toxicity of Si€3 cell-type dependent and that surface charge and
pore size govern cellular toxicity.
In conclusion, silica nanoparticles were subjectntany cytotoxicological investigations.

Even though, the answer of the “absolute” biocombgay of silica is far from being resolved
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since silica nanoparticles are not made equallyayropinion, studies are needed for punctual
systems since MSN are used as multifunctional reamiecs and the incorporated functions

may drastically modify the toxicological behavidrtbe applied systems.

2.4. Targeting

In chemotherapy, the administering of cytotoxinghwio specific target (and thus with high
doses) will lead to strongly reduce their efficigrand cause many undesired effects by

attacking healthy cells surrounding the tumor area.

Several studies have shown that optimally-shaped simed nanoparticles with high
physiological stability can passively accumulatesome cancer cells; this is based on the
enhanced permeability and retention effect (EPRjs Thatural” effect relies on the tendency
of particles with small sizes of 100-200 nm (such lposomes, nanoparticles) to take
advantage of the leaky vasculature and poor lympkaainage of the tumor cells due to their
rapid and active angiogene<is®48 However, EPR is not common for all types of tusnor
and presents a lack of specific targeting that mmalyice some resistance to administered

drugs®**®decreasing the therapeutic efficiency.

In this vision, the use of tumor cell specific tatigg agents leads to more cellular uptake and
less negative effect of the therapy. Tumor cellsspnt molecular receptors in much higher
concentration than the normal cells. Targetingeselon exploiting this overexpression to
promote the MSN binding and recognition of tumoeaar Among others, molecules or
macromolecules such as Folic Acid (ER)**® mannos€’, galactos€®, hyaluronic acitf®
were extensively investigated and proved to endaignificantly the uptake of MSNs due to
the overexpression of the corresponding receptorsthe cell membranes (00

receptor/cell) relative to normal ceffs.

2.5. Controlled release of cargo molecules

Mesoporous silica nanoparticles have the abilityhtwld appreciable amount of cargo
molecules without altering the silica matrix duetheir high surface area and pore volume.
The loading extent of MSNs is higher than that@hmonly used systems such as liposomes
or polymer conjugaté®’ since cargo molecules are retained inside thesgmyenon-covalent
interactions (Van der Waals, H-bonding, electrostatllowing the loading capacity to be
higher than the osmotic gradient loadihg
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Parent MSN have however very lied prospects if used as such. In fact, silica narimtes
are not able to recognize the tumor cell withouhgpenodified by ce-recognition agents fc
targeting properties. On the other hand, even afit@rporating targeting agents, the pc
opening will lead to fast leakage of the payload (esphciaydrophilic drug™®? in the
bloodstream. Consequently, the great advantage agfo@d protection offered by ti
nanaarrier is lost. Therefore, an optimized MSN musltldhfunctions leading to
controllable release as well as targeting prope

Controlling the delivery otargc molecules from the pores of MSNs remains a pringgdl

in nanomedicinand a rally poinof many scientists’ effort§7200-202

MSN are highly modular and can be chemically medifio respect many desired conditic
The functionalization of the MSNs by a variety oblecular or supramolecular moieti

makes the delivery process highly controll*3

Controlled release systemye achieved by applying a mechanical control on ploee
acces®’?%to avoid any leakage of the cargo. This researel & very fruitful; tes of
systems have been implemented by different grodeBefy Zink’s, Victor Lin’'s, Thoma
Bein's are the most active in the dom?897:166:168-170.175180204=210Three majin strategit
have been used toaeh the controlled release: 1) Pore gating, 2)aserfcoating and
internal pore modificatior®. Each strategy presents different systems thabeariggered b
208,211,212

internal (lysosomal pHchange, redox, enzymg) or external stimu (light

oscillating magnetic fiefd®, plasmonic heatir’®® (Figure 2).

Oscillating
Maanetic Field

Figure 2: External and internal stimuli outlined for the aeation of an internalized multifunction
MSN. Reproduced from ré&f

Pore gating consists of tethering a voluminous grouact as a gatekeeper without excitat

The voluminous group can be either a macromoleqslech as cyclodextr™* >
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cucurbiturif*®?*  rotaxane, pseudorotaxaffé®®® DNA linkers?*2% ) or metal
nanoparticles (gold nanoparticles, iron oxide, catmsulfideé®,...). Upon specific stimulus,
the gatekeeper is untethered allowing the cargxito

Surface coating is a widely used strategy. It iesaf blocking the pores accesses by coating
the whole external surface of the nanoparticleshvdh organic phase (chito$ah®?
polymeré*°~232 supported lipid bilayé?>2*> ...) that is usually removed upon photolysis,

phase transition, or enzymatic digestion in ordditterate the guest molecules.

The last main approach is the molecular modificataf the inner pores by anchoring
molecules owning coordinative boRt™’ electrostatic interactioffS, disulfide

linkage?®®24°

that cleave upon pH variation or light excitatigin original work using the
azobenzene as a nanoimpeller has been carried youtin’s group consisting of the
exploitation of the photoisomerization effect obbenzene to retain in or expel out the cargo
from the pores by a wagging motion made upon cantis light excitatioff®#!214241.242

The afore-mentioned features transform the MSN aftoanomachine” (Figure 3).

. Gatekeeper

SPION

Multifunctional MSN @ Au-NP
Biotin-avidin
Cyclodextrin
Rotaxane
Cargo Polymer

Fluorescent dye
Anticancer drug
Anti-inflammatory drug
Antibiotic

Tracking Marker
Fluarescent dye
SPION

QD

Spacer
PEG-linker
Biccompatible polymer

Polysaccharides
etc.

Targeting Ligand
Folate

RGD

EGF

Antibody

DNA aptamer

Endosomal Escape-
Trigger
Photosensitizer

PEI

H5WYG

Figure 3:Schematic lllustration of a Multifunctional Mesopas Silica Nanoparticle (MSN)
Containing the Necessary Features for a StimulpBesive Controlled Release. Reproduced from
reft’

The conception of the nanomachines requires a wasebination between the functional
groups and the silica skeleton to generate thengptinorphology needed for the aimed study.
Optimal nanomachines exhibit different features #mw contain several chemical functions.

The incorporation of dense functional groups mesabcompanied with a respect to the size,
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the structuring and the shape which is a hard task to the interference of the organic

fragments with their ambient medium.

To date, the design of nanomachines is mainly basethe conventional functionalization
methods, more precisely, the co-condensation offuhetional moiety or the conventional
grafting on the surface silanols. In this work, wal focus on the potential of the Click
Chemistry, more specifically the CuAAC reaction ihe conception of multiply-
functionalized mesoporous silica nanoparticles lagy chanocarriers. The CuAAC reaction
will offer a wide range of applications for the MShince it allows incorporating
homogeneously myriads of functions with less com@yout their volume or their chemical
nature. In this vision, a combination of functiocan be easily integrated into the MSN
according to the desired properties. For instamtiekable targeting agents, pore gates,
tracking agents and inner pore modifiers, witheteht sizes can be incorporated to the MSN
by CUAAC grafting.

Our work will highlight the conception of three ligtriggered controlled release systems:

- MSNs based on a clicked azobenzene to proveubeess of the click chemistry and to

validate the impeller aspect.

- Nanomachines combining clicked azobenzene fotrolbed release and clicked folate for

targeting.
- Nanomachines owning a clicked pH-sensitive patte gensitized by a clicked photoacid.

We will at first design “mono-clickable” MSN to Higjght the ease of synthesis of impeller-
based nanomachines; then “mutli-clickable” MSN void conceived to make nanomachines

based on the afore-mentioned bifunctional systems.
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3. Monoclickable Mesoporous Silica Nanoparticles: ight-
triggered clicked nanoimpeller for controlled releae of cargo
molecules

The main purpose of this part is to validate theASG approach for the synthesis of
nanomachines, using the well-studied nanoimpelbercept by introducing the azobenzene
moieties by CUAAC on MSNSs.

“Monoclickable” MSNs (bearing one type of clickabigolecule) with different shapes and
holding different concentrations of organic aziderevsynthesized. These nanoparticles were

used as a platform for a light-induced nanomachihieh showed good efficiency.

3.1. Concept of Nanoimpeller

This concept was introduced in 2006 by Zink’'s grotanoimpeller system is a novel
approach to remotely control the delivery of thelenales entrapped within the porous
material. The up-to-date used nanoimpellers conefstazobenzene derivatives which

properties inspired the concept of this system.

Azobenzene is a photo-responsive molecule thatopuwherizes dis / trans) under light
excitation at the appropriate wavelength. In theeale of light, azobenzene has naturally a
dominant isomer (about 90%@ans), thus presents a sufficient stereostability. Ehego key
properties were used to give a controllable “impgll behavior of the nanoparticles. After

being covalently tethered to the silica matrix avithout any excitation, the impellers block
any access avoiding the unwanted exit of a paylbsuier an appropriate stimuli (mainly,
UV-visible light), they start a continuous dynamnnagging motion creating by their unbound
terminus a disorder inside the pores assistingelease of the guest molecules.

3.2. Photochemical properties of azobenzene derivats

The photoisomerization was first outlined by Haifd Thetrans to cis transition occurs by
photochemical excitation and the reverse transitaikes place either by spontaneous or also
by photochemical pathway. Azobenzendfans conformer is thermodynamically more

favored by a gap of about 50kJ/mol (Scheme 1).
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Scheme 1 trans and cis isomers of azobenzene derivatiizsasd difference of eneriy.

3.3. Photoisomerization of Azobenzene

Azobenzene isomerization is a photochemical transition presenting a HOMO-LUMO
electronic transition from the fundamental stageoSeither the first Singlet State $-r)
(when the electron transits from non-bonding oflfité to the first unoccupied orbitain())

or the second excited Singlet stape(15-110).

3.3.1.Mechanism

inversion
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Scheme 2photoisomerization mechanism of the azobenzene
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The isomerization mechanism of the azobenzene wgsa to many evolutions (Scheme 2).
At first, it has been suggested that trensto-cis isomerization takes place by a rotation of
an aromatic cycle around the N-N double bond {fahately, it was found that an inversion
of an aromatic cycle in the plan of the moleculoadccurs™. Currently, the most plausible
accepted mechanism passes through an inversiaindaransition &S; and a rotation the

transition $-S,°*° and that theis-to-transreturn occurs only by inversion mechani§.

Whatever the mechanism is, the motion that azolenie exhibiting upon light helped to
design a very important strategy in controlled ddetvery.

3.3.2. Spectral properties of azobenzene

Figure 4 shows the UV-vis absorption spectra ofttars andcis isomers of one azobenzene

derivative.
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Figure 4: Extinction spectra aransandcisisomers of azobenzene derivatives used in ouesyst
The arrow denotes the excitation wavelength we lhiaee for technical reasons.

The high absorbance at 332 nm corresponds to ithiegst—Tt*electronic transition while the

absorbance at 436 nm is assigned to the weak transition in addition to some azobenzene

molecules in theis form 248

Transazobenzene isomerizesdis when it is excited at a wavelength where tifags to cis

transition is dominant oveeis to trans Thus, excitation in therTr* transition leads to an
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overalltransto cis isomerization, while excitation in themnf transition leads to an overalis
to trans conversion. Both conversions depend on the abearphd the quantum yield at the

corresponding excitation wavelendtfi.

UV-vis absorption spectrum of azobenzene showsubldoabsorption of both conformers
(trans andcis) at a specific region of (about 390-400 nm). TReitation of the molecule at

this wavelength makes its conformers permanentiicbw

For technical reasons, we will use an excitatiorvelength of 365 nm which is able to

effectively photoisomerize azobenzene molecules.

After having briefly presented the background thett the azobenzene to be used as a
nanoimpeller, we switch to the practical work tdidate the concept of the azobenzetee

click chemistry (CuAAC) on silica platform.

3.4. Synthesis of Monoclickable Mesoporous Silicaadoparticles

The synthesis of the nanoparticles was carriecasudollows: In a typical synthesis, the silica
source (TEOS), together with the clickable orgdaosi (AzPTES, 1%, 2% or 5% molar
equivalent of total silica source) were added diigpvin a heated basic aqueous solution of
the structure-directing agent CTAB (and eventudliFOA (GHF150,) in the case of
nanorods). After ageing, the resulted nanoparticlese repeatedly washed to remove the

surfactant by ionic exchange (&> CTA").

The nanoparticles will be denoted as%( nanshape with x is the concentration of
organosilane and the shape is either spheres sr.e08% nanospheres, 5% nanorods).

The chemical composition was probed by vibratioséctroscoy (FTIR) and solid-state
NMR. Electron microscopy, X-ray diffraction and-Sorption were used to investigate the

texture and morphology of the nanosized patrticles.

R F R F R F Q
/\/\ F
(Et0)3Si N3 OH
F
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Azidopropyltriethoxysilane (AzPTES) Perfluorooctanoic Acid (PFOA)
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3.4.1. Characterization

FTIR spectra (Figure 5) show in all cases the sippcofile of silica materials with the Si-O-
Si (1050 crif) and Si-OH (960 ci) bands. In addition, the azide {Nband appear at 2105
cm* whose intensity increases with respect to the eaination of the co-condensed AzPTES
(1%, 2% or 5%) (Figure 5, insets).
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Figure 5: FTIR spectra of parent (left) nanospheres amg{yinanorods. Insets zoom on the zone
2050-2150 cril

Scanning electron micrographs show the primary utext properties of the obtained
nanoparticles. Narrow sizes were obtained for thieospheres ranging from 80 to 150 nm.
(Figure 6 micrographs Al, B1, C1). As for the narts; SEM micrographs show for the three
samples nanorods with close aspect ratio (3,5-¢) dfmensions ofa 100 x 400 nm (Figure

6 micrographs D1, E1, F1).

TEM micrographs (Figure 6 micrographs A2, B2, Cl2)w ordered pore channels for all the
samples. The hexagonal structure of the nanosphegeseen by Fourier Transform of part
of the image (Figure 6, insets). Micrographs D2, E2 show nanorods with ordered pore
channels with helical conformation as evidencedaligrnate “fringes”. The fringes indicated
by dark arrows correspond to (10) plane of the peral structure, while the ones indicated

by white arrows correspond to the (11) plane.
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Figure 6: (Left) SEM and (right) TEM micrographs of the diféat nanoparticles: /A2, B1-B2, C1-
C2 represent 1%, 2% and 5% nanospheres respec®4-D2, E1-E2, F1F2 represent 1%, 2% al
5% nanorods respectively.
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XRD patterns of each sample are shown in Figur&,B)( The diffractograms are typical of
the P6mmgroup and show three resolved peaks corresportditite planes that are indexed
(20), (11) and (20) in the zone 0B 2 2 to 5°. These peaks confirm the 2D-hexagonal
structure of the nanoparticles suggested by TEMviBus studies (helical rods) have shown
that the use of a co-surfactant has no change enstiucturing of non-functionalized
nanoparticles, however, in our case the patternth@fnanospheres are sharper and better

resolved than nanorods exhibiting the smallestatisy (3.82-3.87 nm).

1% parent nanospheres 10
10 2% parent nanospheres
5% parent nanospheres

1% parent nanorods
2% parent nanorods
5% parent nanorods

2 theta (°
2 theta (%) eta ()

Figure 7: XRD-patterns of parent (left) nanospheres and(yiganorods

N, physisorption for the parent nanoparticles indicattype IV isotherm for the different
nanoparticles (Figure 8). An inflexion typical fibre monolayer-multilayer adsorption is seen
at higher relative pressure (P/P° = 0.35) for 1%l &% nanoparticles than for 5%
nanoparticles (P/P° = 0.28) suggesting smaller pmzes for the formers. The uptake at
saturation which is the highest for 2% nanopariahelicates the most important pore volume
amongst the synthesized series (Table 1 bis).
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Figure 8: N, sorption isotherms for (left) parent nanospheres(aght) parent nanorods
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The previous result concerning the most accessilnitace area in the case of 2% clickable
nanoparticles suggests also that, in this casefutinetions are likely more localized at the

external surface. Further investigations are ne¢alednclude.

The successfully characterized monoclickable mesmso silica nanoparticles will be
subjected to click reactions with azobenzene mesein order to confer them the motion

character.

3.5. CUAAC reaction on monoclickable nanoparticles

In order to mechanize the clickable MSNs, we detitteanchor azobenzene fragments by
CuAAC reaction and test the functionalized nanoglad as a controlled drug delivery
system (Figure 9). CuAAC reaction was performedwbenh azide-bearing MSNs and
ethynylazobenzene using the conventional catalgyistem (copper sulfate and sodium

ascorbate in water arebutanol).

Mesoporous Silica Nanoparticle
bearing azide groups

CuAAC!

'
/@/&
N
N
O/ ethynylazobenzene

N3

pore containing free azides pore containing clicked azobenzenes

Figure 9: CUAAC reaction between ethynylazobenzene and gmdding groups on the MSNs

The success of the click reaction was monitoredrzibyational and UV-vis spectroscopies
(FTIR, UV-vis).

FTIR spectra (Figure 10, Figure S1) show in allesaan almost total vanishing of the band at
2105 cm' corresponding to the azide functions indicating teactivity of (N) towards the
ethynyl group of the azobenzene.
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Figure 10: Zoom on FTIR spectra of (red) 5%, (green) 2% amac@) 1% - (left) nanospheres and
(right) nanorods before and after CUAAC reactiothwithynylazobenzene.

The quantification of the amount of the clicked la@ozene was done from the UV-vis
spectra. The concentration of the clicked azobenbeng dependant of the molar extinction
coefficient €), it is practically difficult to measure the lattfar an azobenzene clicked on a
material. In addition, the ethynylazobenzene (usetie CUAAC on the nanoparticles) may
have a different to the clicked molecule because of the differéetteonic properties of the
ethynyl and the triazole groups (before and afliek ceaction). In this optic and in order to
have the closest system to a clicked azobenzenehawe clicked in solution, the
ethynylazobenzene with a non-conjugated alkyl ch@&azidohexane) (Figure 11). This
molecular clicked azobenzene (denoted hexane@azeben should give a close molar
extinction coefficient£) to the clicked azobenzene on a material. Calicmatgave a molar
extinction coefficient of about 22260 Mm* in ethanol with an absorption maximum at 351
nm. (figure S2)

0
: \
Azobenzene clicked ol—si N=N NO
. — Vi
on the nanoparticles o/ —\_ _N/ \)— —@—N/
Triazole ring

N N
=
Hexane@azobenzene '\{/ N4 @
molecular precursor. N /

-~

CuAAC H :
/N
/\/\/\ — N 7
N3 : :
azidohexane ethynyl azobenzene

Figure 11: synthetic route hexane@azobenzene precursor.

110



At first, a control experiment was carried out lagubating the nanoparticles bearing azide
functions in the same conditions of the CuUAAC reacbut with azidoazobenzene instead of
ethynylazobenzene to check if any molecule willnba-covalently adsorbed on the surface.
After 24 h, only 3 washings by acetone were sudfitito observe a clear supernatant. After
drying, a UV-vis spectrum was recorded (Figure SBpwing no absorption of azobenzene
molecules thus indicating that the washings wemaptete. This result confirms that the
upcoming absorption profiles after click reactioam®es only from a covalently linked
azobenzene.

UV-vis spectra (Figure 12) are measured for a suspe of the different nanoparticles with a
concentration of 2.15 mM in ethanol. All the nandigées exhibit prominent absorption
bands X 237, 350 and 460 nm) matching the molecular precuend validating that
azobenzene was successfully anchored on the naictgsby a CUAAC reaction (vanishing
of azide peak in FTIR). Evidently, the absorbant¢he clicked azobenzene increases with
the concentration of clickable functions. This g&se is more important respectful to the
concentration increase in the nanospheres caseiaypdor 5% nanoparticles where the

concentration of azobenzene in the nanospherésadychigher than that for the nanorods.
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Figure 12: UV-vis spectra of the clicked (left) nanosphered &ight) nanorods. Black dashed lines
denote the profile of corresponding pareanhoparticles; the orange spectrum correspontifeto
hexane@azobenzene molecule.

The following table shows the functionalizationerain the different nanoparticles. This rate
is calculated with the hypothesis that the orgdylased azide was completely co-condensed
with the TEOS giving exactly 1, 2 and 5% of cliclabunctions over the nanopatrticles.
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[clickable functions] Functionalization (mmol/g) (conversion %)

(%) Nanospheres Nanorods
1% 0.08 (100%) 0.06 (78%)
2% 0.11 (78%) 0.09 (63%)
5% 0.23 (63%) 0.13(37%)

Table 1: Functionalization rate of monoclicked nanoparsatalculated according to Beer-Lambert
relation from the UV-vis absorption spectra

The overall decrease of conversion while increasirgconcentration of clickable functions
is not surprising; the co-condensation of the @ik organosilane with the main silica source
lead to a homogeneous distribution of the azides\ar the particles. Some functions will
not be accessible (oriented inside the walls) arglldehavior increases with the concentration
of function. On the other hand, the post-functimaion serves the most accessible
functions: the external surface including the paesesses are preferentially functionalized.
Thus, the first grafted azobenzenes tend to blaatighly the access of the pores to the
remaining molecules, which have less chance ta éetp inside and to be clicked.

The functionalization rate of the nanospheres ety more important than that of the
nanorods. Presumably, the use of lipophobic PFOAc@surfactant has induced more

azidopropyl groups to be oriented into the wallkimg them inaccessible.

N, sorption studies: Isotherms of the clicked nanigdas (Figure 13) exhibit the same
profile as the parent nanoparticles (Figure 8)asponding to a mesoporous material. Lower
accessible surfaces and pore volumes are displéyedhysteresis seen for 1% nanospheres is
due to a larger distribution of the pores after ¢hek reaction. This can presumably comes

from eventual aggregation participating in the fation of interparticular pores.
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Figure 13: N, sorption isotherms of clicked (left) nanosphems @ight) nanorods
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Parent nanopatrticles Clicked Nanopatrticles
BET Surface Pore Volume BET Surface  Pore Volume at

Area (nf/g) (cm®/g) Area (nf/g) saturation
(cm’/g)
nanospheres
1% 998 0.51 565 0.54
2% 1144 0.87 903 0.52
5% 1162 0.77 558 0.39
nanorods
1% 1012 1.04 730 0.52
2% 1035 1.05 897 0.58
5% 1154 1.07 530 0.46

Table 1 bis:textural data for the parent and clicked nanoglagi

XRD patterns (Figure 14) show a conservation ofZBehexagonal structure after the click
reaction. However, a slight decrease in the lafiem@meter occurs independently of the shape
of the nanoparticles (Table 1 bis). After click e¢gan, both 2% nanoparticles in addition to
1% nanospheres conserve their three peaks indjcdtia preservation of a long-range
structuring. In the other cases, only the Braggkp&as conserved after the same reaction
conditions, which indicates a partial loss of ttveg-range order.

A) B)
10 —— Azobenzene @ 1% nanosphere %0 —— Azobenzene @ 1% nanorods
| —— Azobenzene @ 2% nanosphere “ —— Azobenzene @ 2% nanorods
i —— Azobenzene @ 5% nanosphere /| — Azobenzene @ 5% nanorods

N
w
~-
a
o
~
©

2 theta (°) 2 Theta (°)

Figure 14: XRD-patterns of clicked (A) nanospheresand (B)onads
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Parent nanopatrticl Clickednanoparticle

[clickable d-spacint Lattice d-spacing Lattice
functions] (d100) parameter (nm) (d100) parameter (nm)
nanospheres

1% 3.82 4.42 3.72 4.38

2% 3.87 4.48 3.72 4.38

5% 3.82 4.42 3.52 4.15

Nanorods

1% 4.04 4.66 3.71 4.36

2% 4.04 4.66 3.92 4.62

5% 4.0€ 4.68 3.79 4.46

Table 2: structural data (obtained by XRD) for the differparentand functionalized nanopartic.
Lattice parameter a calculated for a 2D- hexagonal structure as g=(@/3"?)

3.6. Cargo loading

A solution of rhodamine B in water mM, 1 mL)was added to 3 mg of functionaliz
nanoparticles. The latter were sonicated for 10utes and stirred vigorously at roc
temperature for 24 hours in the dark. After sudeeswashings with water (about 20 tinr
centrifugation 22000 rpm, 5 mn) to eliminate thedamine B which is not retained in t

pores, the particles were kept overnight for dry
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Figure 15: Rhodamine B (left) structure and (right) -vis absorption profile in wat

3.7. Release Experimen

The nanopatrticles were placed iicuvetteand slightly “grountiwith the spatula to improv
the diffusion of the dye. Distilled water \s carefully added to ensure that no particles

floating into the aqueous phi (the analyzed zone, to not skew the res. The nanoparticles
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were kept from one to two hours without any exmtatand U\-vis spectra were recorde

every 15 to 30 min to monit@ny eventual leakage of the dye.

After ensuring that theargo moleculs arewell retained within the pores, we pld the
cuvette under 365 nnmight excitatior (Figure 16) and UMAds spectra of the solution we
recorded at different time intells to track the released rhodamine B in solutiohe
absorbance of the rhodamine B was calculated adifference between its maximu

absorbance at 553 and a wavelength where it ddesbsorb 600 nm)(Figure 17.

Figure 16: Release experiment uni 365 nm excitabn lamps. The cuvettes cont released
rhodamine B in water after 3 h of excitation haattsid

Evolution of Absorbance
of released Rhodamine B

- Pure waler

w Rlhodamine B-loaded UV-vis monitoring -a- 5353 nm
nanoparticles 0
08
~ 07
365 nm
06
Exitation 05
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02 :
. —
3 01 Baseline
l Water + released Rhodamine B
D 4
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Figure 17: different steps of excitation and monitoring thiease of Rhodamine B from t
azobenzer-functionalized nanoparticles
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Figure 18: release profiles of rhodamine B from the azobeeZanctionalized (up) nanospheres and
(down) nanorods. Inset: zoom on the base line laadirtst hour of excitation

Nanospheres and nanorods show an exponential egheasle (figure 18). Before light was

turned ON they exhibit a flat baseline indicatirngtt very little leakage occurs (maximum

leakage 3%). Once the excitation started, a sigamti increase of the release was seen. The

release pursued its progressive increase to raéten 4 h of excitation, about 60% of released

amount for 1% and 2% clicked and 50% for 5% clickeahoparticles. Afterwards, the

expelling percentage tends to decelerate to reloht®0% of the released amount after 14

hours of excitation. Beyond this, the maximum déase is attained after about 22 h.

The loading capacity of the nanoparticles is cal@d as the weight of rhodamine (mg)

retained by mg of nanoparticles. Figure 19 showesrdlease profile relative to the uptake

amount for each sample. Both 2%-clicked nanorodsremospheres exhibit the best loading
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capacities with 4.5% and 4% respectively. The wératling capacity goes to 5%-clicked

nanoparticles with 1.5% and 1.6% for the nanosgharel the nanorods presumably due to
hindered pores outlined by the lowest pore voluirable 1 bis). 1%-clicked nanorods (3.2%)

and nanospheres (2%) have medium values; this eaexplained by the fact that less

azobenzenes were incorporated inside the pores2¥adlicked nanoparticles and thus, not
reaching the optimal threshold to retain as much2#%snanoparticles. The balance of

functionalization rate, the textural properties dhe available space led to the best loading
capacity in the 2% clicked nanoparticles. It isevadrthy that the evolution of the release
percentage is in respect with the physisorptionlteSer and pore volume) and that after

more than 20 hours of irradiation some photobleagiof the dye may have occurred so the
maximum loading capacity is in fact higher than ¢a&ulated one.
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Figure 19: Release profile relative to the maximum uptakehotlamine B for the clicked (spheres)
nanorods and the (empty dots) nanospheres

3.8. Conclusion

In conclusion, the successful release of rhodarBingon light excitation from mesoporous
silica nanopatrticles with clicked azobenzene hdslat®d the CUAAC approach in making
efficient nanomachines with impelling system. Hoeev multifunctionalization of

nanoparticles is needed in order to gain spegificttargeted cells or to tune the excitation

properties (two-photonexcitation) depending onttiexrapeutic needs. For instance, Croissant
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et af® have synthesized bifunctional nanoparticles bycmodensing an azobenzene
derivative with a 2-photons sensitizer (antenna)FRET phenomenon occurred between
these two moieties inducing an impelling behaviathe azobenzene (Figure 20). This system

showed very interesting resultsimvitro assays.
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Figure 20: azobenzene photoizomerization by FRET from horophore on mesoporous silica
nanoparticles. Adapted from ref

4. Bisclickable Mesoporous Silica Nanoparticles: A
multifunctional platform for selected applicationsin cancer cell
treatment

After validating the use of the CuAAC reaction onomoclickable MSN to form
nanomachines based on the concept of clicked na®tien, we will try to prepare
multifunctional MSNs and use them as multi-clicleabllevices to anchor diverse molecules

for selected properties.

4.1. Synthesis of the bisclickable nanopatrticles

In a typical synthesis of monodisperse MCM-41 tgpaoparticles, the silica source (TEOS),
together with the clickable organosilanes bearizgdea and alkyne (2% or 5% molar
equivalent of total silica source, each) were aditegwise in a heated basic agueous solution
of the structure-directing agent CTAB (and everyuBFOA in the case of nanorods). After
ageing and drying, the surfactant was extracteakcidic ethanol by ionic exchange ‘&>
CTAM.
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4.2. Characterization of the nanopatrticles

FITR spectra (Figure 21) exhibit a simple profiler fthe different parent bisclickable
nanoparticles. All spectra showed mainly vibratibasds typical for Si-O-Si (1000-1100 tm
) and Si-OH (943 cif). The azide () stretching peak is clearly shown at 2103*cm
corresponding to the anchored AzPTES group. Otlestkvpeaks appear at (1200-1450%m
typical for C-C and C-N vibrations in addition toet CH bands seen between 2800 and 3000

cmt,
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Figure 21: FTIR spectra of parent bisclickable nanoparticles

At low concentration, the H-& stretching of the terminal alkyne £C-H) could not be
identified in FTIR. However, terminal (asymmetri©=C vibration is seen by Raman
spectroscopy (Figure 22). A prominent peak at 2t3@'is seen for bis 5% parent

nanospheres and nanorods confirming the anchofitige®rec-Alk within the silica matrix.
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Figure 22: Raman spectra of parent (left) nanospheres aglot{manorods bearing 5% clickable
functions.
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Textural analyses were carried out using scannmgta@nsmission electron microscopy and

X-ray diffraction techniques.

SEM micrographs (Figure 23) show nanospheres ofo9060 nm in diameter and aspect
ratios ranging from 1 to 1.7 for 2% bisclickablennapheres and diameters from 90 to 130 nm
with aspect ratios ranging from 1 to 1.4 for 5%chckable nanospheres. As for the next two
samples, nanorods with aspect ratio ranging frddn(B28 x 42 nm) to 4.5 (170 x 38 nm) for
2% bisclickable nanorods and from 3.5 (143 x 41 nm@4.5 (177 x 41 nm) for 5%
bisclickable nanorods are seen. TEM micrographswsloydered pore channels for
nanospheres and their hexagonal structure was dédram Fourier Transform of part of the
image (inset). Nanorods showed ordered pore chamwigh helical conformation evidenced
by alternated “fringes”. The fringes indicated ridarrows correspond to (10) plane of the
hexagonal structure, while the ones indicated biyerdrrows correspond to (11) plane.
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Figure 23: SEM (left) and TEM (right) micrographs of the parbrisclickable nanoparticle
nanospheres a) 2% b) 5% and nanorods c) 2% ari
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X-ray diffraction confirms the 2D-hexagonal struetwf the nanoparticles indicated by three
main peaks corresponding to the (10), (11) and (k)s (Figure 24). Nanospheres exhibit
the same d-spacing while 2% nanorods present ligigher distances compared with 5%
nanorods. However, both nanorods show longer distathan nanospheres. Values of d-

spacing and cell parameters are summarized in &able
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Figure 24: X-ray diffraction patterns for parent nanopartcle

BET Uptake at  Total pore
Cell parameter .
dio ., Surface area saturation volume
a=(2do) 3 2 3 3
(m“/g) (cm/g) (cm/g)
2% nanospheres 3.86 4.46 1104 476 0.76
5% nanospheres 3.86 4.46 1087 375 0.67
2% nanorods 4.02 4.64 1198 500 0.79
5% nanorods 3.93 4.54 1164 422 0.69

Table 3: structural and textural data of the different parenoparticles.

N> physisorption isotherms of the four parent nantiglas are shown in figure 25. The shape
of the different isotherms is typical of a mesopmranaterial with a IUPAC’s type IV
adsorption branch. Indeed, the isotherms exhibiinflexion of the N adsorbed amount
typical for monolayer-multilayer adsorption procesgsich ends by a plateau indicating the
saturation of the mesoporosity. The inflexion iersat lower relative pressure values for bis
5% nanoparticles (p/p° = 0.18) than those for Bis @/p°= 0.27) suggesting smaller pore
sizes of the former. Moreover, the higher uptakeatiration for bis 2% nanoparticlesa(
475-500 cri¥g) against ¢a 370-420 cn¥g) for bis 5% nanoparticles suggests wider pooes f
the nanoparticles holding lower organic functiotyaliThis tendency is also seen at the pore
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volume level (Table 3) where the maximum uptaketli@r four isotherms decreases from bis
2% nanoparticles to 5% nanoparticles.
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Figure 25: N, sorption isotherms and parent bisclickable nartapes

Multifunctional mesoporous silica nanoparticles &versuccessfully synthesized and
characterized to fulfill the criteria of a nanocaurr

- Nanospheres and nanorods were prepared with agpectanging from 1 to 4 with a
narrow size (90-150 nm) for a good cell endocytasshanism.

- High surface areas were achieved (>1000gmmaking possible the anchoring of
appreciable amounts of functionalities and a higicentration of cargo.

- The carrier is bearing two clickable functions whienable incorporating different
molecules combining several properties for an ogpttieffect of the nanomachine
(Targeting agents, luminescent agent for trackimgellers, pores gates).

After validating the success of the concept of taaoimpeller on monoclickable MSN, we
will move to make multifunctional nanoparticles amse them as multi-clickable devices to
anchor diverse molecule with selected applicatididlowing the successful synthesis and
characterization of the bisclickable nanoparticles,will at first expand the usefulness of the
impeller-clicked nanoparticles by incorporatinggeting agents. Then we will try to probe the
proximity of the clickable alkyne and azide con&nin the silica framework by using the
communication features between fluorophores (FRET}s feature is of critical importance
since one of the application intended (pH-sensiti@aogate activated by a photoacid) relies
on a proton spatial transfer and needs close $patiaimity between the active functions.
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5. CUAAC on bisclickable nanoparticles: Light triggered
controlled cargo release from a targeting nanocargr

In this part, we will focus on the use of a doublek reaction in order to make MSN
containing the azobenzene as nanoimpeller for obedr release outlooks combined to a
targeting agent in order to optimize the nanomagkigfficiency in cancer cell selectivity and

on-demand offense.

Folate receptor is overexpressed on the surfasewaral cancer cell lines such as colorectal,
endometrial, ovarian, lung, breast, and renal c&lais, folic acid has become an attractive
function to selectively target tumor céff$ In this context, folic acid was modified to bear
clickable alkyne group and clicked as well as theb&nzene on the bisclickable MSNs. The
steps of synthesis, functionalization and activatd the nanomachine are gathered in Figure
26.

aminopropargyl-folic acid Azidoazobenzene

)\
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STEP-1- : Synthesis of bisclickable MSN STEP-2- : double CUAAC reaction

N3

azide .
targeting agent
/_\ .
/ \/ x\ clicked folate 2\“
-N

Mesoporous alkyne ,{ \
N

Sica | N CUAAC > Z
N
|\ NI(

’ N
NS———N\\ JN N _N\\N_/N
N—— N

clicked azobenzene

Nanoimpeller

STEP-3- Cargo loading STEP-4- Light activation

4?”{‘/ RN NI | My O(\ I Y

/=N

S — JNN SN wnNg N
Q S T
W

agging motion
290 0

Figure 26: main steps of the design and activation of nandimadearing nanoimpeller and targeting
agent.

5.1. Characterization of bisclicked nanoparticles

As usual, the chemical composition was checkedguSiFIR (Figure 27). The spectra show a
significant decrease in the azide peak at 2104 suggesting that a reaction was taking place
with the propargyl group of folic acid. Other barafsearing between 1208 and 1700*dm
addition to the bands around 2900 trprresponding the GHand CH vibrations confirm

that organic moieties are incorporated into theoparticles.
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Figure 27: FTIR spectra of bisclicked nanoparticles: (bla2¥) and (blue) 5% nanospheres, (red) 2%
and (orange) 5% nanorods. Dashed line corresporttie folate precursor. Inset: zoom on the zone
2200-2000 cribefore and after click reactions.
13C CP-MAS NMR (Figure 28) shows signals typical leé triazole ringd 123 and 145 ppm)
characteristic of the success of the CUAAC reactioraddition, signals at 168 ppm and 174
ppm correspond to the amide (N-C=0) and the acld-@>0O) groups of folic acid. Triazole
signature confirms the anchoring of folic acid @aAAC reaction.

—— Folic acid clicked on 5% nanoparticles
5% bisclickable nanoparticles ' ‘q
\

acid ?;I‘ge triazole
Cc=0 -

Fa) (FA) / \
174 168 145 123

200 150 100 50 0 -50
chemical shift (ppm)

Figure 28: solid-staté*C NMR of the (black) parent and (red) functionatizeanoparticles with folic
acid
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UV-Vis spectroscopy:

Clicked nanoparticles exhibit the same profile ttl@molecular precursors.

Alk-Folate Azobenzene
Aa max) (NM) 288 334
e (M cm)? 10280 31650

Table 4: spectral data of azobenzene and folate in DMSO

1,54

5% bisclicked nanospheres
2% bisclicked nanospheres

—— parent nanoparticles in DMSO
azobenzene in DMSO
Alk-folate in DMSO

Absorbance (AU)

Wavelength (nm) —

1,4

5% bisclicked nanorods
2% bisclicked nanorods

1,24 |

1] \ , parent nanoparticles in DMSO
1,04 | / —— azobenzene in DMSO
1 / \ Alk-folate in DMSO

Absorbance (AU)

- T - T - T - T - T -
250 300 350 400 450 500 550 600
Wavelength (nm)—

Figure 29: UV-vis spectra of bisclicked (up) nanospheres @wotdvn) nanorods with (black) 5% and
(red) 2% functions with (green dashes) parent narigtes in DMSO, (brown dashes)
hexane@azobenzene and (orange dashes) alk-FA irCODMS
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Functionality (mmol/g) (conversion %)

Folic Acid (FA) azobenzene
[clickable 2% 5% 2% 5%
functions]
nanospheres 0.10 (71%) 0.18 (50%) 0.03 (25%) A.0%)
nanorods 0.06 (42%) 0.11 (31%) 0.02 (18%) 0.05 (15%

Table 5: concentrations of the clicked molecules on theesponding nanoparticles

N-sorption analyses show a decrease of the adsarbednts after CUAAC reactions with a

decrease in BET surface area and the total poranelTable 6) compared with the parent
nanoparticles (Figure 30, Figure S4). However,dindace area and the pore volume are still
able to retain cargo molecules especially in thee ad 2% clicked nanoparticles.

850 700 -
800 —— 2% bisclicked nanorods —— 5% bisclicked nanorods

7501 —— 2% parent nanorods 600 7 —— 5% parent nanorods

500
400+

300

g 200

uantity Adsorbed (cm?/g STI

Quantity Adsorbed (cm3/g STP)

T T 1
00 02 04 06 08 10
Relative Pressure (p/p°)

T T T T |
00 02 04 06 08 10
Relative Pressure (p/p°)

Figure 30: N, sorption isotherms of the (black) parent and (keslicked nanorods (left) 2% and
(right) 5% clickable functions
XRD patterns (Figure 31) show that nanoparticlesntamed good structuring even after
several treatment conditions. A diffraction peakresponding to g intereticular distance
(Table 6) prominently appears. The vanishing of lthemonics is due to the double click

reaction conditions and also the incorporatingafimninous organic molecules.

5% bisclicked nanorods
2% bisclicked nanorods

2.43

5% bisclicked nanospheres B 235
2% bisclicked nanospheres \//\

Intensity (a.u.)
Intensity (a.u.)

2 Theta (°) 2 Theta (°)

Figure 31: XRD patterns of the bisclicked (left) nanospheessl (right) nanorods with (red) bis 2%
and (black) bis 5% clickable functions

128



2% bisclicked

5% bisclicked

2% bisclicked

5% bisclicked

nanospheres nanospheres nanorods nanorods
BET surface
297 109 225 112
area (nM/g)
Total pore
volume at
_ 0.19 0.09 0.16 0.05
saturation
(cm/g)
dio (NM) 3.57 3.39 3.69 3.39
Lattice
4.13 3.92 4.27 3.92

parameter (nm)

Table 6: Textural data of the different clicked nanopaetcl

5.2 Release profile

After loading the bisclicked MSNs with rhodaminerBlease experiments were performed in

solution using an excitation at 365 nm, as see&harprevious chapter.

The progressive increase of the released amoutypisal of the nanoimpeller behavior.

Nanospheres and nanorods exhibit an importantselegie after light excitation start. The

released amount reach 60% in only 3 hours withnaesame-scale as for the monoclicked

azobenzene which indicates that folic acid doegprdurb the release process.

—m— 2% bisclicked nanospheres
—*— 5% bisclicked nanospheres

100 +

@
S
1

o
S
1

(%) Release
8
1

204

J Light ON
—

—m— 2% bisclicked nanordos
—*— 5% bisclicked nanordos

total time (h)

T T
5 10

total time (h)

T 1
15 20 25

Figure 32 percentage of release profile of bisclicked (ug@)ospheres and (down) nanorods with (red
dots) bis 2% and (black stars) bis 5% clicked fiomst. Insets: zoom on the baseline before excitatio

starts.
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The loading capacity of the nanoparticles exhibagdin thehighest amoun for 2% clicked
nanoparticles which present 2 times more loadiag & clicked nanopatrticles (Figure <.
Two control experiments were also carried out toficm the or-demand activation and tl
light-controlled delivery. In the first case, the lighaswrepetitively turned on and (Figure
33). When the lamp is off, alnst no release is noticed indicating that the azpbea entitie:
are not undergoing any wagging motion. Turningliblet on, induce the photoisomerizati
of the azobenzene thus creating a disorder insielgpdres and inducing the liberation of
dye. In order to validate the light activation phenomenanother control experiment w
carried out by increasing the temperature of thdiome (until 50 °C). No release was notic
proving that the cargo liberation from the nanapbes is induced solely | the activation of

the azobenzene and not any local heating caus#gtebigh (data not show.
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Figure 33: (left) Release profile relative to the maximum uptakehotdamine B for the clicked (fu
dots) nanorods and the (empty spheres) nanos| and (right) ONOFF release profile of 2¢
nanaphere outlining the light-induced activation.

5.3. In vitro preliminary essays:

For biotests, all the experiments were carriedvatht 2% nanospheresince it is able to hol
more important concentration of d
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Figure 33 bis: (left) Cytotoxicity study on nanoparticles. Values are me& SD of 3 independet
experiments, (rightell viability assays using highlighting 1 crucial effect of the clicked folic ac
on the cell targeting
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Human breast cancer cells (MCF-7) were treated avthnge of concentration (from 0.1 to 5
pg/ml) of different nanoparticles (Figure 33 biBhe quantification of cell death was realized
after 72 hincubation and demonstrates the biocompatibilitthe nanosystem without DOX.
Clicked nanoparticles exhibit the same toxicity fpeothan parent nanoparticles and this
confirms that no more cell toxic copper is remagnim the system after the washing steps.
After a series of experiments, the concentrationanoparticles was fixed at 2 pg/L and was
used along with a 6 hours time of incubation.

In order to probe the efficiency of the clickedidahcid, an irradiation with 400-440 nm light
was carried out on 2% nanospheres clicked wittketicazobenzene solely and with both
molecules clicked (bisclicked 2% nanospheres). &hsmnoparticles were loaded (or not)
with doxorubicin to make control experiments. Resghow that without any doxorubicin
loaded, laser excitation does not induce cell deatre same result was obtained for
azobenzene-monoclicked monosphere loaded by DOKowdh some cell death was
expected. As for bisclicked nanosphere loaded bXDT¥ = 4% of cells have died. This
result, compared with the previous, confirm thag thicked folic acid was essential for cell
killing, and this can be explained by the fact tsftargeting properties towards MCF-7 cells
which likely helped the nanopatrticles to be quickiyernalized. In contrast, this was not
found in azobenzene monoclicked nanosphere whiald ¢t be internalized by MCF-7 line

(using the same timescale) and thus presentedaent eh tested cells.
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6. Double click reaction (CUAAC) on mesoporous sita
nanoparticles: probing the proximity of functions by Forster
Resonance Energy Transfer (FRET)

6.1. Introduction

Forster Resonance Energy Transfer (FRET) is a adiative transfer of an electronic
excitation between distinct fluorophores; an extitdonor” and a neighboring “acceptor” in
its ground stafg”.

The FRET arises from a dipole-dipole interactiobwaen the electronic states of the donor
and the acceptor without emission or absorptiorpledton. FRET occurs by resonance
between the donor excitation energy and an eleictgap of the acceptof. More precisely,
the electron of the excited molecule induces arillasog electric field that excites the
acceptor electrons by perturbing the electron chtiout exchanging any electron. On the
spectral level, this implies that the donor's emoissspectrum must overlap the absorption

spectrum of the acceptor.

(%) Excited Singlet State

vibrational relaxation
(A%)

_ - ' —

N

, FRET
Absorption ' ' Emission

nonradiative
FRET

: —_— Photon Light
e T R N Absorption Emission
L ‘ distance ‘ \)
N
Ground State S, 2-10 nm

Donor (D) Acceptor (A) Donor Acceptor

Figure 34: (left) Jablonski simplified diagram explaining tRRET and (right) schematic
representation of the FRET dependence on the distagtween the fluorophores
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FRET between fluorophores is conditioned by seviaetors such as fluorescence quantum
yield of donor, absorption coefficient of the acepthe relative orientation and the distance

between the dipolé¥-?*? Therefore, FRET strongly depends on the dipotgmsation and
1

r\° °
1+(z5)
Where r is the effective distance between fluorepb@nd Ro is the Foérster radius at which E
= 50%. In other terms, at Forster distance (Rag, ghobability that a donor transfers its

energy to the acceptor is 50% (in addition to 50fcspontaneous fluorescence). This

scales as 1with FRET efficiency E= (equationl.1)

probability increases as the distance between dandracceptor decreases. Typically, the
distance at which FRET occurs ranges from 2 torfifpabove this distance, only spontaneous

deactivation of the donor takes place.

. Acceptor
A .. . Donor

FRET efficiency

distance

Figure 35: Decay of the FRET efficiency as distance betwemrodand acceptor decreases

The Forster Radius (Ro) is expressed as foftolis?
RE =8.79 10 n* ¢p(k?)J (equation 2.1)

Whereld s the overlap integral between donor’s emissiahasteptor’s absorption.
I=[f €A FP) A*dr/ [ FP(2) dA] in terms of wavelength (nm) (equation 2.2)
Or,

RS = 9000 In(10)pp (k?)J / (128n° n* N4) (equation 3.1)

I=[f, €*® FP®@) " dv/ [, F°(¥) d¥] in terms of wavenumber (¢ (equation 3.2)

A (nm) is the wavelength.
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¥ (cm™) is the wavenumber calculated fromasv (cm®) = 107 A (nm)
op Is the fluorescence quantum yield of the donor.
n is the refractive index of the ambient medium.

« is the dipole orientational factor, given as aerage «*> =2/3 for random and 0.475 for

static orientational distribution of the dipole memtum.

" is the molar extinction coefficient of the accepbeach wavelength.
F°is the fluorescence of the donor.

N, is Avogadro’s number = 6.023 x 2ol ™.

Fluorescence has high sensitivity to detect very tmncentrations of fluorophores, thus
FRET is employed for probing molecular interactiospatial proximity and molecular
distribution. Thus, it displays a broad range oplegations and it is especially occupying a
central stage in biology, biophysics and biotechgglsuch as monitoring protein-DNA or

protein-protein interaction, protein conformationhhngé®.

6.2. FRET on the mesoporous silica nanoparticles

At the scale of the mesoporous silica nanoparti¢tf&ET, which gives valuable information
about the proximity and the interaction between fluorophores, is undoubtedly a useful
technique in order to probe the communication astimate the distance between the
functional groups clicked on the silica nanopagtscl

To this purpose, we made use of commercially abklanolecules that can be easily
modified to bear clickable groups. Thus, we havekeld the azidomethylpyrene and tNe
propargyl 4-aminonaphthalimide groups which displagh spectral overlap between

methylpyrene’s fluorescence and 4-aminonaphthakmidbsorption (Figure 36).
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Donor: Acceptor:

Azidomethylpyrene N-propargyl 4-aminonaphthalimide

NH,

clickable donor and acceptor used in FRET.

Pyrene displays a strong absorption band at 340anwavelength where no (or negligible)

absorption is shown for the naphthalimide. Excitmggphthalimide at this wavelength thus
results in a weak emission. Furthermore, the alisorpspectrum of the latter strongly

overlaps with the emission of the pyrene. Hences tiverlap will be the most important

factor to probe a FRET phenomenon between thesenwecules after being clicked on the
nanoparticles and thus estimate their coexistentmadistance. Therefore, after exciting the
nanoparticles at 340 nm an energy transfer canrdeetween clicked pyrene and clicked
naphthalimide that can be evidenced by a high éomssf the acceptor and a decreased
emission of the donor. (Overall phenomena: photmsogtion by donor and photon emission
by acceptor).

a) b)

—— Absorption methylpyrene . .
I A T Emission methylpyrene — Absorption naphta-alk

il 343 nm a —— Absorption 4-aminonaphtalimide — -Emission pyrene N 3
| \‘ | [ N Emission 4-aminonaphtalimide
J A ! "

Normalized Intensity
1 1 1 1 1 1 1 1 1 1 1 1 1
Intensity
L L L I L

T T T T T T
300 400 500 600
Wavelength (nm) 300 400 500 600
wavelength (nm)

N
S PR U NP U NAPUN NI NS P BPU SAPU U RS S
o — —

Figure 36: (a) Absorption and emission spectra of donor awegtor and (b) overlap between
donor’s emission and acceptor’s absorption
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_ N-propargyl 4-amino
azidomethylpyrene o
naphthalimide

)\(Absoption max) 242 260
e (M cmy* 69100 10400
A (Emission max) 416 523

Table 7: spectral data of the used fluorophores

6.2.1. Ro Calculation

In order to estimate the distance separating tloked fluorophores, we made use of the
equations (3.1) and (3.2):

R& = 9000 In(10)pp (k2)J / 1287° n* Na (eq 3.1)

I=[f;e*® FP@) ¥*dv/ [, FP(¥) d¥] (eq3.2)

Considering the following values:

-The quantum yield of the donor is tak&ro begp = 0.4

-The dipole orientationaloefficient is taken as (x?) = 2/3 since clicked fluorophores are

believed to display random orientation.
-The refractive index of the medium is n = 1.3 ysok = water)
According the (eq 3.1) Rs calculated to be 3.5 nm

Ro= 3.5 nm is the distance at which the fluorescgmobability of pyrene is divided by 2.
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6.2.3. CUAAC Click Reactions

Two distinct fluorophores with appropriate specpadfiles (donor and acceptor) were clicked
on the mesoporous silica nanoparticles (nanosphewgl 1%, 2% and 5% clickable
functions via CuAAC reaction using Sharpless’ comimnal catalytic system. 1%
bisclickable nanospheres were synthesized to thigpgse (Figure S5). Bisclickable

nanoparticles with 2% and 5% are the same thaethmzle in Section 4.
Two pathways are possible for performing the CUAAC:

Click Pathl (naphthalimide @ pyrene @ MSN): NPx-DA (Donorrttfeceptor)

NH,
! ! N=
_ “O N=N @ O0”N~0 N ,\‘[ij——-pgle
4 \
N3 _x/N‘pyrene Z
— —
N=N
—N; —N; _N\/—naphtalimide

©

Click Path2 (pyrene @ naphthalimide @ MSN): NPx-AD (Acceptoert Donor)

NH,
OO o0
O”N~0 ’N:N @ ’N:N @
—Nj3 /// _N\)\naphtalimide Na ‘O N\)\naphtalimide
— P | Nay

\
NN ~pyrene @

Scheme 1Possible Paths of the double CuAAC.
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6.2.4. Characterization of the CuAAC functionalizaton

i) Chemical Compositions

The composition of the clicked materials was &t forobed by FTIR (Figure 38, Figure S6).
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Figure 38: zoom on FTIR profile of (a) parent and (b,c) cidknanoparticlegia both paths

FTIR spectra show a strong decrease of the intews$itzide band (2104 ¢ from the
parent nanoparticles to path 2 clicked nanopastialed a total vanishing after click according
to path 1. In Path 2, the naphthalimide was clicketirst and exhibits higher concentration

thus more reactivity towards the azide.

UV-vis spectroscopy (Figure 39) confirms the susfidsincorporation of the fluorophores
which absorption bands on the nanoparticles matith those of the free molecules in
solution. Indeed, clicked methylpyrene absorptibaracteristic bands appear in the zoke (
250-350 nm) whereas the absorption band at 450 omesponds to the clicked 4-
aminonaphthalimide. UV-vis spectroscopy allows reating the concentration of the
fluorophores in the suspended nanoparticles.
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Figure 39: UV-vis absorption spectra of (red) 1%, (green)@dd (blue) 5%- bisclicked nanoparticles
via (left) path 1 and (right) path 2. Orange anoMar spectra correspond to azidomethylpyreneNind
propargyl 4-aminonaphthalimide in ethanol respetyiv

After baseline subtraction, the amounts of clickedrophores were quantified (Table 8).

[Functionalization] (mmol/g) (conversion %)

Methylpyrene (donor) 4-aminonaphthalimide
(acceptor)
x = [clickable
_ 1% 2% 5% 1% 2% 5%
functions]
Path 1 (NPx-DA) 4 o5 005 009 008 011 0.8

(63%) (35%)  (25%)  (100%)  (78%)  (50%)

Path 2 (NPx-AD) 0,03 0,05 0,10 0,06 0,15 0,20
(38%) (35%)  (28%)  (75%) (95%)  (55%)

Table 8: Concentration of clicked fluorophores (donor andeptor) on nanoparticles suspended in
water

The results show that no major change in conceomitof clicked methypyrene occurs

following the click order (except NP1-DA which pesds higher concentration when pyrene
was clicked at first). The same behavior for 4-amaphthalimide was shown as it displays
little increase (for bis 2 and 5%) of clicked ambumen it is reacted at first (path 2). NP1-
AD shows higher amount when it is clicked secondilye order of CUAAC reaction does not
favor the concentration of one clicked molecule.widger, both paths exhibit higher

concentration for the acceptor than the donor, meatihat the acceptor is more efficiently

clicked on the nanopatrticles than the donor.
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6.2.5. FRET effect by Fluorescence Spectroscopy:dXimity between the clicked

functions.

After validating the composition of the bisclickednoparticles, the latter were analyzed by
fluorescence spectroscopy to check if FRET is aaugirand then to estimate the proximity
between the clicked molecules.

———————— monoclicked naphtalimide emission
———————— monoclicked naphtalimide excitation

excitation

wavelength .
emission

wavelength

—— monoclicked pyrene emission
—— monoclicked pyrene excitation

300 350 400 450 500 550 600 650 700

wavelength (nm)

Figure 40: Emission (black) and Excitation (red) spectraarfioparticles monoclicked by pyrene
(complete line) or naphthalimide (dashed line).dRding wavelengths: Emission was at 343 nm and
excitation at 540 nm.

At first, emission and excitation spectra were rded on 5% nanopatrticles clicked only by
either donor or acceptor. Indeed, the emissiontapac(A exc = 343 nm) of nanoparticles
clicked only by pyrene shows only bands correspugtl pyrene derivatives in its monomer
form (A 370-400 nm) and excimer (broad bamd430-550 nm) while nanoparticles only
clicked by naphthalimide show evidently weak flemrence since naphthalimide has low
absorption at this excitation wavelength (Figur@. Alhen the bisclicked nanopatrticles are
excited at the same wavelength, a very strong lagpears at 500-600 nm corresponding to
the naphthalimide emission suggesting the occuerasfca FRET phenomenon from the

pyrene (donor) to the naphthalimide (acceptor)fegil, a,b).

This is confirmed by the excitation spectdaefn = 540 nm).Weak bands are displayed on
pyrene-monoclicked nanoparticles while a prominsignal is seen on naphthalimide

monoclicked samples (Figure 40).When the excitaspactra are recorded for bisclicked
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nanoparticles (Figure 41, c, d), strong signal830—-380 nm) for pyrene are shown out in

addition to naphthalimideA(400-500 nm). This confirms that we have a strong interactio

highlighted by a close proximity between the clidkliorophores.

In spite of the clear emission band of naphthalemedidencing the FRET, the considerable

emission band of pyrene in both paths means thabik#icked nanoparticles exhibit the

highest segregation between FRET donor and acceph@re pyrene has clearly less

neighboring acceptor molecules than in the cas2¥fand 5% bisclicked nanopatrticles. In

these latter, very weak emission bands referringytene are identified, which means that

almost all the donor molecules are in close prowimiith acceptor molecules with a high
probability of FRET.
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Figure 41: (up) Emission and (down) excitation spectra of\rE%, (green) 2% and (blue) 5% -
bisclicked nanopatrticles via (left: a and c) pa#md ( right: b and d)path 2

The energy transfer is more important as the aocephd the donor are close and

homogenously distributed. This implies that théorat emission intensity of the acceptor (at
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A 540 nm) over the emission of the donor (which hgsarticipated in FRET, ak 340 nm)

gives valuable information about FRET while cortethwith excitation profile.

In principle, for the lower amount of “residual” igne appearing in the emission spectra, the

highest pyrene absorption should be seen in thigadinn spectra.

6.3. Conclusion

Two fluorophores (energy donor and acceptor) Were/> ~3-d nm
successfully clicked on bifunctional MSN and
characterized by vibrational and absorption spectpy.

Emission and excitation fluorescence spectroscop§/

showed that an energy transfer phenomenon (FRET) is

occuring between the functions. The success of the

FRET shows that in average the distance between two
functions lies below 3.5 nm whatever the conceitnatFigure 42 : fluorophores at comparable
of the 2 functions in the range of [1% - 5%]. TRie distance is "terpore distance
comparable to the interpore distance in MCM-41 migte which suggests that either in path
1 or path 2, the secondly clicked fluorophore cateewithin the pores of the MSN. Owing to
the possible communication between clicked entittessuch MSN, we can design new
nanomachines containing “antenna” which can transmérgy>’, protons or electron to an

active valve.
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7. Activation of pH-Responsive Nanomachines througRhoto-
Responsive Proton Transfer

We have demonstrated by FRET that we are ableit& tlvo functions at low distance
(between 1 and 10 nm). This feature will be usedrder to make a novel controlled delivery
system based on a proton transfer at low distamteden two communicating clicked

entities.

The controlled delivery system studied in this pawtsists of a clicked photoacid and a
clicked pH-sensitive stalk bearing a supramolecd@gclodextrin) as a gatekeeper (Figure
43). Upon light excitation, the photoacid shoulakliate protons (B that shall protonate the

amine of the valve, thus destabilizing the supracwuhar assembly formed with the gate

keeper.

A Photoacid is a molecule that turns into a strangl after a light excitation. Indeed, the

excited state (singlet;Sof a photoacid is more acidic than their groutedes(3)*>>**

In addition, some studi&¥ have shown a complexation phenomenon betweeo-(BB and
some derivatives of the benzene molecule (aniliokiene, ..). In particular, anisiding-(
methoxyaniline) is known to have a good affinitywater with the CD cavity due to their
close hydrophobicity. Thex-cyclodextrin will associate with the nanovalve p&g the
particles and preventing the cargo from escapingorUappropriate light excitation, the
photoacid will protonate the stalk of the acid \wabhifter the amine in the acid valve has been
protonated the&x-cyclodextrin binding affinity decreases and ithdetds from the stalk. The
dethreading unblocks the pore opening and alloegthviously trapped cargo to escape into

the solution.

SIS

photoacid: AHQI Stalk: Alk-anisidine
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Figure 43: different steps in designing a nanomachine beaihgensitive nanogate and a photoacid
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7.1. Characterization of the nanoparticles

The bis-clickable nanoparticles were functionalibgdCuAAC grafting with the stalk (alk-
anisidine) then the photoacid (AHQI) and charaztstiby different techniques.

Vibrational spectroscopy (Figure 44, Figure S8):

Parent Nanoparticles Clicked Nanoparticles

Transmission

(N,) 2104

Figure 44: Zoom on FTIR spectra (2200-2000 ¢rof (left) parent and (right) bisclicked
nanoparticles: (blue) 2% and (orange) 5% nanospheth (red) 2% and (green) 5% nanorods.

The intensity decrease of the azide peak at 2104 isma first indication that anisidine was
successfully clicked. Several bands appear aftéck cteaction at 1450-1510 ¢

corresponding to the clicked molecules (Figure S8).

3¢ CP-MAS NMR was carried out for bis 5% parent nEarticles and clicked either by alk-
anisidine or by AHQI (Figure 45).

The obtained spectra confirm the success of thek e¢kaction of both molecules on the
nanoparticles. Signals a122 ppm anddl44 ppm are typical for the triazole ring,
characteristic of the CUAAC reaction, in additianthe signal ad 30 ppm corresponding to
the C in alpha position to the triazole. In theecat NP-AHQI-5 this is supported by a total
vanishing of the alkyne signals at71-77 ppm indicating their reactivity towards AHQI.
Furthermore, the signals at110-140 ppm correspond to the aromatic rings of clicked
molecules. The slight increase of the alkyne sgraluld be due to one non-reacted of the

two pending alkyne groups of the anisidine.
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Figure 45:°C CP-MAS NMR spectra of (green) parent bisclickatdeoparticles and monoclicked
(red) by Alk-anisidine and (black) by AHQI.

In order to quantify the click UV-vis absorptionespra were performed on the photoacid and

the stalk:

Photoacid pH-sensitive hanogate
A (A max) e (Mcm)* A (A max) e (Mcm)*
265 13200 261 4800

Table 9: spectral data of the photoacid and stalk moleadunleshanol

—— Alk panisidine in EtOH 167 —— Alk panisidine in EtOH
124 — bis 5% monoclicked rods 1 —— bis 2% monoclicked spheres
241249 301319 —— bis 2% monoclicked rods 149 244 252 301 313 —— bis 5% monoaclicked spheres
109 | 124 |im
- \
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Figure 46: Absorption spectra of (green) 2% and (red) anmisidhonoclicked (left) nanorods and
(right) nanospheres. Brown spectrum is the Alk4dirie in EtOH.
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Figure 47: Absorption spectra of bisclicked (a) nanorods€d) bis 5% and (a, black) bis 2% and (b)
nanospheres (b, red) bis 5% and (b, balck) bis24¢hed spectra are (orange) the corresponding
anisidine monoclicked nanoparticles (green) AHQ&tinanol and (brown) Alk-anisidine in ethanol.

UV-vis absorption spectra of the anisidine mond@d nanoparticles show an absorption
profile A 249 and 319 nm) matching that of the alk-anisidir@ecule in solutionX 241 and
301 nm).

Absorption spectra of bisclicked nanoparticles amere complicated since the clicked
molecules absorption highly overlaps. AHQI is dispihg a higher molar extinction

coefficient, however, it displays a clear modifioatrelative to the monoclicked absorption
profile where a new strong absorption band appe&8a nm mainly corresponding to the
clicked AHQI. The functionalization rate is calcdd for the first and the second click
reaction. Evidently, the stalk which is clickedstirprovokes higher conversion than the
photoacid. Nanospheres clearly showed a more impbcdoncentration of clicked molecules
than the nanorods. In all the cases, the click emiwns are higher in 2% bisclicked

nanoparticles than their equivalents of 5%.

Functionalization (mmol/g) (conversion%)

Stalk Photoacid
[Clickable 2% 5% 2% 5%
functions]
Nanorods 0.16 (35%) 0.34 (29%) 0.05 (16%) 0.11 (13%
Nanospheres 0.29 (65%) 0.41 (38%) 0.10 (30%) A 7%]

Table 10: functionalization rate of the clicked moleculeshisclickable nanoparticles
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N-sorption analyses show a decrease of the adsorbednas afte CUAAC reactions with i
decrease in BET surface area total pore volume (Table 11) compared with the pg
nanoparticles (Figure 48, Figure S9). However,sinéace area and the pore volume are

high enough to retain cargo molecules especialthe case of 2% clicked nanopartic

nanosphere Nanorod
[functionality] 2% 5% 2% 5%
BET surface 432 107 297 100
area (M/g)
Total pore 0.2 0.09 0.19 0.05

volume (cni/g)

Table 11:textural data of the bisclicked nanoparticles

mraw nanoparticles W bisclicked nanoparticles M raw nanoparticles M bisclicked nanoparticles

._.
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Figure 48: Evolution of the (left) specific surface area aright) total pore volume in (blue cone
parent and (red cones) bisclicked nanopar
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Figure 49: N, physisorption isotherms of (blacparent and (red) 2% bisclickéieft) nanospheresand
(right) nanorods.
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7.2. Release Tests and photoacid effect control

The release of the rhodamine B dye was tested tarviy irradiating with 365 nm UV-vis

light a cuvette containing water and nanopartitesled with the dye and functionalized with

the photoacid and the pH-sensitive nanogate.

Furthermore, in order to outline the effect of mamid on the proton transfer, nanoparticles

(5%) clicked only with the nanogate and capped Ygloclextrin were placed in the same

conditions under light excitation. The green likgg(re 50) shows that no significant release

occurred; only some leakage presumably due toregtihesidual absorption of the stalk at 365

nm or simply to a defective pore blocking is obsekv
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Figure 50: released amount (mg) profile of (up) nanosphenes(down) nanorods bisclicked with
(red squares) bis 2% and (black stars) bis 5%etidknctions along with (green circles) the blank

experiment with only stalk and cap.
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Nanospheres and nanorods exhibit a close releafilefFigure S10). Before light excitation
they exhibit a flat baseline indicating that minimueakage occurs (5% in case of 2%
nanorods maybe due to the low concentration obdhtced functions). Once the excitation
started, a drastic increase of the release was aitenl to 2 h of excitation about 40% of the
cargo amount was released. The nanorods displayititeer release rate (80% released
amount in 3 h against 7 h for the nanospheres). Miaeimum of release is attained after
about 15 h for the nanorods and 30 h for nanosphere

Again, both 2% nanorods and nanospheres exhibibéisé loading capacity with 4.1% and
3% respectively. Only half of these amounts isineid in 5%-clicked nanoparticles with

2.2% and 1.4% for the nanorods and the nanosphespsctively.
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Figure 51: Monitoring of rhodamine B release profile after fajk acidification of a stalk-
monoclicked 2% nanorod, (b) sequential on and yifes on a bisclicked nanorods, (c) using PBS
buffer while making sequential on and off cycled &) using TRIS buffer. Red and black traces are
respectively 2% and 5% bisclicked nanorods.

Intensity (A.U.)
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Following a bulk acidification of the medium to pH2 using 1 M HCI (Figure 51 a), a clear
increase of the absorption is shown which is amoffreof of the effect of the Hto
destabilize the supramolecular valve and inducelyleeescape.

7.2.1.0n-command activation of the nanosystem

In order to prove the controlled activation of thanomachine, the excitation light was
repetitively turned on and off to track the vawatiof absorbance intensity in the medium
(Figure 51 b). At first, the lamp was left off ov2rhours, no absorbance was detected. Once
the 365 nm light was turned on, a clear increagbefibsorbance of the liberated rhodamine
was seen. One hour later the lamp was switchedwudf the absorbance increase becomes
very limited which means that no mor€ i protonating the stalk hence no more dye is
exiting. The light was turned on for a last tim®ee rate of release increases again confirming
the controlled light-induced activation of the naraxhine. It is noteworthy that the on-
command activation aspect was also proved in PBférxsplution to ensure that the ambient

medium has no effect on this studied character.

7.2.2. Release in PBS and TRIS buffer solutions

Testing the release feasibility in PBS buffer solutis of primary importance because of the
close character to the physiologic media. The selezxperiments were also carried out in
buffer solutions using PBS (pH =7.2) and TRIS (pBL4}. Both experiments showed an
important increase of absorbance intensity of thediom upon 365 nm light excitation
(Figure 51 c). The successful release in buffe@dtisns means that the concentration of
liberated protons is high enough to protonate ttadks These results indicate that the
cocondensation of clickable moieties followed b @AAC-functionalization can overcome
the limitations encountered at this level by usthg conventional grafting of functional

groups on surface silanols.
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7.3. Conclusion

Bisclickable MSNs were successfully clicked by batimolecular photoacid and a stalk on
which a macromolecule (cyclodextrin) was non-cowtjetethered, acting as a gatekeeper.
The amounts of photoacid and stalk were deducedarigtytical techniques (especially
absorption spectroscopy). The presence of cyclodewias indirectly confirmed by the very

low leaking before excitation.

Most importantly, the photoacid effect was also destrated by exciting gated nanoparticles
with no photoacid clicked. Only very little cargel@éase was observed bringing into light the

viability and the validity of the photoacid concept this system.
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8. General conclusion of chapter Il

Mono and multi clickable mesoporous silica nanapkas were successfully synthesized with
an optimal size (close to 100 nm) with differendgés (spheres and rods with different aspect

ratio) in respect to many cellular uptake studessilts.

Monoclickable MSNs were demonstrated to constituteery robust platform for controlled
release of molecules. Azobenzene molecules weral@aly tethered by CuAAC click
reaction and fully characterized. The efficiencytlog nanoimpelling system was outlined by

in vial experiments.

Multiclickable MSNs were then conceived and sudtdlysoptimized. These nanoparticles
hold two different clickable functions allowing tneto combine different functionalities with
selected properties and without real concerns atheutype and the chemical nature of the
molecule since CuAAC is carried out with mild camhs. Before transporting these
nanoparticles into the universe of drug deliverg, vad to investigate the possible interaction
between the clickable functions in order to desigmel systems in controlled drug release.
Fluorophores have been clicked to prove by FRET pheximity and the available
communication between functions. Therefore, weghesi a light triggered system relying on
a pore gate (cyclodextrin) that non-covalently kiradclicked stalk next to a photoacid that
upon excitation transfers a proton to the stalkléorease the affinity with the gate keeper,
liberating then the entrapped cargo. Release expets outlined the effect of the photoacid-
to-stalk proton transfer and proved the on-commabhehse of the cargo. Successful release
was also achieved while using buffered solutionBSRand TRIS) which can extend the
application of this system to cell studies. Biadesill be carried out by our collaborators in
IBMM-Montpellier.

The final approach also relies on the azobenzemelimg behavior but combined with a
targeting agent (Folic Acid) that was successfullicked. This system displays high
importance since targeting agents are continuoustyired in cancer cell treatment to
decrease side effects vial release tests demonstrated that the azobenzecierefy is not
altered by the presence of folic acid. The finsvitro studies show that the “raw” system has
very little cytotoxicity and thus the CUAAC reactics compatible with the bioapplications. A
successful cell death was only seen in the catieeafopresence of azobenzene and folic acid

suggesting highlighting the crucial role of thedacid in the cell targeting.
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General Conclusion of the thesis

In this work, we have first made use of clickablissbylated precursors to synthesize
clickable periodic mesoporous organosilica as mode and mesoporous bridged
silsesquioxanes bearing azide or alkyne groupgglsmerates of nanoparticles of 20-30 nm.
These materials were subjected to extensive CuAKGR ceactions using different model
molecules having a signature by easily accessiblalyacal methods (vibrational
spectroscopy, elemental analysis, solid-state NMR)prder to prove and quantify the
conversion of the clickable fragments. High exteaiftiinctionalization (between 35 and 90%
depending on the material and the clicked functieede characterized. Furthermore, we have
demonstrated the feasibility of two more approadbegrepare functional silica by CuAAC
and sol-gel, either by performing the hydrolysisi@ensation of a sol-gel precursor bearing
one functionality and obtained by the CuAAC reactior by carrying out the click reaction

along with the sol-gel process taking benefit @irticlose kinetics.

The afore-mentioned clickable mesoporous bridgédesguioxane has then undergone a
significant surface modificatiorvia CUAAC in order to tune the hydrophilic/lipophilic
balance. Water and cyclohexane vapor sorption @rpets showed that the adsorption
properties of the resulting materials were draliyicaodified with respect to the hydrophilic
or lipophilic character of the adsorbate. This gtimghlights the potential of the CuAAC

reaction to easily tailor the materials properiresiew of the targeted applications.

Aiming at preparing complex controlled drug delivesystems in a reliable and controlled
fashion, we then applied the CuAAC methodology tesaporous silica nanoparticles
(MSNs).This study was initiated by the need of murictional systems holding complex
organic fragments (supramolecules, macrocycles, methl nanoparticles) to produce new
generations of nanomachines. The CuAAC-post-funatination approach has allowed an
easier design of nanoparticles bearing one or fpest of functionalities. Indeed, we have
conferred a dual functionality to MSNs by anchorampbenzene groups as release controller
and folic acid for specific targeting of cancerlgellhe preliminary results oh vitro tests
show an important effect for the combination of thieked folic acid and the azobenzene in
MCEF-7 cell death.

We have then demonstrated by FRET that two distiticked fluorophores, for various

loadings (1-5 mol %) cancommunicate owing to tlese proximity (<3.5 nm). This feature
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was exploited to design a novel type of light-teged nanomachine for controlled drug
delivery, based on a proton transfer between &adighotoacid and a clicked pH-sensitive
nanogate. The success and mechanism of this driggmmsoach was here also demonstrated
via release experiments in solution (water) and evémgusuffer solutions making possible
the extention of this system to bioapplicationsaghlighting the homogeneous concentration

of the active moieties on the surface.

Outlooks

The CuAAC click reaction still has a fruitful fueiin several domains. Applying CuUAAC to
siliceous materials especially PMOs and BS may Mid&tend the scope of application to
various research areas. In particular, it is faingportant to make clickable PMO

nanoparticles for demanding applications especialbyatalysis or nanomedicine.

Mesoporous silica hanoparticles were bi-functiaredi via azide and alkyne groups. A third
clickable group can be incorporated (such as predealkyne-TIPS, hydroxyamine...)
offering the possibility to prepare nanoparticles tearing more (bio)functionalities for
increased performances in controlled drug relesghermore, the development of copper-
free strain promoted azide-alkyne cycloaddition udtioallow circumventing the possible

problems associated with remaining copper traces.

Thein vitro tests of the nanomachines produced in Chapteolildibe accomplished. To this
aim, their colloidal stability should be investigdtin conditions close to physiological
medium by zeta potential measurements; the cellulatake and toxicity should be

investigated.
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Experimental Section

General

** Azide compounds are potentially explosive. Greed ead protection are needed for

heating of these compounds

-All the syntheses of silylated molecules were earout using Schlenk techniques under a
dry atmosphere of nitrogen

- Microwave reactions were carried out in sealdaesuusing a CEM Discover Microwave
Reactor equipped with an infrared temperature seNsdhe clicked silylated molecules
syntheses were made under strong stirring witldigteon at 100°C (Pmax=200 W) for 5 min
- FTIR spectra were recorded using a Perkin100tspeeter equippedwith a mono internal
reflexion ATR module (diamant).

- Raman spectrawere recorded with a LabRAM ARAM®riba) spectrometer using a
HeNe laser (633 nm)

-UV-Vis absorption spectra were obtained from disjpas of nanoparticles in ethanol or
water using an Agilent 8453 UV-visible Spectrosc&ygtem

-Fluorescence spectra were obtained using a PEtkier LS 55 fluorimeter.

-NMR spectra were recorded in CR&hd DMSO-d at 298 K.*Hand*C chemical shifts are
reportedin ppm relative to M8i.

-Solid state”C and**Si CP/MAS NMR experiments were recorded on a Vav&iMRS 300
MHz spectrometer using a two channel probe with irh diameter-size ZrOrotors and
TMS as reference for the chemical shifts.

-Scanning electron microscopy (SEM): The SEM imagese obtained with a Hitachi S-
4800 apparatus after platinum metallisation.

-Transmission electron microscopy (TEM) micrograpvere obtained using a JEOL 1200
EX2 apparatus equipped with a SIS Olympus Quemkdapixel camera.

-The small and wide angle X-ray scattering (SWAXSperiments were conducted using a
Guinier-Mering setup with a 2D image plate detecldre X-ray source was a molybdenum
anode, which delivered a high-energy monochromagam {=0.71 A, E=17.4 keV),

providing structural information over scatteringci@s q ranging from 0.01 to 1.5 A
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Helium flowed between the sample and the imageeftatavoid air adsorption. The sample
acquisition time was 3600s. The image azimuthakape was determined by the FIT2D
software from ESRF (France). In order to normaéitespectra by the width of solid sample
es which depends on the material porosity, we detaeniti by using the experimental sample
transmissios and the X-ray linear attenuation coefficiggbf the solid material from:

In(Ty)
K
-The N»-sorption measurements were performed on an ASAB Adicromeritics) at 77.4 K.

€s

The different samples were activated for 5 hourd@t’C prior to the analysis. The BET
specific surface areas were determined from theafirpart of the BET transform of the
adsorption isotherms. The Henry's constants wdoelleéed by determining the slope of the
adsorption isotherms below p/p°=0.01. Prior to thapour adsorption experiments
cyclohexane (provided by Aldrich, purity >99.9%)sstored over an activated 3A molecular
sieve.The deionized water reservoir was outgassed G minutes under reduced pressure.
The sorption experiments were performed using agsa-built adsorption apparatus already
described®®?*This set-up is based on gravimetric measuremensijgua magnetic
compensation balance provided by SETARAM, with sohation better than 0.05ug. The
pressure in the sample cell can be recorded bycapacitive pressure gauges (0-10 Torr and
0-1000 Torr). The materials were activated for birgoat 313 K before adsorption. Vapour
adsorption was performed at 313 K with a thermabitity of the sample better than 0.1 K.
For each point on the adsorption isotherm obtairikd, system was considered to have
reached a state of thermodynamic equilibrium wiennbass did not vary over a period of at
least 600 s. Allowing longer equilibration timesvgathe same sorption isotherms, thus
validating the choice of 600 s as an equilibriumecion. The exact time to reach equilibrium

depended on the relative vapour pressure considered
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Syntheses
CHAPTER I

tris(triphenyphosphine)bromocopper: CuBr(PPhg)3>%°

MeOH is heated to boiling, and triphenylphosphiné(g, 18mmol) is slowly added. After
complete dissolution, Cugd.0 g, 4.5 mmol) is added in small portions. Attempletion of
the addition, the contents are stirred for 30 nesut reflux, and the flask is allowed to cool
to room temperature. The precipitate is filtereff ahd the white residue is washed with
ethanol, then ethyl ether. The resultant solidriscdunder vacuum, to yield CuBr(Pfhas a

white solid in quantitative yield.

Propargyl-bis(triethoxysilylpropyl)amine (Prec-Alk)

bis(triethoxysilylpropyl)amine propargyl-bis(triethoxysilylpropyl)amine
— (Prec-Alk)
o Br
E0)SI” SN0k, e (E0)siT T N N si0E),
H CaH,
THF
18h, RT =

To a solution of bis(triethoxysilylpropyl)amine (859, 60.0 mmol) in moist THF containing
1000 ppm HO (250 mL), calcium hydride (6.2 g, 150mmol) andpgargyl bromide (80 wt%
in toluene, 8.6 g, 72.0 mmol) were added successivdne reaction mixture was stirred
overnight at room temperature under argon. Afteapevation of the solvents, extraction of
the reaction mixture with pentane and concentrateoiellowish viscous oil was obtained
which was purified by distillation under reducedegsure (130°C/0.02mbar) giving a
colorless liquid (26.4 g, 56.8mmol). Yield: 95 %.

'H NMR (400 MHz, CDC})é = 3.81 (q,J = 7.0 Hz, 12H), 3.38 (d] = 2.3 Hz, 2H), 2.56 —
2.34 (m, 4H), 2.13 (t) = 2.3 Hz, 1H), 1.65 — 1.46 (m, 4H), 1.21J& 7.0 Hz, 18H), 0.66 —
0.56 (m, 4H).

¥C NMR (101 MHz, CDGJ) & = 79.0, 72.5, 58.4, 56.7, 41.83, 21.0, 18.4, 8.1.

HRMS (ESI+): calcd for €H4sNOeSi,, 464.2864; found, 464.2871.
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(2-azidoethyl) bis(triethoxysilylpropyl)amine (PrecAz)

bis(triethoxysilylpropyl)amine 2-azidoethyl bis(triethoxysilylpropyl)amine
Ns (Prec-Az)
I/\/ PPN
E0)Si” NG0By, 5 (EtO)S N Si(OEt),
H ACN
18 h, reflux

N3

A mixture of bis(triethoxysilylpropyl)amine (13.1, §0.5mmol), 1-azido-2-iodoethane (6.15
g, 30.5 mmol) and potassium carbonate (6.3 g, 6dinmalry acetonitrile (200 mL) was
stirred overnight at 85°C in a sealed tube. Thetunecwas then concentrated, the product was
extracted with pentane. The solution was filterad ¢he filtrate was concentrated giving a
yellowish oil (14.5 g, 22.3mmol). Yield: 95 %.

'H NMR (400 MHz, CDC}) 6 = 3.81 (q, J = 7.1 Hz, 12H), 3.25 (t, J = 6.4H4),2.65 (t, J =
6.4 Hz, 2H), 2.46 (t, J = 7.4 Hz, 4H), 1.54 (m, 4HP2 (t, J = 7.1 Hz,18H), 0.59 (m, 4H).

13C NMR (101 MHz, CDG)) 6 = 58.6, 57.6, 53.7, 49.8, 20.7, 18.6, 8.1.

HRMS (ESI+): calcd for gH47N4OsShp, 495.3034; found, 495.3016.

Ethyl 2-azidoacetaté®:

It is obtained by a SNreaction between ethyl chloroacetate and sodiudeaz

o 0
\)L TBA
Cl TBAHS N3
Water/DCM .
Ethyl chloroacetate 24 h, RT ethyl 2-azidoacetate

Ethyl chloroacetate (12.2 g, 100 mmol) was dissblve a (50mL / 50mL) water-
dichloromethane mixture followed by the addition bfaN; (13 g, 200 mmol) and
tetrabutylammonium hydrogenesulfate TBAHS (3.4 @,mmol) and the mixture was stirred
for 24 h at room temperature.

The aqueous phase was separated then extractedl®fthmL DCM and the combined
organic layer was then dried over Mg&diltered and concentrated to afford ethyl

azidoacetate as a clear liquid (12.7 g, 96 mmah @8% yield.
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Methyl pent-4-ynoate:

Q 0
/U\ MEO =z
/\)J\OH _— — - W
pent-4-ynoic acid acetyl chloride mect)hyl pent-4-ynoate

Acetyl chloride (22.0 mL, 24.3 g, 0.31 mol) was eddliropwise over 15 min. to a solution of
4-pentynoic acid (20 g, 204 mmol) in methanol (100) and the mixture was heated under
reflux for 4 h. The mixture was cooled, poured imigueous sodium hydroxide (1M) and
extracted with ether. The combined organic fractiovere washed with aqueous sodium

hydroxide (1M), dried (MgS%) and the solvent was evaporated under reducecyyeeso
give the title compound as pale yellow oil. Yield226 g, 98%).

Diethyl 2-azido ethylphosphonaté®*?®

. N

NaN3 0
\|
\/ /\/ Absolute ethanol \/ |F|’/\/

reflux, 48 h |
(0]

oO—/T

To a mixture of NaMN (1.3 g, 20 mmol) in 10 mL ethanol, diethyl 2-
bromoethylphosphonate(1.0 g, 4.1 mmol) was addepvadse and the mixture was heated to
reflux for 48 h. The solvent was then removed umdduced pressure and water was added to
dissolve the salts. The product was extracted Wi@M, washed with brine and dried over
MgSO.. The combined organic phase was concentrated uadaced pressure to afford the
2-azido ethylphosphonate. Yield: 0.72 g, 86 %.
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General procedure for the synthesis of functional gecursors (A, B and C) by CuAAC
reaction:

A microwave tube was filled under nitrogen withyalke (2 mmol), azide (2 mmol / alkyne
function), [CuBr(PP§)s] (0.01 mmol / alkyne function), dry triethylamir{@ mL) and dry
THF (2 mL) and then sealed. The mixture was irtadiaby microwaves (P max = 200
W)under strong stirring at 100 °C for 5 minuteseTdompletion of the reaction was checked
by FTIR or TLC. The reaction mixture was allowed dool, and then the solvents were
removed under vacuum. After addition of dry pentaiine mixture was extracted under

reduced pressure, and the organic phase was coateento afford the title compound.

Precursor A

Yield: 92%.'H NMR (400 MHz, CDCJ) 6 = 7.56 (s, 1H), E0),si” "N si(0E);
5.11 (s, 2H), 4.23 (g1 = 7.2 Hz, 2H), 3.76 (s, 2H), 3.71 @@, N/:N'N’}oa

= 7.0 Hz, 12H), 2.41 (m, 4H), 1.56 (m, 4H), 1.27)(& 7.2 o

Hz, 3H), 1.19 (tJ = 7.0 Hz, 18H), 0.57 — 0.34 (m, 4HYC NMR (101 MHz, CDGJ) é =
166.3, 146.2, 123.7, 62.3, 58.3, 56.6, 50.8, 48085, 18.3, 14.1, 7.9. HRMS (ESI+): calcd
for CasHs3N4OsSiz, 593.3402; found, 593.3407.

Precursor B
Yield: 98%.H NMR (400 MHz, CDCY) 6 = 7.44 (s, 1H), (Et0);817 > N si(0E,
4.33 (t,J = 6.5 Hz, 2H), 3.71 (¢J = 7.0 Hz, 12H), 3.67 (s,

3H), 3.02(t,J = 7.5 Hz, 2H),2.85 (1) = 6.5Hz, 2H), 2.73 (1J M
= 7.5Hz, 2H), 2.44 (m, 4H), 1.47 (m, 4H), 1.213(& 7.0 Hz, {_}N
18H), 0.57 — 0.34 (m, 4HJC NMR (101 MHz, CDG)) & = MO

173.1, 145.8, 121.8, 58.2, 57.1, 54.2, 51.5, 48374, 20.9, 20.3, 18.2, 7.7. HRMS (ESI+):
calcd for GeHssN4OsSin, 607.4069; found, 607.4048.
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Precursor C

Yield: 98%.'H NMR (400MHz, CDC}), 6 = 7.79 (s, 1H), Et0):si > N""si(0ED,
7.30 (s, 1H), 4.92 (s, 2H), 4.35 Jt= 6.4 Hz, 2H), 3.80 (q]

= 7.1 Hz, 12H), 2.85 (tJ = 6.3Hz ,2H), 2.43 (m, 4H), 1.87 %iz‘

(s, 3H), 1.46 (m, 4H), 1.20 (f = 7.1 Hz, 18H), 0.51 (m, Nﬁ:g;o
4H). *C NMR (63 MHz, CDGJ), 6 = 164.3, 150.9, 142.1, O%NH

140.4, 124.5, 111.2, 58.6, 57.2, 54.3, 49.2, 43024, 18.5, 12.5, 8.05. HRMS (ESI+): calcd
for CagHssNgOsSiz, 659.3620; found, 659.3617.

Synthesis of periodic mesoporous organosilicas Mhd M2:

Precursoi(Alk or Az) (2.0 mmol) was added to a mixture of sodium heggtsulphate SHS
(containing 40% of sodium stearylsulphate, 531 in§,mmol) in water (36 mL, 2.0 mol) and
hydrochloric acid (1 M, 4 mL, 4 mmol) at 60°C. A ihprecipitate formed after 1 minute.
The mixture was stirred for 30 min at 60 °C thdtefed and washed with water and ethanol.
The white solid was dried at 70 °C for 12 h. Thefattant was eliminated by washing the
solid with a solution consisting of 200 mL of etbaand 10 mL of NEHNO; in ethanol (20
g/L) and the resulted material was dried at 50°€roght. YieldM1 m = 398 mgM2 m
=381 mg.

Synthesis of mesoporous materials M3 and M4

Under vigorous stirringPrec-Alk or Prec-Az (10mmol) was added to a mixture of CTAB
(2.9 g, 8 mmol), PFOA (0.2 g, 6 Wb of CTAB, 0.48 mmol), distilled water (170 mL, 9.7
mol) and NHOH (25 %wt, 23 mL, 0.3 mol). The mixture was heated to 70A@ stirred for
24 hours.

The molar ratio of the starting compounds wWerec-Alk or Prec-Az /CTAB / PFOA/
NH3/H,O =1:0.79: 0.048: 30 : 1500

The material was recovered by evaporating the waitatmospheric pressure. The surfactant
was eliminated by repeated washings with a solutmmsisting of 100 mL ethanol and 5 mL
of 37% HCI. Finally, the material was stirred ovigiht at RT in a solution of 100 mL ethanol
and 3 mL NHOH 25%wt to afford the amine then dried at 50°C for 4 hel®iM3 2.55 g,
M4 1.95 g.
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Synthesis of M-Thy:

PrecursolC (0.46 g, 0.7 mmol) was dissolved in a solutioritfanol (1.4 mL, 42 mmol, [Si]
=1 M). Under vigorous stirring, distilled water.28 g, 4.2 mmol) was added together with
NH4F (1 M in water, 14 pL, 14 pmol). The mixture waisred vigorously for two minutes
then kept at room temperature. A gel was obtairfeet 42 h. After 48 h of aging, the
temperature was raised to 70°C for 18 h. The negulpowder was washed with water,
ethanol and acetone and finally dried at 60°C fdr. A light-green powder (365 mg) was
obtained. The molar ratio of the starting compounés

Prec C/ethanol/water/NkF 1: 60: 6: 0.02 .

Synthesis of M5 and M6

Clickable organosilylated precursdPréc Alk or Prec Az) (1.7 mmol, 3.4 mmol Si) was
dissolved in a solution of ethanol (3.4 mL, 102 nynpSi] = 1 M). Under vigorous stirring,
distilled water (1.9 g, 10.6 mmol) was added togethith NH,F (1 M in water, 0.17 mL,
0.17 mmol, 5% eq Si). The mixture was stirred vigmly for two minutes then kept at room
temperature. A gel was obtained 24 h later. Af&eh4f aging, the temperature was raised to
70°C for 18 h. The resulting powder was washed widter, ethanol and acetone and finally
dried at 60°C for 5 h. Materials afforded from RAdk and Prec-Az are denoted respectively
M5 andM6. The molar ratio was: Si/ EtOH/B®/F : 1/ 30 /3/0.05.

Synthesis of M5-op and M6-op

Clickable organosilylated precursderéc Alk or Prec AZ) (1.7 mmol, 3.4 mmol Si) was
dissolved along with the clickable partner (Azidahygpyrene (80 mg, 0.4 mmol, 20% eq
alkyne) or methyl pent-4-ynoate (40 mg, 20% eq &gidnd sodium ascorbate (12.6 mmol,
25 mg) in a solution of ethanol (3.4 mL, 102 mnjSi] = 1 M).

Under vigorous stirring, distilled water (1.9 g,.60mmol) and THF (0.5g, 7 mmol) were
added together with sol-gel hydrolysis catalystyNKiL M in water, 0.17 mL, 0.17 mmol, 5%
eg Si) and CuAAC catalyst CuBr(P§h (60 mg, 64 pmol). The mixture was stirred
vigorously for two minutes then kept at room tenapare. A gel was obtained 24 h later.
After 48 h of aging, the temperature was raised@tC for 12 h. The resulting powder was

copiously washed with water, ethanol and acetonkfially dried at 60°C for 5 h. Thie
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situ pyrene and pentynoate clicked materials are denmesgzbctivelyM5-op andM6-op (op:

one pot).

General procedure for the CuAAC reaction on the matrials:

The clickable material (0.1 mmol) was incubatedhwiite corresponding clickable partner
(0.3 mmol) in the presence of copper sulphate GUBQ mmol) and sodium ascorbate (0.4
mmol) in 3 mL of water/t-butanol mixture (v/v: 1h& mixture was stirred vigorously at room
temperature for 48 h. The material was recovereddoyrifugation (26000 rpm, 10 min) and
washed with water, sodiui,N-diethyldithiocarbamate (0.1 M in methanol, 10 migthanol
(10 mL) and acetone (10 mL). The last three washingre repeated 5 times. The resulting
material was dried at 70 °C for 5 h.

B) Surface Tailoring
2-azido ethanof®*
This synthesis consists of a nucleophilic substitu{SN,) reaction on 2-bromoethanol with

sodium azide without any solvent.

1) NaN3, TBABr
/\/OH 110°C.24h /\/OH
Br o N3

2) vacuum distillation 2-azido ethanol

2-bromo ethanol

In three parallel experiments, 2-bromoethanol (15 1@0mmol) was mixed with
tetrabutylammonium bromide (1.0 g, 2.23 mmol) andigm azide (10 g, 154 mmol) in a
two-necked round bottom flask equipped with a coisde and heated to 110°C for 24 h.

I Danger: Protect the reaction flasks with a Plexiglas shiel

After cooling to room temperature, the content lué 8 flasks were mixed and filtered on
celite while extracting with diethyl ether.

The filtrate was concentrated under reduced pregsuafford yellow oil. This latter was then
distilled to give the ethanol azide as a clearildqm=27.5 g, yield = 90%).
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PEG-N3:%°
BN NP U N e

THF

0°C thenRT | T5C1

SN NP U N P U

EtOH | NaNj
\

BN NS Y N e
A solution of tetra(ethylene glycol) (27.2 g, 140nai) and triethylamine (15 mL, 108 mmol)

in dry THF (100 mL) was cooled to 0°C under nitrog&o this was addegttoluenesulfonyl
chloride solution (9.53 g, 50 mmol) in dry THF (dfL) dropwise over 45 minutes.

The reaction mixture was allowed to warm to RT atided for 16 h. The solvent was
removedin vacuoand the yellow residue was dissolved in absolutarail (100 mL), then
sodium azide (6.5 g, 100 mmol) was added as a aalidthe mixture was refluxed for 22 h.
The solvent was removead vacuoand the residue diluted with & (250 mL) and washed
with brine (50 mL). The organic layer was separaead the aqueous layer extracted with
DCM (3 x 100 mL). The organic fractions were congairand dried over MgSfiltered and
the filtrate evaporated to yield crude, orange @i#l5 g). Purification by column
chromatography (Si§) 1:1 cyclohexane/EtOAc to 100% EtOAc) yielded pireduct as a

clear, colourless oil (5.5 g, 50%).

Benzyl azidé®®

cl N,

NaNj

_ =

water-acetone
24hRT

To a stirred solution of the corresponding bron(itl® eq) in a50 mL water/acetone mixture
(1:4) was added NajN1.5 eq).The resulting suspension was stirresdamrtemperature for
24 hours. DCM was added to the mixture and theracgayer was separated. The aqueous
layer was extracted with 3 x 10 mL aliquots of fD@¥d the combined organic layers were
dried over MgS@ The solvent was removed under reduced pressuackthe azide was

sufficiently pure to be used without further workup
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Hexylazide’®’, Hexadecylazidé®®
NaNj3
Br e N3
M =5,15 x=5,15
Sodium azide (0.30 mol) was added to a solutioraléfyl bromide (0.10 mol) iN,N-
dimethylformamide (100 mL). The mixture was stirréat 24 h at room temperature.
Afterwards, water (300 mL) and heptane were addée. phases were separated then the

organic layer was washed with water. The resulonganic phase was concentrated under
reduced pressure to afford the alkylazides as diésar

1-azido-3,3,4,4,5,5,6,6,7,7,8,8,8 tridecafluorooci&?®®

TsOCl
KOH
F e F £F EtOEt F e F £F o
FWOH B I;W(\/O_ﬁ—@
F -4°C,22h
FF FF FF FF FF FF
3,3,4,4.,5,5,6,6,7,7,8.8,8- 3.3,4,4.5,5,6,6,7,7,8.8,8-tridecafluorooctyl
tridecafluorooctan-1-ol 4-methylbenzenesulfonate
(1) (2)

To a solution of tosylchloride (2.1 g, 11.2 mmol) diethylether (12 mL) at -4°C,
tridecafluorooctanol (4.1 g, 11.2 mmol) was addatbived by potassium hydroxide (1.58 g,
30 mmol) and the final mixture was stirred at -4f@ 24 h. After warming to room
temperature, the mixture was poured into cold waek the organic phase was extracted with
ethyl acetate, dried over Mgg@nd concentrated under reduced pressure to aftongound

(2) as a crystalline white powder. Yield 3.0 g, 400

NaN3 F

F = F
F rF EF o—('s? DMF el RF .
F i 80°C, 24 h F
FF FF FF ° FF FFFF
8-azido-1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluorooctane
(2) (3)

Compound 2 (4.0 g), and sodium azide (1.5 g ) veslged together to 50 mL DMF and
stirred for 24 h at 80°C under argon atmosphere. mixture was then poured into ice water
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(400 mL) and the organic phase was extracted wikhyl ether, dried over MgSQCand

concentrated to afford compound (3) as a yellowish

CHAPTER Il
3-Azidopropyltriethoxysilane : AzZPTES™.

NaN3
/\/\ TBABr /\/\
(EtO)4Si Cl —_— (EtO)sSi N3
dry ACN
3-chloropropyltriethoxsilane 18 h, reflux 3-azidopropyltriethoxsilane

AzPTES

3-Chloropropyltriethoxysilane (20 g, 83 mmol) waklad to a solution of sodium azide (10.8
g, 166 mmol) and tetrabutylammonium bromide (6.42@ mmol) in dry acetonitrile (500
mL), under argon atmosphere. The reaction mixtuas stirred under reflux for 18 h. After
completion of the reaction, the solvent was remowueder reduced pressure. To the crude
mixture was added n-pentane and the suspensiorfilteasd over celite. The solvent was
evaporated and the crude oil obtained was distilieder reduced pressure of 0.02 mbar at
50°C to give AzPTES as a colorless liquid. Yiel@:d, 95%.

Monoclickable Mesoporous Silica Nanoparticles:

Synthesis of ethynyl azobenzeR® :

This synthesis is based on three reactions; itsskar a Sonogashira coupling to synthesize a
protected ethynylaniline, which is reacted withreosbbenzene to give the protected
ethynylazobenzene. The last step is the remouileoprotecting group in basic medium.

A) Sonogashira couplirfd

NH, NH,
\ Cul, Pd(PPhy),Cl,
—Si — + _—
/ EGN, RT, 18 h
I . .
Trimethylsilylacetylene p-iodoaniline // Trimethylsilyl-
ethynylaniline

A)
™S

lodoaniline was previously purified by sublimationder vacuum at 150°C for 4 h.
In a Schlenk round bottom flasg;iodoaniline (3.45 g, 16 mmol), Cul (34 mg, 0.18 niyno
Pd(PPB).Cl, (0.1 g, 0.16 mmol) and dry §& (30 mL, 225 mmol) were mixed under argon.
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TMS-acetylene (2.5 mL, 17.6 mmol) was then addaetithe dark brown mixture was stirred
at room temperature overnight (18 h). The reaatrture was then poured into 130 mL of 1
M hydrochloric acid and extracted with diethyl eth&€he combined organic layers were
washed with concentrated aqueous NaHGGlution and water. The organic phase was
finally dried on MgSQ, filtered and concentrated under reduced presturgive a dark
brown residue. The latter was purified by chromedpby (silica gel 60, particle size 0.040-
0.063 mm, the eluentwas cyclohexane/ethyl acetade 4

The second step is the reaction of the obtainedymtq/A) with nitrosobenzene as follows:

T™MS

Y
Acetic Acid
A+ oN - >
@ RT, 16 h NN
nitrosobenzene trimethylsilyl-
ethynylazobenzene
B)

In a 100 mL bottom rounded flask, (trimethylsilyignyl) aniline (A) (1.1 g, 5.8 mmol) was

dissolved in 30 mL of acetic acid. After the adulitiof nitrosobezene (0.58 g, 5.4 mmol, 1
eq), the reaction was stirred at room temperatwernaght (18 h). The solvent was then
evaporated and the obtained dark orange powdereeastallized with absolute ethanol to

yield the trimethylsilylethynylazobenzene (B).

Finally, the deprotection of (B) occurs as follows:

K —
€03 TQN N
(B) > N

Ethynyl azobenzene

(B) (3.2 g) was dissolved in 25 mL methanol beftre addition of KCO; (3.5 g). The
mixture was stirred for 4 h at room temperaturee fdaction was monitored by TLC (Eluant:
ethylacetate/cyclohexane 1:4). The reaction mixwae then diluted with brine (50 mL) and
the organic phase was extracted with diethyl etligred over MgSQ@ filtered and
concentrated under reduced pressure to afford tthenyazobenzeneas an orange powder
(2.4 g, 75% overall yield)
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Bisclickable Mesoporous Silica Nanoparticles:

Light-triggered controlled cargo release from a tageting nanocarrier

Azidoazobenzene:

HCl 12 M
NaN02

NaN
N NH, 0°C. 1 h N N

4-aminoazobenzene was stirred with 50 mL water°&t @oncentrated HCI (4.1 mL) was
added resulting in the solubilisation of the reattafter 20 min, NaN@ (1.6 g, 24 mmol) in
water (14 mL) was added over 10 min using an auditinnel. After one hour, NaN1.44 g,
221 mmol) in water (10 mL) was added slowly whitatrolling frothing due to evolution of
nitrogen. The mixture was then filtered and theaot®#d red-orange powder was recrystallized

in toluene to afford the 4-azidoazobenzene (385 yield).

Propargyl derivative of Folic acid*"?

OO OH OO OH y
1) DMF, 0°C N
OH ; 0 NI/Y
0 d”% NHS, EDC N KE)L Ho
N 0 > HN SN Il
YN N
H,N" N7 N7 2) =— N"N
NH,

Folic acid RT Alkyne-Folic acid

HoN

Folic acid (1.0g, 2.26 mmol) was mixed with 20 mMB and cooled to 0°C in a water-ice
bath. N-hydroxysuccinimide (NHS) (260 mg, 1.1 e@swthen added followed by 1.1 eqof 1-
Ethyl-(3-dimethylaminopropyl)carbodiimide  hydrochte (EDC). After 10 min,
propargylamine (0.13 g, 1 eq) was carefully addéa reaction mixture was warmed to room
temperature and stirred overnight. The mixture wesn poured into water (150 mL) and
stirred for one hour to form a white precipitatéisTlatter was filtered, washed with acetone
and dried under reduced pressure to afford thenaliglic acid as an orange powder with
95% yield.
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Probing the proximity of functions by Forster Resomance Energy Transfer
(FRET)

N-propargyl 4-aminonaphthalimide®”*

NH,
NH;

OO MELAN ﬂ» OO

90°C, 18 h

aminopropargyle ¢} N ]

(@) (@) 0] \
N

4-amino naphtalic anhydride
N-propargyl 4-amino naphthalimide

A mixture of 4-aminonaphthalic anhydride (0.3 g} tnmol) and propargylamine (0.16 g, 2.8
mmol) in DMF (10 mL) was heated to 90°C for 48 ldeninert atmosphere. The mixture was
then poured into ice-water and a brown precipitaipeared instantaneously. The solid was

recovered by filtration, washed with water and dé¢ 70°C overnight.

Azidomethylpyrene®’*

NaN:;

DMF
60°C, 6 h

Azid thyl
bromo methylpyrene 2100 Teflylpyrene

Sodium azide (164 mg, 2.54 mmol) was added to @isal of bromomethylpyrene (500 mg,
1.69mmol) in 3 mL of anhydrous DMF and the suspmmsvas heated at 60 °C for 6 h. The
mixture was then cooled and diluted with water. @jeeous phase was extracted withOE:t
the combined organic phase was dried (MgSénd the solvent was evaporated to yield the

azide as a yellow waxy solid (395 mg, 91%). Mp 396.
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Activation of pH-Responsive Nanomachines through R¥to-Responsive
Proton Transfer

Photoacid AHQI:

I/\/Na ©

N
10 >
_—
Dry Acetonitrile
HO 7 Reflux, 4 days HO A
6- -
hydroxyquinoline N- azidoethyl 6-hydroxyquinolinium
iodide (AHQI)

In a two-necked round bottom flask with a conden6drydroxyquinoline (1.0 g, 6.9 mmol)
was suspended in 10 mL acetonitrile. 1-azido 2-étldane (3.0 g, 15 mmol) was then added;
the mixture was then stirred at 80°C for 4 dayse(Téaction progress was monitored’bly
NMR).

The acetonitrile was removed under reduced pressutethe product was precipitated with
diethyl ether. After filtration, AHQI was affordeas a dark green solid with a 85 % yield.

'H NMR (400 MHz, DMSO-g) 6 = 11.2 (s,1H, OH), 9.25 (d, 5.4 Hz, 1H), 9.11 & Hz,
1H), 8.53 (d, 8.5 Hz, 1H), 8.08 (m, 1H), 7.75 (86 Hz and 1.5 Hz; 1H), 7.63 (d, 1.5 Hz,
1H), 5.20 (br, 2H), 4.06 (br, 2H)

¥C NMR (101 MHz, DMSO-g) 6 = 158.0, 146.7, 145.7, 132.2, 131.9, 127.6, 12128,9,
110.7, 56.0, 49.4.

HRMS: calculated for GH4N4O": 215.0933 found 215.0935

Synthesis of the stalk: Alk-anisidiné”

K,CO;3 S —
N + = ACN N\
==\ 0) N

45°C/24h

para anisidine propargyl bromide N,N- bispropargyl anisidine

Para-anisidine (10 g, 80 mmol, 1 eq) was dissolved ¢etanitrile (200 mL). Potassium
carbonate (16 g, 116 mmol) was then added, follobsegropargyl bromide (18 mL, 160
mmol, 2 eq) and the mixture was stirred for 24 h4&tC. The reaction progress was
monitored by TLC. Water was added to the final mm&tto dissolve the excess of®0O; and

the organic phase was extracted with diethyethee. combined organic phase was dried over
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MgSO, and concentrated under reduced pressure to goreven crystalline powder. Yield
15.9 g, 98%

Synthesis of monoclickable mesoporous silica nanopiales:

Nanospheres:

To a solution of sodium hydroxide NaOH 2 M (1 mumn2nol) in distilled water (80 mL, 4.4

mol), cetyltrimethylammonium bromide (CTAB) (0.3 @8 mmol) was added. The mixture
was heated to 80°C and stirred vigorously until thkal dissolution of the surfactant. The
silica source was then added: tetraethylorthosdicll EOS) (9-x mmol), AzPTES (x mmol)
(x =1,2 or 5% mol of the total silica source) wexdded dropwise. A white precipitate
appeared after one minute and the reaction mixta® stirred at 80°C for two more hours.
The white precipitate was then filtered, washedamagly with water and methanol and dried
at RT. The surfactant extraction was achieved mticoous extraction (24 h) of the material
in a solution of 200 mL ethanol and 10 mL HCI 12 M.

Nanorods: the same procedure was used, PFOA y@%elative to CTAB) being added along
with CTAB.

Synthesis of bisclickable mesoporous silica nanopasies:

The same procedure was used, the silica sourcgtbamethylorthosilicate (TEOS) (9-2x
mmol), AzPTES (x mmol) and propargylbis(propylthexysilyl)Jamine (x mmol) (x =1,2 or

5% mol of the total silica source). The use of PF®AB6 wt relative to CTAB) during the

addition of CTAB affords nanorods.

General procedure for the CUAAC reactions:

CLICK -1-: Mono- or bis-clickable nanoparticles (90 mg, wi mol of azide= 1 eq) were
incubated with 3 eq of the corresponding alkyne tlie presence of copper sulfate
CuSQ.2H,0 (0.2 eq) and sodium ascorbate (0.4 eq) in 4 mtestebutanol mixture (v/iv
:1/1). The mixture was stirred vigorously at RT && h. The nanoparticles were recovered by
centrifugation (8000 rpm, 10 min) and washed withatew, sodium N,N-
diethyldithiocarbamate (0.1 M in methanol, 10 mlgthranol (10 mL) and acetone (10 mL).
The last three washings were repeated 5 timesrddudting material was dried at 70°C for 6
h.

CLICK -2-: For the bis-clickable nanoparticles, the resultifigst-clicked” material was
incubated with 3 eq of the corresponding azide urtde same conditions as for the first
CuAAC reaction.
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Supporting Information

CHAPTER Il

3. Monoclickable Mesoporous Silica Nanoparticles: ight-triggered clicked

nanoimpeller for controlled release of cargo moledes

3.5. CUAAC reaction on monoclickable nanoparticles
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Figure S1:FTIR spectra of (up) nanospheres and (down) nasoafter CUAAC reaction

with ethynylazobenzene. Inset: zoom on (2200-2600)aegion
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Figure S2: UV absorption spectrum of (hexane@azobenzene)
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Figure S3: UV-vis spectra of nanopatrticles incubated withtsr@ene without click reaction.
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5. Light triggered controlled cargo release from d@argeting nanocarrier

5.1. Characterization of bisclicked Nanoparticles

7004

—— 2% raw nanospheres
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Figure S4: N, sorption isotherms of the (black) raw and (re@jclicked nanospheres with
(left) 2% (right) 5% clickable functions
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6. Double click reaction (CUAAC) on mesoporous sile nanoparticles:
probing the proximity of functions by Forster Resonnance Energyl ransfer
(FRET)

A)
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Figure S5: Textural analyses of 1% bisclickable nanosphefsSEM, (B) TEM
micrographs, (C) XRD patterns and (D) BET adsorpismthern
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6.2.4. Characterization of the CuAAC functionalizaton:

FTIR:
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Figure S6:completeFTIR profile of clicked nanoparticlega (up) path 1 and (down) Path 2
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Effect of concentration of the suspended nanoparties in the analyzed medium:

In order to confirm that the energy transfer israptrticular (interaction of donor and
acceptor with the same nanoparticles) instead &ierdint particles interaction at high
concentration, one of the samples (NP1-DA) naphta@p was diluted from 10 to 50 times
(from 300 to 30, 15, 10 and 6 mg/L) and the emissipectra were recorded for the samples.
The ratio of emission intensities between naphtide (525 nm) and pyrene (395 nm)
remains very close and does not decrease with otecdration confirming that an

intraparticular FRET is occurring.

7 naphtalimide 30 mglL

1 pyrene N — 15 mg/L

J T . 10 mg/L
0,87 /’ \ —— 6 mg/L

i \ 093 7{/"

Intensity

400 450 500 550 600 650
wavelength (nm)

Figure S7:Emission spectra of NP1-DA with different concatitins.
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7. Activation of pH-Responsive Nanomachines throughPhoto-Responsive
Proton Transfer

7.1. Characterization of the nanoparticles

FTIR:

1510 1450

Transmission (%) —

2% bisclicked nanospheres
— 2% bisclicked rods
5% bisclicked spheres

1 5% bisclicked rods
fffffff AHQI
-——-- Alk-anisidine
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4000 3500 3000 2500 2000 1500 1000

<—wavelength (nm)

Figure S8: FTIR spectra of bisclicked nanoparticles: (blu& and (orange) 5% nanospheres
with (red) 2% and (green) 5% nanorods. Dashed bkoe®spond to the (green) AHQI and
(brown) Alk-anisidine precursors. Inset: zoom on¥ak in the zone 2050-2150 ¢m
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N sorption
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Figure S9: N, sorption isotherms of the (black) raw and (re@ lhisclicked (left)

Release experiments
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Figure S10:percentage of release profile of bisclicked (Iaihospheres and (right)

nanorods with (red squares) bis 2% and (black)st#s$5% clicked functions . Insets: zoom

on the baseline before excitation starts.
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RESUME EN FRANCAIS
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Résumé en francais

Introduction :

Le procédé sol-gel est une méthode de préparagomatériaux solides de type oxydes
métalliques obtenus a partir de précurseurs maéesl par des réactions successives
d’hydrolyse-condensation menant a la formation d’structure tridimensionnelle. Plusieurs
eléments métalliques peuvent étre utilisés danproeédé mais le silicium reste le plus

largement utilisé. Les conditions douces employgesnettent d’introduire des fonctions

organiques pour conférer aux matériaux (dits dhgtsrides) des propriétés modulables pour
un large éventail d’applications dans plusieurs @ioes (nanomédecine, catalyse,

revétements, dépollution, électronique...).

(|)R
1) i H,0 —_— Si(OR),(OH), + xROH
wSi + X My 4-x X
ROV pi oR hydrolyse
RO
R(‘) RO‘
Wi + Siy + ROH
W <7 N\JIOR
2) RO OH RO ¥ RO, OR
ROI OR
RO RO ———= RO—3i _SI—OR
‘ ‘ condensation /| "o o
. OR H
wSi + Si.yy RO + 2
ROV, ~ IOR
OH HO™ %
ROI OR
Si
O/ \O OH
/O\S/i \Si/
/ \O/ ~o /
réseau 3D de O\ | /O
—, Sio, g—OH s
polycondensation O/ 0 \S' O/
\ O\S‘/ / I\O
! O
O/ \ A \

Figure R1: Réactions d’hydrolyse et de condensation se psadtidurant le procédé de sol-gel pour
la formation de silice

Les matériaux a base de silice hybride constituastfamille de matériaux dans laquelle une

fraction organique est intimement liée a la matsitieique a I'’échelle nanométrique. Selon le
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lien entre la fonctionnalité organique et la marites matériaux hybrides fonctionnels sont

divisés en deux classes (Figure R2):

Classe | : Le lien entre les deux fragments sep@itune interaction faible (Van der Waals,

électrostatique, liaison hydrogéne)

Classe Il : Introduction de la partie organique ghes liaisons covalentes fortes

liaisons covalentes ﬂ

HO
0 \\ \0 OH ~g |) greffage
Sli/ /s<— s /0/ \0 conventlonnelle
—O0H0 % 0&\ s.

Organosilice fonctionnelle

/ alkoxysilane iii) Organosilice
0\0 HO\SI'—O/ 0/ 0/ ):)ynte Fonctionnalisable
\ / P sol-gel greffag
oS0 | S i

\0 \SI/O 0/ \O /0/ \Slfo .

/ /\0/ \ \Si 0/ ™o soI -gel 1)

g0 ﬂ/ \ N \ sol-gel
OH

TEOS +
alkoxysilane
Classe I Classe II fonctionalisable

Figure R2: (gauche) les deux classes de matériaux hybridesiéomels et (droite) les différentes
routes possibles pour la conception d’'un matémagtionnel de classe |l

Les matériaux appartenant a la classe Il sontitaege plus utilisés que ceux de la classe | en
raison de leur stabilité supérieure vis-a-vis desddions extérieures surtout au niveau de

perte de la charge.

La préparation des matériaux de silice hybride ldese Il se fait conventionnellement soit
par greffage d’'une molécule organosilylée sur lemals de surface (Figure R2, i) soit par
co-condensation avec la source de silice (typiquemdOS, TEOS) (Figure R2, ii). Ces

méthodes sont contraintes par la quantité intredigtfonctions qui reste limitée.

La préparation de matériaux hybrides a base d'agkme pure (silsesquioxanes pontés BS
ou organosilice a mésoporosité périodiqgue PMOs)estatres prometteuse et commence a
prendre de I'ampleur dans plusieurs domaines eomaie la charge trés élevée de fonctions
organiques que le matériau présente. Toutefofeyhaation des PMOs est tres dépendante de
la structure du précurseur de départ et seuls MO®$Pa base de molécules polysilylées

portant de petits groupements organiques (éthyléthenylene, phényléne) ont été préparés

avec succes.

Dans le but de s’affranchir de ces limitationsptest-fonctionnalisation des organosilices (BS

et PMOs) formées a partir de petites moléculestiomealisables s’averent une stratégie tres
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prometteuse. Les réactions les plus efficaces pocomplir cette tdche avec de trés bonnes
conversions pour une gamme tres large de fonctimganiques sont classées comme des

réactions diteslick.

La chimie click est une stratégie de synthése cengmt plusieurs types de transformations
chimiques simples, modulables et ayant un rendemslené telles que les cycloadditions
dipolaire, les réactions thiol-ene, les réactioms Riels-Alder, la formation d’oximes ou
d’hydrazones). De plus, la cycloaddition azotumsaé catalysée par le cuivre (CuAAC)
reste de loin la réaction la plus utilisée en naide sa tolérance exceptionnelle aux fonctions

organiques, sa cinétique rapide, ses chimio eb+egjiectivités.

CuAAC
lien triazole

% Cu(l) N=N
N3 — X ‘N

Figure R3: Réaction CUAAC pour la construction de nouvellgit&s

alcyne azoture

Travaux antérieurs :

Les travaux pionniers concernant I'utilisation deéaction click de CUAAC sur les matériaux
sol-gel ont vu le jour indépendamment dans les ggsuwde Zink, Bein et Stack en 2008.
Plusieurs fonctions biochimiques (trypsine, TPA)rmalement difficiles a immobiliser de
facon covalente sur un support solide ont été pm@ées avec succes par la chimie click sur
un matériau SBA-15. Ce travail a été considéré cerane percée dans ce domaine en raison
de la grande difficulté d’insérer d’'une facon homiog des fonctions volumineuses dans le

matériau.

Notre groupe s’est intéressé a cette stratégitusieprs travaux ont été menés afin de mettre
en place une méthodologie solide de fonctionnatisates matériaux obtenus par voie sol-gel

par CUAAC. Dans ce cadre, des précurseurs fonalermu fonctionnalisables par réaction de

CUuAAC ont été synthétisés et ont servi a la symtltEsnanoparticules de silice mésoporeuse
et de microplots mésoporeux clickables.
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Objectif :

Cette theése porte sur une étude méthodologique pmunsolider la stratégie de
fonctionnalisation click par CUAAC des matériaubase de silice hybrides obtenus par le

procédé sol-gel.

Deux axes seront principalement développés, dabsitlele préparer de nouveaux types de
matériaux fonctionnels par CuAAC (organosilice asopbrosité périodique PMO et
silsesquioxanes pontés BS, nanoparticules de siliésoporeuse bifonctionnelles) et de
montrer leur efficacité en vue d’'une applicationnemomédecine en collaboration avec Prof
JI Zink (UCLA).

Dans une premiére approche, nous allons synthéfiserBS mésoporeux et des PMOs
entierement clickables a partir des précurseursarmsgjlanes correspondants. Ensuite,
plusieurs molécules types seront greffees CUAAC pour mettre en lumiere la conversion
importante et I'excellente tolérance fonctionnelféertes par la réaction de CuAAC. En se
basant sur cette propriété nous allons procédee anodification extensive de la surface d’'un
silsesquioxane ponté mésoporeux clickable pour meodie facon importante la balance
hydrophile/lipophile par greffage CuAAC de moléalleprésentant des caracteres

hydro/lipophile différents.

Dans la deuxiéme partie, nous nous intéresseronsramoparticules de silice mésoporeuse
multifonctionnelles par greffage CUAAC dans le Haetles transformer en nanotransporteurs
pour la délivrance contrblée de principes actifan®cette optique, la réaction de CuAAC va
conférer aux nanoparticules des propriétés imptasatelles que le ciblage des cellules
cancéreuses, la fermeture ou l'ouverture des adesspores sous l'action d’'un stimulus.
Grace a ces développements meéthodologiques, demmaahines fonctionnant avec un
mécanisme innovant basé sur la stimulation d’'urtqawde et I'ouverture d’'une valve sous

I'effet de la protonation seront développées piléirer a la demande un principe actif.

193



Résultats :

Organosilices a Meésoporosité Périodique (PMO) et ISesquioxanes Pontés (BS)
Fonctionnalisés par ChimieClick (CuAAC)

Dans cette partie, nous nous servirons de deuxnosganes clickables pour concevoir les

matériaux a base d’organosilice pure (BS et PMOs).

Synthése de PMO clickables: La synthése des PMO4$ais a partir des précurseurs
clickables bisilylés en milieu acide en utilisamt surfactant anionique pour la structuration
du matériau du fait de I'interaction €lectrostaéiqqui peut avoir lieu entre la téte hydrophile

chargée négativement et les ions ammonium.

X i{OEt):
Y25
. {Et':'_.. 35 Prec-Alk Prec-Az
(EtO):5i E0psi” TN g0,

€0)57 NN Nsi080,

x% _ B H

60°C, 30 min

— OCL/\SiMN/\/\sgé[
A MGG ) | o

surfactant X
clickable PMO

Figure R4 : Formation du PMO clickable a partir de précursezcture et alcyne en milieu acide
avec surfactant anionique

Les matériaux en question ont été caractérisés dangremier temps par spectroscopie
vibrationnelle, RMN du solide et analyse thermiqgain de valider leur composition
chimique. Des analyses structurales ont été auésaisées, telles que la microscopie
électronique a balayage et en transmission endaua diffraction des rayons X pour sonder
la structure et la morphologie des matériaux. Toués analyses sont en accord avec les
résultats prévus (structure hexagonale 2D, porodgéliere, perte de masse concordant avec
la charge en partie organique). La porosité desmaatk n'a pas pu étre analysée, trés
probablement a cause de l'effondrement de la streicsuite aux conditions de dégazage

(révélé par des analyses SAXS) ce qui blogue wmwutiace accessible aux molécules d’azote.

Malgré ce résultat la réaction click a été réalisgec succes. En utilisant des fonctions

organiques sondables par des techniques analytgijogses (esters), nous avons obtenu un
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taux de fonctionnalisation tres élevé (environ 6@8as le cas du PMO-azoture). La réaction
click a été aussi mise en évidence par RMN du sdfid ol les signaux typiques du cycle
triazole apparaissent, avec une disparition duasigorrespondant a I'alcyne terminal. La
réaction click n'a pas d’effet sur la morphologesdmatériaux mais elle résulte en une perte

partielle de I'organisation a longue distance daep des matériaux.

Dans le but de mettre en ceuvre des matériaux f@bkesles précurseurs bisilylés ont été mis
en réaction en milieu basique en présence du CTABNnwe surfactant et de l'acide
perfluoroctanoique comme co-surfactant pour foramegel qui aprés séchage a donné lieu a
un matériau. La caractérisation structurale de @énau a montré qu'il est constitué
d’agrégats de nanoparticules de taille moyenne @G avec une surface extérieure
rugueuse et une surface spécifique élewad%0 nf/g pour le matériau alcyne et environ 325
m?/g pour le matériau azoture). La réaction click ces matériaux a été validée par RMN du
solide mais aussi quantifiee par FTIR et analyéenéhtaire. De trés bonnes conversions ont
eté obtenuesch 40% avec le 2-azidoéthylphosphonate de diéthyle [omatériau alcyne et
jusqua 80-90% avec le matériau azoture en utilisée pentynoate de méthyle
respectivement. La réaction click n'a pas chang@édaphologie des matériaux mais a juste

diminué la rugosité de la surface (SAXS).

Ces excellentes conversions sont d'une importanmoeiate puisqu’elles conférent aux
matériaux des propriétés modulables selon la na&ide molécule clickée. C’est exactement
dans cette optique que nous avons procédé a undéicaton drastique des propriétés de
surface du matériau meésoporeux-alcyne en clickafierentes molécules a caractére
hydrophile ou lipophile (azido-éthanol, azido-tetteylene glycol, azido-hexane, azido-
hexadecane, azoture de benzyle et azidooctanedfidéré). Les études d’adsorption d’eau
et de cylohexane couplées a des analyses SAXS amtrénque la réaction click a changé
d’'une maniere trés efficace la balance hydropiplefhile du matériau selon la molécule
clickée.
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Figure R5 : modification de la surface du matériau mésopowdayne par des molécules
hydrol/lipophiles a I'aide du greffage CuAAC.

Adsorbat M M-OH M-PEG M-C6 M-Ph M-F M-C16
Cyclohexane 596 245 <5 141 178 <5 42
Eau 26 113 62 54 38 34 17

Table R1: Constantes de Henry en mggour les différents systémes concus (a 313 K).

Les constantes de Henry traduisent I'affinité dioatériau vis-a-vis des molécules sondes et
nous informent donc de son état de surface et shficagion selon la molécule clickée. Cette
étude a permis de classer les matériaux par ofdyerdphilie : M-OH >M-PEG>M-C6>M-
Ph>M-F>M-C16, ce qui a été confirmé par SWAXS.

La fonctionnalisation des matériaux par chimielc([CUAAC) s’avere donc une stratégie trés
fructueuse pour orienter un méme matériau (parery plusieurs applications en modifiant

ses propriétés d’'une facon extensive.
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Nanoparticules Multiclickables de Silice Mésoporews (MSNs) pour la Délivrance

Controlée de Principes Actif:

Les MSNs s’avérent étre des systemes trés prome dans le domaine biomédic
(détection, diagnostic, délivrance dsubstance médicamenteuse) grace a leurs propr
tres intéressantes de biocompatibilité. Dans geftee, nous avol cherché a mettre en cew
des méthodes de fonctionnalisa multiple de MSNs par la chimie click afin de les utili

comme plateformes pouw traitement des cellules cancéret

Figure R6 : Les nanosphéres et nanobatdnnets bifonctionnéisatdans notre trav

Dans un premier temps, nous avons concu des ndicopes bifonctionnelle de silice
mésoporeuse de formes sphérique allongées puisque le facteur de forme entrain

général un comportement différent quant a I'intbsaéion dans les cellule

En premier lieu, le systéeme bifonctionnel a étékdipar un dérivé d’acide folique pour
ciblage des cellules cancéreust aussi par un dérivé azobenzene qui va avoiréealé dan
la protection de la charge en tant que -propulseur fanoimpelle). L’azobenzene est ui
molécule photosensible qui, suite a une excitdtiomneuse, se photoisomérise ce qui ct
un désordre locale et induifexpulsion des molécules incluses dans les p Le succés de
ce systeme quant au relargage contrélé a été aanfsar un suivi en spectroscopie UV d
colorant (Rhodamine B) chargé dans les pores asfaaprés excitation lumiuse (Figure
R7). L'effet de I'acide folique ne pourra étre tesfu’'au cours d’étudein vitro. Ces études
sont en cours avaws partenaires 'IBMM. Les résultats préliminairemontrent qu’aucun
mort cellulaire (MCF#) ne peut étre détectée sans lesence de I'acide folique en plus
'azobenzene. Ceci montre que le systéme bifongéb(nanopropulseur + agent de cibla

s’avere assez solide pour favoriser le ciblagecdgles cancéreus:
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Figure R7 bis :(gauche) suivi UV-vis du relargage de rhodamineiiBesa des séquences d’excitation
ON-OFF, (droite) mort cellulaire induit par lesfdifents sytemes utilisés mettant en évidene leddéle

I'acide folique

Ensuite, nous avons étudié la communication eegehtités clickées en fonctionnalisant les
nanoparticules par des fluorophores distincts (fons méthylpyréne et 4-
aminonaphthalimide) avec plusieurs concentratidh®%)] afin de sonder par FRET la

proximité des fonctions.

Le rayon de Forster (Ro) représente la distaneg@elle la probabilité de transfert d’énergie
par FRET est égale a 0.5. Le phénomene de FRET&beuttilisé pour sonder la distance

entre fluorophores dans un milieu donné.
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Ro est calculé par la formule :

R§ = 8.79 10 n* ¢p (*)[[ e*(») FP(W) A" dr/ [T FP()) di] d'ot Ro = 3.5 nimdans le

cas du méthylpyrene et de 'aminonaphthalimide.

Les profils d’émission et d’excitation (Figure R&)t validé I'existence d’'un phénomeéne de
FRET entre les fluorophores clickés, et ont donmtnéoque les deux fonctions ont une
distance moyenne inférieure a 3.5 nm environ, quelle soit la charge en fonctions

clickables dans le matériau initial (entre 1 et&%amnol).

D)
—— Absorption methylpyrene .
"""" Emission methyipyrene fluorophores clickés a distance
—— Absorption 4-aminonaphtalimide . .
Emission 4-aminonaphtalimide comparable de la distance interpore
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Figure R8 : (a) profils d’absorption et d’émission des fluoropds utilisés (b) les spectres d’émission
(A ex 342 nm) et (c) d’excitation\ @m = 540 nm) du systéme nanoparticules clické@sire

schématisation de la distance des fluorophorearseinanoparticule a mésoporosité hexagonale

Aprés avoir validé gu’'un transfert d’énergie seduib sur les nanoparticules, nous avons
procédé a la conception d’'un nouveau systeme dealéte contrélée basée sur un transfert

de protons entre entités clickés en communication.

Il s’agit de clicker un photoacide « émetteur »et « récepteur » qui a une affinité avec la

cyclodextrine qui vient s’y associer pour bloquéactes des pores. Aprés excitation
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lumineuse, le photoacide transfere un proton gentviprotonner I'amine du récepteur,
diminuant ainsi l'affinité avec la cyclodextringyduisant son départ et ainsi la fuite de la
charge.

Le suivi en spectroscopie UV de la concentratiomhdelamine B dans le milieu montre que
le systéme est bien stable (pas de fuite) dansite et qu’'aprés excitation lumineuse a une
longueur d’onde appropriée, la molécule fluoreseeniété libérée dans le milieu indiquant
ainsi I'ouverture des pores. L'effet du photoac&dété validé par une expérience de contréle
ou seul le recepteur avec la cyclodextine a ét&&liSuite a I'excitation a la méme longueur
d’'onde, aucune absorbance de rhodamine n’'a pulétestée en dehors des nanoparticules.
Ensuite I'activation sur commande a été aussi galidar des cycles ON-OFF de la source
excitatrice. En dehors d’excitation, il n'y a pas telargage de rhodamine mais suite a
I'exposition lumineuse I'absorbance du milieu augheemettant en évidence un systéme a
activation photo-induite. Cette activation s’avengssi possible dans des solutions tampons
(PBS et TRIS) mettant l'accent sur une concentnatassez importante de protons
susceptibles d’ouvrir les pores en déstabilisardolmplexe supramoléculaire. Le succes de
relargage dans les milieux tampons ouvre les petisps de ce systéme sur les

bioapplications.

A)
ETAPE-1- Activation ETAPE-2- Libération de la charge
\ départ du CD charge libérée
récepteur sensible au pH - O O
+CD L -
H o )
\ ( Ni récepteur protonné/ ® O g(l::::zaad

Silice
Mésoporeuse Mésoporeuse
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Figure R9 :(A) schématisation du systéeme photoacide + récepteyclodextrine et (B) le profil de
délivrance de Rhodamine B suite a (a) I'excitationineuse continue, (b) séquences on-off sur

nanobéatonnets, (c) dans une solution tampon PBSdeseséquences on-off et (d) en utilisant le

Conclusion

Nous avons développé dans cette thése une métigaeldie® fonctionnalisation par la réaction
de CuAAC des matériaux siliciques faits par voiega. Nous avons congu de nouveaux
matériaux a base d’organosilice pure et les avonstionnalisés par réaction CUAAC par une
multitude de fonctions montrant ainsi I'apport dette chimie quant a la possibilité de

conférer de nouvelles propriétés aux matériaux. ioeavelles nanoparticules de silice

tampon TRIS.
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meésoporeuse et multifonctionnalisables par CuAACéb@d préparées. Ce systeme clickable a
été fonctionnalisé de fagcon multiple par des mde&xului conférant des propriétés
importantes en nanomédecine telles que le ciblagecdllules cancéreuses et la délivrance

sur demande de principes actifs.
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Abstract:

The present work aims to develop a reliable mettoayoof functionalization for silica hybrid
materials made by sol-gel process usingGhek Chemistry (CUAAC). This transformation
can be highly useful in materials science thankgsteery high conversion and the excellent
functional group tolerance. In this prospect, warehgynthesized fully clickable bridged
silisesquioxanes and periodic mesoporous organadifiat have shown high extentscttk
grafting. CUAAC was then used for tailoring thefaoe of bridged silsesquioxane by a fine-
tuning of hydrophilic/lipophilic balance. Finallthe CUAAC methodology was applied on the
mesoporous silica nanoparticles in order to make generation of nanomachines by
anchoring independent (nanoimpeller/targeting ggentcommunicating moieties (FRET
donor/acceptor, photoacid/proton receptor) aimihganferring important features such as

pore gating,tumor targeting and tracking

Keywords: click chemistry, PMOs, bridged silsesqaioe, surface modification, mesoporous
silica nanoparticles, controlled delivery.

Résumé :

Nous visons dans ce travail de thése a développeméthodologie de fonctionnalisation par
chimie click de matériaux a base de silice hylwiggnthétisés par voie sol-gel. La réaction
click (CuAAC) offre une tolérance exceptionnelle pow flenctions organiques en plus d’un
taux de fonctionnalisation trés élevé. Dans cgitegae, nous avons mis en ceuvre en premier
lieu des matériauglickables a base d'organosilice pure (organosilice a mésagiter
périodique (PMO) et silsesquioxanes pontés (BS))ami montré un taux quantitatif de
greffage par CuAAC. Nous avons ensuite utilisé ecqiirticularité pour controler les
propriétés de surface des BS en modifiant le caradtydrophile/lipophile. Dans le second
axe de travail, nous nous intéressons a l'appottadehimieclick dans la modification de
nanoparticules meésoporeuses de silice multifonogtes, dites mécanisées, pour des
systemes a délivrance contrélée de principe adtitis avons incorporé par réaction CUAAC
des fonctions indépendantes (nanopropulseur/agent citblage) ou communicantes
(fluoropores, photoacide/récepteur pH-sensible) p@odormation d’une nouvelle génération

de nanomachines.

Mots-clés : Chimie Click, PMOs, silsesquioxane gontmodification de surface,
nanoparticules mésoporeuses de silice, délivramcgdiiée.
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