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Introduction and objectives

In the last few decades, nanoparticles -very tiny dispersions on the nanoscale of materials-
have emerged as one of the most interesting and promising building blocks in order to create new
materials. They are interesting because they belong to and therefore connect many fields in science,
from inorganic chemistry to quantum physics and from organic synthesis to optics. As such, they
are remarkable objects to study and they have generated a wave of excitement in many scientific
communities. They are also promising because the range of potential applications where these
objects play a significant role is enormous and spans many fields such as diagnosis, water
purification, surface treatment, bioremediation, electronics, photovoltaics and optics.

Many applications of these objects require fine-tuning and control of the way the
nanoparticles are spatially organized. As such, there is a strong need to develop new processes to
direct the assembly or self - assembly of nanoparticles. Many underlying general physical rules
governing these processes remain to understand, and mastering of the physico-chemistry is a
necessity.

In one sentence, my PhD work relates to the assembly of nanoparticles into bulky 3D
materials and dispersed spherical materials.

The first chapter is devoted to a general state of the art summary in which this Ph.D. work
lies. I will first present spherical gold nanoparticles, which are the ones I mainly studied throughout
this work. 1 will describe their synthesis and | will emphasize on some of their optical properties,
specifically their plasmonic properties. | will also describe the common methods used to assemble
them.

The second chapter will be devoted to describing my efforts in mastering a specific
technique of directed assembly of nanoparticles: the pervaporation technique. | will show how
pervaporation can be used to assemble micron-size latex particles and gold nanospheres into nice
3D organized crystalline bulk materials. This work paves the way to further studies on assembling
nanoparticles to create electromagnetic metamaterials.

In the third chapter, we will move beyond the assembly of nanoparticles into bulk
materials, and show how nanoparticles can be assembled to form hollow hard and soft
microcapsules. | have developed a novel way of synthesizing gold nanoparticle - based
microcapsules which I will describe in detail in this chapter.

Finally, in the fourth and last chapter of this manuscript, | will present how these gold
nanoparticles-based microcapsules can be used to develop new strain and pH sensors based on the
optical plasmonic response of the nanoparticles. These sensors have many potential applications
and this last part establishes the groundwork for myriad of future interdisciplinary research.
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Chapter 1: State of the art

1. Introduction

In this chapter, we present the main optical properties of gold and silver nanospheres. We
show that their optical properties depend on their size, shape, environment and interparticles’
spacing. Then, we detail the main synthetic methods to produce these nanoparticles. We evidence
that some synthetic processes are less time consuming than other and allow us to post-functionalize
the nanoparticles. We also briefly explain how the nanoparticles form and grow during synthesis.
Finally, we present several of the most commonly used nanoparticle self-assembly techniques.
Among them, we focus on the microevaporation and the assembly on emulsion droplets because
we use these two techniques to design novel optical materials (Chapters 3 and 4).

2. Gold and silver nanoparticles properties and applications

2.1.Nanoparticles across the ages

Nanoparticles have always existed in nature and their history can be traced back in time.
Inorganic nanoparticles are naturally produced by volcanic eruptions, forest fires or even microbial
processes. The unique optical properties of nanoparticles provide a strong color to the media in
which they are dispersed. Therefore, for a long time nanoparticles were used as pigments in the
making of glasswares and lusterwares (see Figure 1). By the 4™ century, the Romans had colored
a glass cup with silver and gold nanoparticles. This cup is one of the most well-known examples
of stained glass because it has the ability to change color depending on whether light passes
through it or not. It appears red when illuminated from the inside and green when illuminated from
the outside. In the 9™ century in Mesopotamia, metallic ornaments based on copper and silver
nanoparticles were handcrafted.

The most distinctive contribution in the nanoparticles history has been brought a long time
after by Michael Faraday about 160 years ago. He synthesized for the first time gold particles the
size of which could be controlled by changing the experimental conditions. His synthesis method
was based on the reduction of a solution of gold chloride (HAuCls) by phosphor. He recognized
that the red color of the particle dispersion was due to the small size of the gold particles. He also
observed that the color of thin particle films was varying depending on the mechanical
compression applied. His discoveries on the electronic and optical properties of nanoparticles led
to the emergence of the modern colloidal chemistry?.
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Chapter 1: State of the art

Figure 1 : (a) Gold nanoparticles in a quartz?, (b) Roman Lycurgus up, 4" century kept at the British Museum, (c-d)
9t century lusterwares from Mesopotamia®.

2.2.Nanoparticles surface plasmon resonance
2.2.1. Understanding the surface plasmon resonance

Gold and silver are conductive metals. The free electrons (d electrons of the conduction
band responsible for the electric conductivity of the metal) can move freely within the
nanoparticles but are confined in the particles®. This confinement give rise to new optical
properties not existing in the bulk solid metals. When a metal nanoparticle is exposed to light, the
oscillating electromagnetic field of light induces a collective oscillation of the free electrons of the
metal. Indeed, within an electromagnetic field, the free electrons of the nanoparticle move together
entailing an accumulation of negative charges on one side of the nanoparticle and of positive
charges on the other side as schematized in Figure 2. The electromagnetic wave being sinusoidal,
the electrons displacement is regularly inverted. It results in an oscillation of the metal particles
surface electrons. The amplitude of the oscillation reaches a maximum at a specific frequency: the
surface plasmon resonance. The surface plasmon resonance induces a strong absorption of the
incident light by the nanoparticles and thus can be measured using a UV-Vis spectrophotometer.

12



Chapter 1: State of the art

Electric field

Metal sphere

Figure 2: lllustration of the nanoparticles surface plasmon®.

In 1908, Gustave Mie® solved Maxwell equations to model the interaction of light with
spherical nanoparticles. His theory describes the extinction (absorption plus scattering) of
spherical nanoparticles of different sizes. He demonstrated that for nanoparticles of diameter much
smaller than the incident light wavelength (2R << 4, 2R < 20 nm), the extinction cross-section of
a metal sphere of radius R is given by:

S ATR3 €,

3 (g1 +28)% + (g2)2
Equation 1: Extinction cross-section of a metal sphere of radius R’.

9we

o(w) =

Where o is the pulse of the exciting light, c is the speed of light and €,,, and €, = £; + ig, are
respectively the dielectric constants of the surrounding medium and the metal particle itself. €, is
frequency-independent and €, shows a weak dependence on the UV-Visible. One can observe that
the maximum extinction occurs when the denominator of Equation 1 is minimal. This is the case
when:

81((1)) = —ZEm
Equation 2: Satisfied condition at the maximal extinction

When the condition in Equation 2 is attained, the surface plasmon resonance occurs and the light
extinction (absorbance plus scattering) by the particle is maximal.

The extinction cross-section o is related to the extinction coefficient ¢ (L. mol~t.cm™) by
Equation 3:

_ 107
T (o) 4°

Equation 3: Extinction coefficient. Na is the Avogadro number.
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And the absorbance measured by UV-spectrophotometry is directly related to the extinction cross-
section by the Beer-Lambert law as shown in Equation 4.

1073

A= UNAClln(lO)

Equation 4: Beer-lambert for a dispersion of nanoparticles. Na is the Avogadro number, C is the molar
concentration of gold and | is the length of the cuvette used to perform the measurement.

The surface plasmon resonance is much more intense for noble metal, especially Au and
Ag than other metals. The real part (e1) of the dielectric constant of the metal determines the surface
plasmon resonance peak position and the imaginary part (e2) determines its bandwidth®. In the case
of gold and silver nanoparticles, the absorption occurs in the visible range of the electromagnetic
spectrum which explains the color of the dispersions of these nanoparticles as shown in Figure 3.
The red color of a dispersion of gold nanoparticles explains why the Lycurgus cup turns red when
illuminated with a transmitted light.

Gold and silver colloidal nanoparticles also give rise to light scattering phenomena that
result in dichroic effects. Both types of nanoparticles show a different color when illuminated in
transmission or in reflection. This dichroism is illustrated by the Lycurgus cup in which the gold
component is mainly responsible for the reddish transmission and the silver for the greenish
reflection.

(a) (b)
1.6
! 0.8 4 / \\ !
1.2 ‘/' \
5 é 0.6 - /! ‘\\
g 0.8 é 04 \
\
0.4 0‘2 J ; \\\
/ “‘\
o> \\
0 ; : O L T T
400 550 700 850 1000 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 3: (a) Extinction spectrum of 13 nm gold nanoparticles and (b) of 10 nm silver nanoparticles in water®.

For larger nanoparticles (greater than about 20 nm in the case of gold), the expression of
the extinction cross-section presented in Equation 1 becomes more complicated because one must
take into account the dependency of the metal nanoparticle dielectric constant on the radius of the
nanoparticles®. In the next section, we will show how the plasmon resonance wavelength and
bandwidth is affected by the particle metal, size, shape, environment and interparticle distance.
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2.2.2. Factors affecting the plasmon resonance

The plasmon resonance peak position and shape depend on the type, size and shape of
nanoparticles as well as on the spacing between the nanoparticles and their surrounding media. In
this part, we will discuss these effects focusing on spherical gold and silver nanoparticles.

e Effect of the metal nature
The Mie theory shows that there is a condition of resonance for very small metal
nanoparticles compared to the incident light wavelength when &;(w) = —2¢&,,. From this, it
clearly appears that the resonance wavelength depends not only on the dielectric constant of the
surrounding media but also on the nanoparticle dielectric constant. Silver and gold having different
dielectric constants®, for similar nanoparticles size, the plasmon peak position will be different.
Figure 4 shows the wavelength at which €, (w) = —2¢g,, and therefore gives a first approximation
of the position of the maximum of the plasmon peak for gold and silver nanoparticles. We find
that the plasmon peak position is respectively located at 520 nm for gold and 390 nm for silver.
These values are of the order of the ones obtained experimentally: Aau =540 nm and Aag = 396 nm
(Figure 3). The small difference in the position of the peak comes from the fact that the dielectric
constants are obtained from measurements done on thin metal film whereas our experimental

measurements are done on nanoparticles.
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Figure 4: Real part (¢1) of the dielectric constant of gold and silver as a function of the wavelength (Johnson and
Christie) and the condition of resonance for nanoparticles in water (g, = 1.77).
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e Effect of the nanoparticles size

Marzan et al.'? have shown that the larger the gold nanospheres, the more red-shifted their
plasmon peak is. In Figure 5 (a) we see that the position of the plasmon band is only slightly shifted
for small gold spheres (from 9 to 22 nm) whereas it is strongly red-shifted for much bigger
nanoparticles (from 22 to 99 nm). The size dependence of the plasmon bandwidth observed
experimentally comes from the fact that the dielectric function of the metal nanoparticles itself is
size dependent €, (w, R) thereby making the absorption cross-section size-dependent®.

Moreover, the width of the plasmon band decreases with the increase of the nanoparticle
diameter. Indeed, it has been experimentally and theoretically demonstrated that the width of the
plasmon peak is inversely proportional to the radius of small nanoparticles (for R < 50 nm)’#,

The normalization at 400 nm (wavelength at which only zero gold (Au®) absorbs during
inter-band transition) of the spectrum in Figure 5 (b) shows that the larger the spherical
nanoparticle, the higher the intensity of the plasmon peak. In accordance with Mie’s theory, the
plasmon band intensity is directly proportional to the cubic radius of the nanoparticle (Equation
1).

@ )
10 diameter/nm
: i pe
3 o /ﬁ\\ i
48 b X Q
g 0.84 99 / A LC)
e [ — “II ‘ m
? 06 \ Q
< R ?
& | S== \ 2
o St . . 12 nm
= N E 66 nm
. o (@] ;
0.2 \\ - \ 100 nm
0.0 " —
400 500 600 700
Wavelength (nm)

Wavelength (nm)

Figure 5: Extinction spectra of different gold nanospheres sizes (a) normalized at the plasmon peak'? and (b)
normalized at 400 nm*3,
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e Effect of the nanoparticles shape

The nanoparticles shape strongly affects the plasmon band position and shape'*°. Chen et
al.’> (Figure 6) have shown that for spherical or close-to-spherical gold nanoparticles, the
extinction spectrum only shows one plasmon band whose position depends on the nanoparticle
size. For gold nanorods, the extinction spectrum has two plasmon bands coming from two
oscillation modes. The peak at the smaller wavelength is characteristic of the nanorod width and
the peak at the larger wavelength is characteristic of its length. The transverse plasmon resonance
does not depend on the nanorod aspect ratio and remains at the same wavelength than the one for
gold nanospheres. As for the longitudinal plasmon, it increases with the aspect ratio.

0.0 —— 1 — :
400 600 800 1000
Wavelength (nm)

Figure 6: TEM (Transmission Electron Microscopy) images and corresponding extinction spectra. (a) 15 nm gold
nanospheres; (b) 44 nm gold nanocubes; (c) 40 nm long and 17 nm large gold nanorods; (d) 55 nm long and 16 nm
large gold nanorods; (€) 74 nm long and 17 nm large gold nanorods®.
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e Effect of the nanoparticles surrounding environment

Depending on the refractive index of the surrounding media, the plasmon peak is not
positioned at the same wavelength. The Figure 7 presents the plasmon response of 50 nm gold
nanospheres as a function of three different surrounding environments: air, water and silica. One
can notice that as the refractive index, n, increases, the intensity of the extinction peak increases
and the plasmon peak is shifted towards higher wavelengths.

2e-14
— Air (n=1.00)
— Water (n=1.33)
1.5e-14}- — Silica (n=1.5)

1e-14

5e-15

Extinction Cross Section (m2)

400 500 600 700 800
Wavelength (nm)

Figure 7: Effect of the surrounding environment refractive index on the plasmon response of 50 nm gold
nanospheres?.

o Effect of the inter-nanoparticle distance: plasmon coupling

One of the most interesting properties of metal plasmon nanoparticles is the dependence of
their plasmon response with the distance s between the nanoparticles, (see Figure 8)!"1819, We will
present here the different optical responses observed for gold nanospheres?®.

First, when the nanoparticles are far from each other ((a), s ~ ), their extinction spectrum
shows only one plasmon peak. The nanoparticles interact and their extinction spectrum looks like
the one of a single nanoparticle. Then, when the nanoparticles are brought closer to each other, the
plasmon band becomes wider ((b), s = 7 nm) and the plasmon peak is red-shifted. Dolinnyi'®
showed that 40 nm gold nanospheres start interacting with other gold nanoparticles when the
distance separating them is in the order of 40 nm. For intermediary inter-nanoparticle distances,
the plasmon peak is divided in two modes ((c-f), 0.4 < s < 4 nm). The peak of the first mode
remains at the same position when nanoparticles get closer to each other but its intensity decreases.
As for the peak of the second mode, its peak is shifted towards higher wavelengths and its intensity
decreases as the inter-nanoparticle distance increases. When the nanospheres are very close to
each other ((g), s < 0.4 nm), an additional mode develops at about 620 nm.
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Figure 8: Simulated extinction (Mie theory) for pairs of 40 nm gold nanospheres under non-polarized light in water
and for different inter-nanoparticle distances, s: « (a), 7 (b), 4 (c), 2 (d),
0.7 (e), 0.4 (f), and 0.2 nm (g) ; Qex is the extinction®®.
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For a better understanding of the plasmon coupling phenomenon, the incident light can be
polarized. Jain et al.?® have evidenced two distinct plasmon behaviors when a pair of gold
nanodiscs is illuminated under polarized light. The behavior depends on the distance between the
nanodiscs. When the polarization is parallel to the interparticles axis, the electron coupling leads
to a red shift of the plasmon peak and to an increase of the peak intensity (see Figure 9 (a)). When
the polarization is orthogonal to the interparticles axis, the electron coupling leads to a small blue
shift of the plasmon peak and a decrease of the peak intensity. In both cases, the closer the
nanoparticles, the larger the shifts.
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Figure 9: Simulated extinction spectra of pairs of gold nanodisc pairs (diameter = 86.5 nm and height = 25.5 nm)
in air for varying interparticle separation gap (gap = edge to edge nanoparticles) for incident light polarization
direction (a) parallel and (b) perpendicular to the interparticle axis®.
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The results presented in this part of the manuscript are valid for gold nanospheres.
However, Sheikholeslami et al.?! as well as Zhao et al.?? showed similar results obtained in
polarized light with silver nanospheres pairs. As for gold, an incident light polarization direction
parallel to the interparticle axis entails a red shift of the plasmon band whereas a perpendicular
polarization leads to a blue shift. Furthermore, the closer the nanoparticles, the more shifted the
plasmon peak.

In this section, we have presented the concept of plasmon resonance of gold and silver
spherical nanoparticles and its dependence with the nanoparticles metal, size, environment and
interparticle distance. In the following sections, we will review the different plasmonic
nanospheres syntheses methods and show the most efficient techniques to assemble them into large
close packed arrays.

3. Common approaches for the synthesis of nanospheres

A gigantic library of gold and silver nanosphere syntheses exists. More than 30’000 articles
are available online (Web of Science). In the context of this thesis we will focus on the most well-
known and the most used protocols. Generally, metallic nanoparticles are synthesized via
reduction of the corresponding metal salt. A protective agent such as a surfactant or a polymer is
used to avoid the nanoparticles aggregation and precipitation during synthesis. The choice of the
reduction technique, the reaction time, the solvent and the stabilizing agent determines the size
and shape of the nanoparticles. Thusly, spheres®?3, nanorods®?4, cubes®®, discs, nanowires, tubes,
triangles®® and polyhedrons?® have already been obtained with gold, silver and other metals. One
of the most striking issues encountered during the generation of nanoparticles is the reproducibility
of the synthesis method and the quantity of nanoparticles made. Indeed, the volume and the Au°
concentration usually used during synthesis are small (typically [Au’] = 10* M and the final
volume of the gold solution is 250 mL!327). The obtained nanoparticles are not exactly the same
from one synthesis batch to the other. In this manuscript, we focus on the synthesis of gold and
silver spherical nanoparticles obtained in water or in water-miscible solvent with a specific
emphasis on the reduction methods using sodium citrate and ascorbic acid. In the following, the
terms nanoparticles, and a fortiori nanospheres will refer to spherical nanoparticles.

3.1.Gold nanospheres syntheses

The synthesis of small spherical gold nanoparticles is generally performed by the
Turkevich method (1951)%. A solution of gold salt (HAuCIy) is reduced by sodium citrate. The
reaction temperature, gold/citrate ratio and the order of addition of the reagents controls the
nanoparticle size dispersion. This method leads to monodisperse nanospheres with diameters of
about 15 nm. In 1973, Frens?, inspired by the work of Turkevich, edited the method to synthesize
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gold nanospheres of controlled sizes in the range 16 to 147 nm. The ratio between the reducing
agent (tri-sodium citrate) controls the nanoparticle final diameter. In these two methods, citrate
acts as both reducing and stabilizing agent. Even if the quality of the obtained nanoparticles is not
optimum (shape, size and size distribution), these methods are widely used because they are easy
to implement.

A more efficient method to control the size and shape of gold nanospheres was proposed
in 2000 by Natan et al®°. In their work, large spherical gold nanoparticles are synthesized by a seed
growth process as shown in Figure 10. Small seed nanoparticles are first synthesized and further
grown via the reduction of the metal salt in the presence of surfactants to stabilize the
nanoparticles. Seeds are generated using a first reducing agent (sodium borohydride or sodium
citrate) whereas the growth is done with a second milder reducing agent (often ascorbic acid). The
ascorbic acid reduces the metal salt in an intermediate state which becomes zero gold (Au®) only
after a catalyzed reduction occurs at the surface of the seeds. Even if the work of Natan et al. gave
good spherical gold nanoparticles, gold nanorods were also obtained during the synthesis, affecting
strongly the resulting batch monodispersity. In 2011, Bastis et al.3! successfully synthesized
citrate-stabilized monodisperse gold nanospheres via seed growth. The factors influencing the size
distributions of the nanoparticles obtained as shown in Figure 10 are the initial seeds concentration,
the number of growth steps and of secondary nucleations.

Figure 10: Monodisperse gold nanospheres synthesized by seed growth method with citrate. The nanoparticle
diameter increases from 8.4 nm to 180.5 nm and its concentration decreases from 3x10%? to 5x10° NPs/mL3!,
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In 2006, following the work of Jana et al.*?, Liz-Marzan’s*® team came up with a new seed
growth method to synthesize very monodisperse gold nanospheres to a diameter up to 181 nm.
The TEM images of the nanoparticles obtained via this method are presented in Figure 11. The
CTAB (hexadecyl-trimethyl-ammonium bromide) used as surfactant during the seed growths
enables a better control of the final morphology of the gold nanoparticles. This new process gave
gold nanoparticles a more spherical appearance while forming less gold nanorods. However, this
method leads to nanoparticles that are not easily functionalizable a posteriori, which can be
disadvantageous. Indeed, the CTAB is strongly anchored onto the gold nanoparticles and ligand
exchange with another molecule having an affinity for gold surface is not straightforward, requires
multiple steps and specific synthesis conditions®’.

Figure 11: TEM images of gold nanospheres after seed growth. The mean diameters are (a) 66 nm (b) 100 nm, (c)
139 nm, (d) 157 nm et (e) 181 nm*3.

In 2016, Malassis et al.® demonstrated that it is possible to obtain rather spherical
monodisperse gold nanoparticles of different sizes by reduction of gold salt with ascorbic acid by
tuning the pH of the mixture. The real advantage of this synthesis is its easy implementation.
Indeed, the synthesis method only involves one step as compared to the multiple synthesis steps
necessary in the seed growth process. Moreover, ascorbic acid is very easily exchanged by other
stabilizing agents allowing multiple post-functionalization of the obtained gold nanoparticles.

50 NM  —

Figure 12: TEM images of gold nanospheres obtained by Malassis et al. as a function of the pH.*
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3.2.Silver nanoparticles syntheses

Commonly, silver nanoparticles are obtained by chemical synthesis via a reduction process
of silver precursor (usually AgNOs). The reducing agents used can be: sodium citrate®4, alcohols®,
sodium borohydride. Polymers such as PVP (polyvinylpyrrolidone)3, PVA (polyvinyl alcohol)
and surfactants are also added to the synthesis in order to stabilize the nanostructures formed. The
obtained nanoparticles size and shape can be controlled via the reagents concentration, the
temperature, the pH, the reducing agent type and the stabilizing agent type.

We will focus here on three synthesis methods often used in the literature to produce silver
nanospheres. They are: the reduction by citrate, the polyol process and the reduction by ascorbic
acid. We will use the observations made during the analysis of these three methods to design our
own silver nanoparticle synthetic protocol presented in Chapter 3.

One of the most accessible methods to synthesize silver nanospheres is the synthesis of Lee
and Meisel (1982)**. This method is very close to the Turkevich method to form small spherical
gold nanoparticles. Citrate ions are used as both stabilizing and reducing agents. However, unlike
the Turkevich method, this method gives polydisperse nanoparticles of different shapes.
Theoretical study revealed that the citrates preferentially anchor to the facet Ag(111) rather than
to the facet Ag(100)%’, which could be a reason for the nanoparticle anisotropy. Tuning the pH
brings an additional control over the size and shape but it does not give very uniform nanospheres.
Due to the simplicity of this synthesis, this process is still often used specially to obtain large
quantities of nanoparticles.

The polyol process is a robust and versatile synthetic method which allows for a great
control over the silver nanostructures size and shape. The polyol (ethylene glycol, 1,2-propylene
glycol or 1,5-pentanediol) is used as a solvent but also as a reducing agent. The silver precursor
and a second stabilizing agent are mixed with the pre-heated polyol solution. The reduction of
silver ions leads to the formation of silver nanoparticles (AgP). At the beginning of the reduction,
small nanoparticles are obtained. As the reaction goes on, these seeds grow and can differentiate
into three types of particles: single crystalline, single twinned or multiple twinned. Then, these
three types of particles evolve preferentially towards certain particle shapes as shown in Figure 13.
A better control over the size and shape of the final particles is obtained using different reducing
and stabilizing agents. Moreover, the careful selection of the stabilizing agent can favor the growth
of anisotropic nanoparticles. Indeed, Xia et al.*® have demonstrated the selective growth of silver
nanorods and silver nanowires using PVP as a capping agent. PVP preferentially anchors at
specific silver nanoparticle facets, inhibits the growth of the corresponding planes and enables the
synthesis of anisotropic nanoparticles as illustrated in Figure 14. Therefore, with PVP, the
synthesis preferentially leads to nanorods, bipyramids and cubes. The silver nanospheres synthesis
does not require the use of PVP because their growth must be isotropic.
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Figure 13:Syntheses of silver nanostructures by the polyol process. (A) Formation mechanisms of the different
nanostructures : (B) spheres, (C) cubes, (D) truncated cubes, (E) bipyramids, (F) bars, (G) spheroids, (H)
triangular plates and (1) nanowires®,

Figure 14: Twinned decahedral seeds lengthened into rods. PVP selectively adsorbed on the (100) side facets so
that Ag® atoms could only add to the (111) facets at the ends of each rod®.
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In 2010, Qin et al.® came up with an easy one-step synthesis of spherical silver
nanospheres. They demonstrated that the size of spherical silver nanoparticles was tunable by
using ascorbic acid as the reductant. Variation of the reactivity of ascorbic acid with pH was
effective to tune the final size of the nanoparticles. The higher the pH, the smaller the
nanoparticles. The shape of the nanoparticles could be more spherical-like by promoting the
intraparticle ripening. Like gold nanoparticles, silver nanoparticles stabilized by ascorbic acid can
be easily post-functionalized by other ligands.

Figure 15: TEM images of aged silver nanospheres obtained with the method of Qin et al. as a function of the pH.3®

In this section, we have shown that many routes are available to synthesize gold and silver
nanospheres. Depending on the final applicative role of these nanoparticles, the size, size
distribution, sphericity and amount of nanoparticles requisites are different. The synthesis method
must be selected according to all these specifications. As part of this thesis, in Chapter 2 we will
see that the synthesis of very monodisperse gold nanospheres is crucial to obtain crystalline arrays
of close-packed nanoparticles. In Chapter 3, we will show that the amount of silver and gold
nanoparticles is an essential parameter in the fabrication of nanoparticle-stabilized emulsions.

3.3.Formation and growth of nanoparticles

Understanding the mechanisms of formation and growth of nanoparticles is essential for a
better control of the nanoparticle size and shape during synthesis. Several approaches exist and we
will present here two of them.

e LaMer model

The LaMer model® is a commonly accepted model describing the general mechanism of
the nanoparticle formation process. The mechanism described in Figure 16 (a) suggests a reaction
scheme divided in three steps: the generation of Au®atoms, the nucleation of Au® clusters and their
growth into nanoparticles. First, the Au®"ions are reduced in Au® species and the concentration in
AuC increases until it reaches a « critical limiting supersaturation (Cmax) ». At that point, the Au®
aggregate into small clusters via a nucleation process. Once the clusters have reached a critical
radius, r*, the clusters grow into nuclei (see Figure 16 (b)) because it favors the decrease of the
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free energy. These nuclei grow rapidly by consuming the metal atoms present in the bulk solution.
Therefore, a decrease in the concentration of the Au® is observed during growth. If the Au°
concentration falls rapidly below the supersaturation ([Au®] < Cmin), the nucleation ends, and only
the nuclei already present in the reaction mixture grow to form nanoparticles with homogenous
size distribution. In this model, the thermodynamic stability along with the reduction Kkinetics
determine the size and the number of nanoparticles. In this mechanism the reduction reaction can
be promoted by raising the temperature®®, thus favoring the formation of nuclei and resulting in a
larger number of small nanoparticles.
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Figure 16: (a) Schematic illustration of La Mer s nucleation condition. (b) Variation of the free energy (G)
associated with the nucleation of a nanosphere at r = r* 4%,

e Polte model

J. Polte et al.*>*3 studied the formation and growth of metal nanoparticles from a different
perspective. They experimentally followed the formation of gold nanoparticles synthesized using
the Turkevich process, which we explained before. They demonstrated that the formation of the
gold nanoparticles is governed by the colloidal stability of the system rather than by the
thermodynamic laws. Their studies suggest a model for the formation and growth of gold
nanoparticles in 3 main stages as illustrated in Figure 17: the generation of Au®atoms (step 1), the
coalescence of Au® clusters (step 2) and their growth into nanoparticles (step 3). In the first step,
the Au®* ions are reduced by the sodium citrate in Au® atoms. Then, these Au® atoms form small
clusters which coalesce to form small nanoparticles. In this model, the growth is governed by
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colloidal stability implying that clusters always grow to a size above which they cannot overcome
the energy barrier of aggregation or coalescence. Since the aggregation barrier increases with
increasing particle size, the coalescence/aggregation stops at a critical nanoparticle size. This
critical size usually corresponds to the size at which the clusters are big enough to be effectively
electrostatically stabilized by the citrate ions. Then, the residual gold ions (existing because the
sodium citrate is a mild reducing agent and do not reduce very fast the gold ions) diffuse in the
electric double layer (EDL) of these small nanoparticles, get reduced, and grow onto the existing
nanoparticles (step 3). In this model, the minimal particle size is determined by the colloidal
stability.
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Figure 17: Schematic of the refined 3-step nanoparticle growth mechanism of the Turkevich method.

These two models do not provide any universal explanatory mechanism for all the existing
nanoparticle syntheses. Indeed, many factors can impact the growth of nanoparticles. For instance,
the type of ligands capping the nanoparticles* or the chemical reactivity of the different
precursors. Thus, more detailed models are required to aid for a better understanding of the
important factors responsible for the nanoparticles formation.

In the section 3 of this chapter we have described the most common syntheses for the
formation of spherical gold and silver nanoparticles. We also briefly explained their formation
mechanisms. The next section is dedicated to the different techniques existing to assemble these
nanoparticles into close pack arrays.
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4. Nanoparticles self-assemblies

Self-assembly of colloids is a “bottom-up” approach for the fabrication of nanomaterials
from stable colloidal dispersions. A very large number of self-assembly techniques exist and an
exhaustive review would be impossible. We will sort them in two main categories: spontaneous
and directed self-assemblies. The spontaneous assembly can be defined as the assembly mediated
by colloidal interactions (electrostatics, steric, depletion, Van Der Waals) driven only by the
thermodynamic. In this process, the colloids spontaneously organize into ordered structures of
length scales on the order of 1 -100 um. Due to the fabrication process, the collection for further
use of these ordered structures is not straightforward. In contrast, the directed self-assembly uses
external forces such as external fields, physical confinement, or evaporation of solvent to trigger
the organization of colloids. The structures obtained with this method are organized on a larger
length scale, on the order of several microns to the millimeter. The directed self-assembly
techniques include nonexhaustively sedimentation, Langmuir-Blodgett, electrophoresis, spin-
coating, dip-coating and drying. A template such as a simple glass slide or more exotically a
specifically functionalized substrate, is often used to facilitate the organization of the
nanoparticles. However, and this may be a drawback, in most cases this template becomes part of
the final nanomaterial structures. The self-assembly of nanoparticles can occur at the liquid-liquid,
liquid-air or liquid-solid interfaces. In this section, we will describe the most recurrent techniques
in the literature such as: Langmuir-Blodgett, sedimentation, evaporation of solvent and adsorption
of nanoparticles on droplets. We will focus on the technique of microevaporation microfluidic and
on nanoparticles assembly on droplets because these two techniques give rise to the fabrication of
2 different types of materials: bulky 3D and dispersed materials.

4.1.Common self-assembly techniques
4.1.1. Spontaneous self-assembly

The dipolar, Van-der-Waals and electrostatic interactions play a major role in the type of
structures obtained through the organization of nanoparticles**“¢. These forces can be tuned by
changing the solvents polarity, the nanoparticles charges, the nanoparticles wetting or the size and
shape of the colloidal nanoparticles. Here, we briefly present two examples which illustrate these
phenomena. These two examples show the fabrication of dispersed materials via spontaneous self-
assembly of nanoparticles.

Nie et al.*” were able to organized polymer-CTAB-gold nanorods-polymer nanoparticles
(see Figure 18) into different structures with varying geometries. These nanoparticles are nanorods
which sides are coated with CTAB and which ends are coated with a polystyrene polymer. By
changing the solvents quality, the authors were able to solvate either the sides or the ends of the
nanorods. Both DMF and THF are good solvents for the polystyrene block however, water reduces
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the solubility of the polystyrene. The CTAB is poorly soluble in THF but is well solvated in water.
Nanochains are obtained when the nanoparticles aggregate by the ends (see Figure 18 (a)).
Nanospheres form when the nanoparticles aggregate side by side and by the ends (see Figure 18
(b)). The self-assembly is reversible.

CTAB-coated gold nanorod

Dimethyl formamide /

Tetrahydrofuran / Water Tetrahydrofuran / Water

Figure 18: Self-assembly of CTAB-coated gold nanorods in selective solvents forming (a) nanochains and (b)
nanospheres. The insets show the corresponding schematic diagrams of the nanorod assemblies*’.

Another interesting example was provided by Hickey et al.*.They have fabricated
polymersomes based on the co-assembly of hydrophobic inorganic iron oxide particles and
amphiphilic polymers (poly(acrylic acid)-b-polystyrene) at an oil/water interface. They
demonstrated that the size of the nanoparticles affects the size of the final polymersomes. Larger
nanoparticles induce higher curvatures of the polymer membrane and smaller vesicles. We will
describe how nanoparticles assemble at a liquid/liquid interface in the following section 4.3 of this
chapter.

Figure 19: (a) Schematic representation of the self-assembly of magneto-polymersomes. (b) TEM images of
magneto-polymersomes*®,.

29



Chapter 1: State of the art

4.1.2. Directed self-assembly

e Sedimentation

Particles left to rest in a solvent of density lower than the particles’ density, slowly sediment
under gravity following the Stokes law. The particles generally form face-centered cubic (FCC)
lattices because it is the most thermodynamically stable structure (theoretical calculations show a
lower Gibbs free energy for FCC lattices) (Figure 20)*°. However, a precise control over the size,
the density, the volume fraction of the colloids and the solvent in which the particles are dispersed
are necessary to successfully assemble them in well-organized arrays. Sedimentation being a rather
slow process, the fabrication of crystalline lattices can last up to several weeks with this method.
Moreover, during sedimentation, several “nucleation” sites can appear in different places within
the assembly which can lead to polycrystalline domains. For these reasons, it is unsuited for large
scale production and other, more controllable and faster routes are more commonly used.

Figure 20: SEM (Scanning Electron Microscopy) image of spherical 225 nm core-shell Au@SiO2 assembled by
sedimentation. Nanoparticles are organized in a face-centered cubic lattices (FCC) *°.

e Drying

Drying is the most used method in the self-assembly of nanoparticles. It includes: the
horizontal deposition (Figure 21) where a droplet is left to dry on a substrate®°253, the vertical
deposition®* where a substrate is pulled out of a colloidal solution vertically (Figure 22) or the
drying in confined geometries®>*%>" (Figure 24). Nanoparticles are directly assembled on solid
surfaces by local increase of the nanoparticles concentration as shown in Figure 21 (b-c). The
assembly is conducted by solvent evaporation and assisted by capillary interactions guiding the
nanoparticles. For a better control over the final assembly, several parameters have to be taken into
account: the choice of the substrate, the substrate tilt angle, the type of substrate, the evaporation
rate, the ambient temperature, the initial concentration in colloids and the ambient humidity.

Regarding the horizontal evaporation, the solvent evaporation rates on the edges of the
liquid area are larger than at the center. This evaporation gradient creates a convective flux
dragging the particles from the center towards the periphery of the liquid area as represented in
Figure 21 (a). It has to be highlighted that the concentration of particles is possible only if the
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particles diffusion rate is lower than the solvent evaporation rate. Because of the capillary forces,
when the thickness of the liquid layer is of the same order than the particle diameter, the particles
reaching the periphery are pinched onto the substrate and against the neighboring particles. Thus,
a colloidal crystal is formed from the edges towards the inside of the liquid area. At the end of the
evaporation process, the particles concentration in the liquid area is very low which lead to the
appearance of a central ring containing no particles. Horizontally evaporating drops containing
different nanoparticles, Ming et al.>® have obtained different organizations as presented in Figure
21 (d-f). Lattices with hexagonal symmetry were achieved using polyhedra, lattices with tetragonal
symmetry were obtained by evaporating nanocubes, and smectic superstuctures were formed with
nanorods.
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Figure 21: (a) Schematic representation of the inward self-assembly mechanism for colloids evaporated on a
horizontal solid substrate. (b-f) SEM images: (b) of a side view of a colloidal crystal film grown on glass substrates
from polystyrene sphere of 0.40 um in diameter and 8.0 wt % in concentration, (c) of the cross sections of colloidal
crystal films (polystyrene spheres of 0.26 um in diameter) deposited on a silicon substrate:>?, (d) hexagonally packed

Au polyhedra, (e) tetragonally packed Au nanocubes, (f) smectic Au nanorod superstructure®,

In the case of the vertical evaporation, a meniscus is formed during the immersion of the
substrate in the colloidal dispersion. The evaporation being more important at the meniscus, a
convective flux is created bringing the nanoparticles from the bulk towards the meniscus as shown
in Figure 22 (a). The particles crystallization is initiated by attractive capillary immersion forces,
mediated in the solvent meniscus between particles at the drying front. For the particles to reach
the meniscus, the sedimentation rate must be smaller than the solvent evaporation rate. Moreover,
the balance between capillary forces and convective particle flux during the solvent evaporation is
essential for the monotonic formation of 2D colloidal arrays®®. Large crystalline arrays and binary
lattices can be obtained by vertical evaporation as seen in Figure 22 (b-c).
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Figure 22: (a) Schematic illustration of the mechanism of colloidal self- assembly in the vertical deposition
technique®, (b) SEM cross-sectional images of close-packed arrays of 298.6 nm silica spheres (~50 layers)®*, (c)
co-assembly of binary dispersions of microspheres: the large spheres are 1.28 um polystyrene beads and small
spheres are 290 nm silica beads®.

By tuning the electrical charges on different types of sterically stabilized nanoparticles,
Shevchenko et al.* obtained multiple binary superlattices of controlled stoichiometry as presented
in Figure 23. In their experiment, a substrate was placed in a glass vial containing a colloidal

solution of quantum dots and the vial was placed tilted by 60°-70° inside a low-pressure chamber
to evaporate the solvent and concentrate the nanoparticles.

Figure 23: TEM images of binary superlattices obtained by self-assembly of two types of nanoparticles and
modelled unit cells of the corresponding three-dimensional structures*. The nanoparticles used are :(a) 7.2 nm
PbSe and 4.2 nm Ag (b) 6.2 nm PbSe and 3.0 nm Pd (c) 5.8 nm PbSe and 3.0 nm Pd (d) 7.2 nm PbSe and 4.2 nm Ag.
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In 1999, Park et al.>® showed that when colloids are subjected to a physical confinement,
the crystals obtained demonstrate much better ordering and orientation compared with crystals
grown on a bare substrate. By injecting polystyrene beads into the confinement of a rectangular
cell of controllable dimensions and evaporating the water (Figure 24 (a)), they were able to obtain
large defect-free colloidal crystals (Figure 24 (b-c)) and to control the number of layers formed. In
2003, Kumacheva et al.>" have generated two-dimensional colloidal lattices in microchannels by
coupling the laminar flow of dispersions of spherical colloids and geometrical confinement. They
have demonstrated that different types of lattices can be obtained (hexagonal and rhombic)
depending on the ratio of the width of the channel to the diameter of the particle. Microfluidic
pervaporation in PDMS (polydimethylsiloxane) microchannels is another method to concentrates
very dilute colloidal dispersions into organized structures®®. This method will be precisely
explained in section 4.2.

(a)

aqueous dispersion
of polymer beads

Sonicate, assemble,

evaporate water, and
remove top substrate

Figure 24: Crystallization of colloidal particles confined in between two parallel glass plates sealed with resin. (a)
Scheme of the fabrication process, (b-c) SEM images of the obtained colloidal crystals®®.

33



Chapter 1: State of the art

e Langmuir-Blodgett

Initially, the Langmuir-Blodgett technique was developed to assemble amphiphilic
molecules at the air/liquid interface and to transfer the assemblies on a solid substrate. Later, this
method has been used to form hydrophobic nanoparticles monolayers at the liquid/water interface
and to transfer these layers on a solid substrate. Water is generally used as the bottom phase
because the very high water surface tension (73 mN/m at 20°C) enables the air/water interface to
hold small dense particles®.

The assembly of nanoparticles at the liquid/water interface via the Langmuir technique
follows three steps which are schematized in Figure 25. In a first step, a solution of nanoparticles
dispersed in a solvent immiscible with water is deposited at the air/water interface. Then, the
solvent evaporates and leaves a light film of nanoparticles at the air/water interface. Finally, the
nanoparticles are compressed thanks to movable barriers in order to form an organized layer of
close-packed nanoparticles.

° .93 0 ° Solvent .
00%9 0% g0%00 evaporation (29 9000000000000 Compression 19900000000000009
_> _>

Deposition of the particles Particules at the airfwater Monolayer of close-packed
dispersion interface particles

Figure 25: Schematic representation of the formation of a Langmuir layer.

Pieranski®! demonstrated that nanoparticles are trapped at the air/water interface because
they reach a minimum of energy at the interface. The gain of energy, AE, obtained when placing
a nanoparticle of radius r at the air/water interface can be expressed as follows:

air Ya/s
AE = _7-”'23161/w(1 — |cos(6)])?
Ya/w
with  cos(0) = Yajs~Rwjs water 6
Ya/w
Yw/s

Equation 5: Gain of free energy (4E) by placing a nanoparticle of
radius r at the air/water interface. 9 is the three-phase contact ) . .
Figure 26: Schematic representation of

angle; Vo yw/s_and ?(a/w are respectlvely_the interfacial tensions the three-phase contact angle (6) at the
air/solid, water/solid and air/water. interface air/water/solid.

During compression, information about the nanoparticle’s packing is obtained following
the variations of the surface pressure. The surface pressure () is the difference between the surface
tension air/water without nanoparticles (yo) and the surface tension air/water with nanoparticles
(y). It corresponds to the decrease of the film’s surface tension in presence of nanoparticles. y is
measured by a Wilhelmy plate during compression of the nanoparticles and is used to calculate
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the surface pressure. The plate is situated on the “left side” of the barrier where the particles are
deposited and compressed. The surface tension on the “right side” of the barrier equals the surface
tension of water.

mT=Yyo-y
Equation 6: Surface pressure.

The curve following the variations of the surface pressure is called surface pressure
isotherm. It provides access to the surface pressure as a function of the area allocated to each
nanoparticle at fixed temperature. A typical surface pressure isotherm obtained with gold
nanoparticles is presented in Figure 27 (a). Before the film is compressed, the nanoparticles are far
from each other, the surface tension y is unchanged and the surface pressure remains constant.
During the compression of the nanoparticle layer, the surface tension y decreases (more
particles/surface area) entailing an increase of the surface pressure . When the compression is
important, a dense film of nanoparticles is formed at the air/water interface, y strongly decreases
and therefore the surface pressure increases dramatically.
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Figure 27: (a) Surface pressure—area per nanoparticle isotherm for 8.3 nm gold nanoparticles encapsulated by
dodecanethiol and (b) SEM image of a monolayer made from these nanoparticles: obtained with the Langmuir-
Blodgett technique®?.

The transfer of the dense film of nanoparticles obtained by the Langmuir technique is done
following the method developed by Blodgett. The transfer is performed by successive immersion
and emergence of a solid hydrophobic substrate perpendicularly to the dense film as schematized
in Figure 28. During the emergence, the nanoparticles deposit on the substrate thanks to
hydrophobic-hydrophobic interactions. An example of dense film of gold nanoparticles is
presented in Figure 27 (b).
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Figure 28: Illustration of the Langmuir layer transfer by immersion and emergence of the substrate.

Many parameters influence the quality of the obtained films. During her Ph.D. candidacy,
Ludivine Malassis'! studied them in detail. We are mentioning a few here: the nature of
nanoparticles (charges, hydrophobicity...)®354 the nature of the substrate, the transfer mode, the
particles deposition speed on the substrate, the solvent volatility and the initial nanoparticles
concentration®®. A lack of control over these parameters can cause disruptions that limit the
structural order of the nanoparticles assembly.

4.2.The microfluidic pervaporation

Pervaporation is a classical process in which solvent is transported through a permeable
matrix towards the atmosphere. It occurs following three steps as shown in Figure 29. First, the
solvent is solubilized in the matrix (i); then, the solvent diffuses in the matrix (ii) and finally, it
evaporates when entering in contact with air (iii). This phenomenon induces a net flow per unit of
surface, J (m/s), of the solvent pervaporating through the permeable matrix. Based on the Fick
low, and in the case where the air is dry, J depends on the solvent molar volume ps, solvent
diffusivity in the matrix Ds, and solvent solubility in the matrix cs, as well as on the thickness of
the membrane e (see Equation 7). For pervaporation of water (cs = 40 mol/m?, Ds~ 8.5 .1071% m?/s,
ps = 1.85 .10° m3/mol) through a PDMS (Poly(dimethylsiloxane)) layer (e ~10 um), J is in the
order of 100 nm/s.

Dry air > Evaporation (i)

NA
e SR
Matn§ é % é )D'ﬂ’uslon (i)

T e

Solvent

Figure 29: Transport of solvent through a permeable matrix, J.B. Salmon®.

— PsCs Ds
e

Equation 7: Solvent flow per unit of surface pervaporating through a permeable matrix.
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In the 90s, Favre et al.%> and Watson et al.%® have quantified the pervaporation of several
solvents such as water, chloroform, butanol and methanol through a PDMS layer. In 2004 and
2005, Verneuil et al.%” and Randall et al.®® have used this phenomenon to study the pervaporation-
induced flow within microchannels molded in a PDMS block, the so-called “micro-evaporators”
(see Figure 30). Because of the pervaporation of water through the permeable PDMS, there is a
net flux per unit of length, q., of water leaving the microchannel, diffusing into the PDMS, up to
the air where it evaporates. The pervaporation of the water through the PDMS thus induces a flow
of water from the reservoir towards the end of the channel.

PDMS Microchannel Reservoir

Figure 30: Microchannel filled with water in a PDMS matrix. The blue arrows indicate the pervaporation of water
through the PDMS and the red arrows correspond to the induced flow from the reservoir.

Randall et al.®® modeled the mass transfer of water pervaporating from one microchannel into a
thick layer of PDMS surrounding the channel. Their model links the net flux per unit of length g,
of water pervaporating, to the geometry of the channel (Figure 31). They found out that for thick
PDMS layer surrounding the microchannel (large R), g, weakly depends on R (see Equation 8).

qe
e~1€ml qe(R) = _MﬁDS
ln(m)
h~10 um I é Equation 8: Net flux of water per unit of length. w is
Glass slide the channel width and R is the PDMS thickness

surrounding the microchannel.
Figure 31: Model of Randal.®

Thus, for a microchannel molded in a thick PDMS block (~1 cm), the net flux of water per unit of
length, ge, can be approximated as in Equation 9. In that case, ge ~ 0.1 um?/s and the water flow
rate being pervaporated per volume of channel Qe = geLo is about 1 nL/h. Therefore, when the
microchannel is molded within a thick PDMS layer, the pervaporation of water through the PDMS
is very low.

CIe"'psCst

Equation 9: Evaporation rate per unit of length.
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To speed up the pervaporation process and allow a better control of spatial and temporal
pervaporation, Leng et al.%° have improved the microevaporator design by adding a thin PDMS
membrane (in the order of tenths of microns) through which water pervaporates very fast (Figure
32). With their design, the pervaporation of the water is focused in a specific portion of the channel.
A microfluidic channel with a width w, a height h and a length L is molded into a PDMS matrix.
The channel is closed by a thin PDMS membrane of thickness e. A portion of the microchip is
placed on a glass slide. The portion of the microchannel that does not face the glass slide
corresponds to the “Evaporation zone”. We call the “evaporation length”, Lo, the part of the
microchannel going from the end of the channel to the glass slide. Typical dimensions of
microevaporators are h ~ 10 - 100 pm, w ~ 10 - 500 pm, Lo ~0.5-1cmand e ~ 10 - 50 um.

PDMS Microchannel Reservoir

l

PDMS Membrane Glass slide

Q. (x)V,

0 Lo X

Figure 32: Sketch of a microfluidic evaporator as developed by Leng et al®.

From the flow rate of water which pervaporates through the membrane, Qe (m®/s), one can
define the “evaporation velocity” Ve (M/s) using:

Qe = wLoV;

The latter quantity corresponds to the flow velocity (m/s) of water through the membrane in case
pervaporation only occurs through the membrane (i.e. in the case of a negligible pervaporation
through the “upper” PDMS block, see Figure 32).

With the aforementioned microevaporator typical dimensions, ge is of the order of 1 - 10 um?/s
and Qe is of the order of 10 - 100 nL/h. We notice that the thin membrane of PDMS allows to
increase the flow rate of pervaporation by a factor 10 to 100.

The pervaporation of water through the membrane induces a compensating flow from the reservoir
to the tip of the channel. Thus, at the position x in the microchannel, the water flow rate
Q(x) = hwV(x) is equal to the evaporation rate of the water through the membrane from the tip of
the channel till the position X, Qe(X) = XWVe.

Therefore, at the position x < Lo in the channel, the velocity is given by:
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V.x

V(X) = T

Equation 10: Velocity profile of the water in the microchannel for x < Lo.

The flow velocity is linear along the microevaporator. This was also experimentally observed by

Verneuil et al®’.

For x > Lo, the velocity of the water is constant and is given by:

Equation 11: Velocity profile of the water in the microchannel for x > L.

From the Equation 10 and Equation 11 we can draw the typical velocity profile in a microchannel
as shown in Figure 33.

Vex Vo = A

V(.X) = T

Velocity

g S

Figure 33: Typical velocity profile in a microchannel.

Pervaporation of a solvent across a thin membrane casts a typical timescale on the process: the
“evaporation time”, Te. It is the time needed to empty one volume of channel whLo. For the above
mentioned typical dimensions of microevaporators, Te is of the order of 100 - 1000 s.

_ hWLo _ h

Qe Ve

Te

Equation 12: Evaporation time.

The technic of microfluidic pervaporation can be used to concentrate many different types
of solutions such as: electrolytes®®, polymers™®7, surfactants’?, nanoparticles’®, or colloids®®. The
concentration of such solutes is a consequence of the pervaporation of water through the PDMS.
As the water is evaporated, more solutes are dragged from the reservoir to the end of the channel.
Solutes that are too big and not volatile cannot permeate through the PDMS. Therefore, they
concentrate at the tip of the microchannel. Verneuil et al. showed this phenomenon (Figure 34).
They followed the concentration of fluorescents bead dispersions in a microchannel by looking at
the variation of the fluorescence intensity. At the beginning of the experiment, the channel is black
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and the fluorescence intensity is very low because the beads are not very concentrated. Over time,
the fluorescence intensity increases at the tip of the channel meaning that more beads concentrate
in this area.
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Figure 34: Fluorescence intensity measurements in a microchannel at different times t after injection of fluorescent
beads. Insert: top view of fluorescence images taken at the close end of a channel at different time. The white bar
represents 50 pmé’.

During the microfluidic pervaporation, the solutes that cannot permeate through the PDMS
are conveyed up to the end of the channel by a convective flux, jc. Since the solutes are blocked at
the tip of the channel, their concentration is not homogenous in the channel. A gradient of
concentration builds up implying diffusion of the solutes from the highly concentrated areas
towards the less concentrated part of the channel. This diffusion flux is noted jq for dilute solution.
The convective and diffusion fluxes are defined by:

Je = $()V (x) and ja=-—Dox¢
Equation 13: Convective and diffusion fluxes expressions.

where D is the diffusion coefficient of the solute and ¢ is the volume fraction of solute along x. In
the case of homogenous concentration across the dimensions h and w, the convection and diffusion
fluxes can be schematically represented as in Figure 35. Both fluxes balance each other out at a
certain position, x = p, in the microchannel when jc = jq :

p ¢

¢p—=~D—
T, p

A characteristic length scale, p, of a virtual accumulation box where the solutes accumulate

appears. p is defined by the relation: p =,/DT,. For x < p, the diffusion prevails over the
convection; whereas for x > p, the convection dominates (see Figure 35). In other words, to
concentrate solutes in a microevaporator, the length of the channel must be longer than the length
of the accumulation box p.
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Figure 35: Typical velocity profile (in black) in a microevaporator inducing the concentration (in red) of solutes
from the reservoir down to the accumulation box of size p close to the tip of the microchannel™.

Leng et al.®® have shown the dependence of the size of the accumulation box on the
mobility of the solute (see Figure 36). Different sizes of solutes were concentrated in channels of
same dimensions. Results show that the smaller the solutes, the bigger the size of the accumulation
box. Therefore, the faster the solutes can diffuse, the bigger the accumulation area. The size of p
depends as well on the geometry of the microevaporator, via the evaporation time.

_— fluorescein

colloids 0.1 pm diam.

colloids 0.5 pm diam.

colloids 1.1 pm diam.

Figure 36: Evaporation-induced concentration of different sizes of solutes®®.

The volume fraction variation of the solute, 4¢, in the accumulation zone can be estimated
from the mass conservation of the solutes inside a microchannels upon two assumptions. First,
When the diffusion-dominated region is permanently fed with solutes that do not permeate through
the PDMS and second assuming that the volume fraction of the solutes is homogenous in the box
p. Under these conditions, the solutes entering the accumulation zone of volume pwh are delivered
at a rate whj, (j, being the incoming flux of solutes) which induces a concentration increase
expressed as following:

A¢p _ jowh

. Lo
where = ¢pyVy=pyg—
At pwh Jo = $oVo= o T,

The variation of concentration in the accumulation zone is then defined by:

4p ol
At T.p
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This estimate shows that the concentration rate in the accumulation zone varies linearly in time.
The concentration of dispersions of particles in the accumulation zone depends on the type of
solutes (via its diffusion coefficient), the initial concentration of solutes in the reservoir (¢,) and
the geometry of the microevaporator (viaLo and Te).

For classical microfluidic devices, (h =15 pm, w = 50 um, Lo ® 5 mm and e = 50 pum) it
takes approximately 12 days to concentrate a dilute dispersion (¢o ~107) up to a dense state (4q
~1) at the channel tip. We want to minimize the duration of the microfluidic pervaporation
experiments and bring it down to several hours only. We know that the concentration process is
efficient only for p << Lo. For typical microevaporators, p ~100 um, this value can be used to set
the minimal size of the microchannels. As seen above, At ~ (A4¢T,p)/( PoLy); We can then
minimize the duration of the experiment by increasing the length L, up to one centimeter, using
thin channel (h = 10 um) and/or decreasing T, using thin membrane (e = 15 um).

The pervaporation of solvents contained in PDMS microchannels can be further sped up
for small channel width and well separated channels with a distance d, in-between the channel set
to d >10h ™. Indeed, channels evaporate independently if they are far from each other so that the
permeation rate of water in the PDMS is the same for each channel. If channels are too close to
each other, the PDMS in-between the channels saturates very fast with water and the evaporation
rates of these channels are decreased.

Qe )
Air
i lw g e 7wt
h~10 um | €= > <« -> <« -> PDMS
Glass slide

Figure 37: Optimal distance in-between microchannels.

Over time, the solutes concentrating inside the microchannels form dense states. The
design of Leng et al. allows the collection of these dense states from the microchannels (see Figure
38). After removal of the glass slides, the membrane is peeled off and the micromaterial is
deposited on a conducting tape for electron microscopy imaging.

mlcromatenal
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conducting tape

Figure 38: Transfer of the micromaterial on conducting tape for imaging, J. Leng and J.B. Salmon®.
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Aurore Merlin®® used microevaporators to concentrate dispersions of colloids. She
followed the growth of dense states of colloids in microchannels by optical microscopy (Figure 39
(@). Initially, the microchannel is filled with a dilute dispersion of transparent colloids and
therefore also appears transparent. The tip of the channel becomes more opaque upon
accumulation of colloids. At a given time, referred to as the “nucleation” time, a front appears and
grows toward the entrance of the channel. The dense material formed in the microchannel is more
transparent than the rest of the channel filled with beads. This difference in transmission of light
suggests a colloidal organized texture leading to specific photonic properties. Indeed, the dense
front Bragg-diffracts the light when shone with a diffuse white light (Figure 39 (b)). Electronic
microscopy analysis finally proved the crystallinity of the dense state (Figure 39 (c)).

Concentration Nucleation  Growth

Figure 39: (a) Series of snapshots obtained close to the tip of one single channel (width = 50 um) during the
concentration of a colloidal suspension of polystyrene beads in water (R = 250 nm and ¢, = 0.3%). The time
elapsed in between two consecutive images is 15 minutes. (b) Picture showing 2x2 of 8 microsystems fabricated in
one microchip. (c) SEM image of the obtained colloidal crystal®.

Following the work of Aurore Merlin, Julie Angly concentrated spherical (Figure 40a) and
anisotropic (Figure 40 (b)) metal nanoparticles in microevaporators. She obtained micromaterials
made of densely packed nanoparticles showing no order. For comparison, she evaporated
commercial silica beads which gave a material showing long-range crystallization (hexagonal
packing). From her experiments, it appears that the polydispersity and the shape of the
nanoparticles impact the formation of crystalline material. She also showed that heterostructures
can be engineered by growing side-by-side materials made of different types of nanoparticles
(Figure 40 (d)). These structures are obtained by sequential filling of the microchannels with
different dispersions of nanoparticles.
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Ag@SiO,

Figure 40: Dense structures generated using the technique of microfluidic pervaporation and observed with SEM.
(a) Au@PEG 60 nm diameter (inset is a SEM image of the surface of the material), (b) AU@PEG nanorods (inset is
a TEM image of nanorods), (c) 80 nm diameter silica NPs, (d) a double junction made of Ag@SiO2 next to
AU@PEG nanorods’®.

The technique of microfluidic pervaporation also allows the concentration of solutes inside
complex-shaped microchannels as shown in Figure 41. The Figure 40 and Figure 41 reveal the
potential of microfluidic pervaporation technique to create new functional microscale materials.

i

Figure 41: Nanoparticules concentrated in microchannels.

The growth of a dense state in a microevaporator can be recorded by optical imaging. A
typical growth profile is represented in Figure 43. s corresponds to the position of the dense state
front during the concentration of the dispersion of solid particles in pure water.
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Figure 42: Solutes mass conservation in one

microchannel. Figure 43: Growth profile of Ag@SiO nanoparticles

in one microchannel.

A simple mass conservation (Figure 42) balancing the volume growth rate of the dense state with
the flux of incoming particles gives:
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boVo = daVy
Vi
And xp = (t—T,) ‘ﬁ;d(’
Where Vo is the entrance velocity obtained from the calibration

¢o is the initial volume fraction of gold nanoparticles in water
¢d is the volume fraction of gold nanoparticles in the dense state
Vit is the growth rate of the dense state

Making all the variables dimensionless we obtain:

L= gl

Equation 14: Extraction of the dense state packing fraction.

Knowing the dimensions of the microevaporator, the initial volume fraction of the solutes in the
dispersion and assuming the final packing fraction (for instance 0.74 for FCC packing of
monodisperse hard spheres), we can predict the growth rate of a dense state forming from the
concentration of the solutes accumulating inside the microchannel.

In this section, we have seen that microfluidic pervaporation is a good technique to
assemble colloids at a controlled pace. It works for a large set of solutes, from molecules to large
colloids. It permits to grow and shape-up extended, three-dimensional long thick lattices of densely
packed nanoparticles with a fine control as to the positioning and composition of the array. It also
allows to predict and tune at which rate the colloidal dense state will grow. In Chapter 2, we use
the technique of microfluidic pervaporation to assemble micro- and nano-size particles into bulky
3D materials.

4.3.Assembly on droplets

Emulsions are metastable colloids composed of two immiscible liquids such as oil and
water, one being dispersed as droplets in the other. Such systems are usually stabilized by active
surface agents. Ramsden’” (1903) and Pickering’® (1907) were the first to use solid particles to
stabilize emulsions. Such particles adsorb at the liquid/liquid interface and provide a barrier to
prevent droplets coalescence’®. After the preliminary description of this new type of emulsion, this
discovery felt into oblivion. Only towards the end of the 90s, Pickering emulsions gained interest
again. The first extensive use of Pickering emulsions as templates for particle assembly was
reported by Velev et al.&° They demonstrated the technological potential of oil-in-water emulsions
stabilized by latex particles for microencapsulation. Since that time, particle stabilized emulsions
have been largely used for many applications in cosmetics®, in food industry®?, for oil recovery®®
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and more recently in pharmaceuticals®. A wide range of solid particles have been used as
stabilizing agents: iron oxide particles, silica®®, latex®’, calcium carbonate® ®, carbone black®,
microgel particles®, gold particles®, etc (see Figure 44).

Figure 44: (a) Fluorescent confocal microscope image (excitation: 488 nm, emission: 610 nm) of a water-in-toluene
emulsion (size 10 to 100 microns) stabilized by CdSe nanoparticles of diameter 4.6 nm®. (b) SEM image of a dried
emulsion stabilized by Neighborite cubes (shown in inset)®*. (c) Confocal microscope image of an emulsion
stabilized by PNipam microgel particles®.

We had to wait the work of Finkle et al.® to understand that the type of particles used
determines the types of emulsions (oil-in-water or water-in-oil). Their ideas were then reinforced
by the experiments of Schulman and Leja®. Together, they demonstrated that particles
preferentially wet by the water phase (for instance silica particles) stabilize oil-in-water emulsions;
whereas particles preferentially wet by the oil phase (such as carbon black) stabilized water-in-oil
emulsions. Water-in-oil emulsions are typically named inverse emulsions.

The contact angle, 6 (by convention measured in the aqueous phase), quantifies the
wettability of a spherical particle at the oil/water interface and can therefore be used to predict the
type of emulsion formed from a certain type of particles. In the case of a water-in-oil emulsion
50%/50% by volume; when 8 < 90°, particles stabilize an oil-in-water emulsion; but when 6 > 90°,
particles stabilize a water-in-oil emulsion as schematized in Figure 45. It should be noted that if
the particles are too hydrophilic (6 very small) or too hydrophobic (@ very large), they tend to
remain in their respective phase resulting in unstable emulsions. Finally, the type of emulsion can
be reversed by changing the volume ratio of the two liquid phases. Increasing the dispersed phase
volume leads to a « catastrophic phase inversion »%, the dispersed phase becomes the continuous
phase. Such emulsions are often unstable and coalesce®. It is important to note that the contact
angle as shown in Figure 45 applies to spherical particles individually adsorbing at the interface.
The representation of the contact angle becomes more complicated in the case of irregularly shaped
particles or aggregated particles.
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Figure 45: Contact angle and corresponding emulsion type.

The contact angle of a spherical small particle at a liquid/liquid interface is defined by the
action of three interfacial tensions: oil/solid interfacial tension (y,,s); water/solid interfacial
tension (y,,/s) and water/oil interfacial tension (y,,/,). Young’s equation (Equation 15) defines
the position of the particle at the interface from these three interfacial tensions.

Yo/s — Yw/s

cos(0) = Yo
w/o

Equation 15: Young’s equation
(vo,s Oil/solid interfacial tension; y,,,; water/solid interfacial tension and y,,,, water/oil interfacial tension).

When a particle is moved from the continuous phase towards the emulsion interface, a
contact surface area oil/water is replaced by contact areas particle/oil and water/particle. This leads
to a decrease of the total interfacial free energy of the system. A particle of radius r adsorbed at
the interface leads to a decrease of energy quantified by:

AE = —mtr?y,,, (1 — |cos(0))?

Equation 16: Free energy gain by placing a particle of radius r at the oil/water interface. Where vy, ,,, ¥, and
Yp/o are the interfacial tensions oil/water, particle/water and particle/oil®.

When the new minimum of free energy is very small compared to thermal energy (ksT), particles
are trapped at the liquid/liquid interface and the emulsion is stabilized by solid particles. The gain
of energy is maximum for a 90° contact angle (see Equation 16). Thus, a micron size particle at a
typical oil/water interface (y,;,~50 mN/m) with 6 = 90° is trapped in an energy well of about

10° KT, This observation has led researchers to prepare amphiphilic particles also known as
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« Janus » particles'®. Half the surface of these particles is covered by hydrophobic groups whereas
the other half is covered by hydrophilic groups.

The formation of particle-stabilized emulsions depends on many factors. We will
emphasize the most important ones such as the particle diameter, the oil/water interfacial tension
and the particles’ hydrophilicity.

Let’s start with the particle size and shape. Nanoparticles as small as 4.2 nm can stabilize
an emulsion® as depicted in Figure 44 (a) showing an image of water in toluene droplets stabilized
by CdSe nanoparticles. In the case of a mixture of polydisperse nanoparticles, the competition
between the thermal fluctuations and the interfacial energy leads to a size selective assembly.
Small particles are replaced in favor of larger particles of the same type simply because the
reduction of the free energy is more important for larger particles. The emulsion stability also
strongly depends on particle shape. For instance, the emulsion stability increases with the increase
of the particle aspect ratio due to stronger capillary forces®:.

Then, the oil polarity directly impacts the value of the contact angle and the subsequent
type of emulsions (water/oil or oil/water). Binks and Lumsdon!®? have showed that the contact
angle that partially hydrophobic silica particles make with the oil/water interface depends on the
nature of the oil. These particles are “more hydrophobic” at polar oil/water interfaces, preferring
water-in-oil emulsions (they form a large contact angle with the water phase) (see Figure 46). On
the contrary, they are “more hydrophilic” at non-polar oil/water interfaces, forming oil-in-water
emulsions (small contact angle with the water phase). Moreover, for non-polar 0ils!%1%4 the
oil/water interface is negatively charged, which can prevent the adsorption of particles at the
interface due to electrostatic repulsions. The electrostatic barrier can be lowered by adding
electrolytes but this would also impact the particles wettability.
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Figure 46: Effect of the oil polarity on the type of emulsion.

The wetting properties of the nanoparticles can be tuned by using different methods. One
of the most popular methods is the surface modification of the particles before emulsification. For
instance, charged hydrophilic particles can be rendered hydrophobic by adsorbing surfactants of
opposite charges on the particles'®. In this system, the surfactant will be used in very low
concentration so that it does not contribute to the stabilization of the emulsion on its own. Likewise,

48



Chapter 1: State of the art

hydrophilic silica particles can be rendered hydrophobic by grafting silane groups on the
particles'®. Another method consists in modifying the surface charges of the particles by changing
the pH or the ionic strength. Hydrophobic particles coated with ionizable groups dispersed in water
can become hydrophilic by increasing pH. Indeed, the increase of the pH increases the particles
charges which renders the particles hydrophilic’?” 1%, This phenomenon was clearly demonstrated
by Binks and Lumsdon'® for partially hydrophobic silica particles. At pH < 9, particles are
preferentially dispersed in oil whereas at pH > 12.5, they are preferentially dispersed in water. At
the surface of the silica particles, SiIOH groups dissociate into SiO™ increasing the hydrophilicity
of the particles. Thus, at low pH, water-in-oil emulsions are obtained whereas at high pH, oil-in-
water emulsions are observed (see Figure 47).
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Figure 47: Conductivity and type of water/toluene (50/50) emulsions stabilized by 2 wt% partially hydrophobic
silica particles in oil as a function of initial pH in water.

Golemanov et al.2% have shown that electrolytes, by screening charges at an interface, lead
to particles aggregation if the screening is too strong. This observation explains why slightly
flocculated particles (with a low charge but still stable) are better to stabilize the emulsions (Figure
48). If the screening of the charges is too strong, the aggregation of the particles in solution is
irreversible and the emulsions are unstable. The same authors demonstrated that the Schulze-Hardy
rule can apply to emulsions. This rule states that the critical concentration of particles coagulation
by adding salts scales as 1/z%, where z is the counter-ion valence. The quantity of the electrolyte
which is required to coagulate a definite amount of a colloidal solution depends on the valency of
the ion (z) having a charge opposite to that of the colloidal particles. The greater is the, the faster
is the coagulation. Indeed, the greater the charge of the ions, the greater is the attractive
electrostatic forces between ions, the faster is the coagulation. Hence, for the coagulation of

49



Chapter 1: State of the art

negatively charged particles, trivalent cations are far more effective than divalent cations which in
turn are more effective than monovalent cations.

D-latex, dp =218 nm; oil phase — hexadecane

Stable W/O emulsions T

1+ Unstable W/O emulsions

Particle concentration, Cp (wt %)

0.01 04 1
Concentration of NaCl, C,.., (M)

Figure 48: Stability-instability diagram for water-in-oil emulsions stabilized by polystyrene latex particles at
various salt concentrations. @, is the water mass fraction*®,

Controlling the particles surface charges is a good way to tune the surface coverage of
nanoparticles stabilized emulsions. Gautier et al.}!® showed that the mean surface coverage of
latex stabilized emulsions can vary as a function of pH. in this example, pH is modified to screen
the particles’surface charges. At very low pH (pH = 1), a close-packed homogenous monolayer of
particles covers the droplets (Figure 49 (a)). At higher pH (pH = 4.8), the droplets are also not
homogenously covered, as shown in Figure 49 (b).

(@)

20 ym 20 pm
Figure 49: Microscope image of a drop covered by latex particles at: (a) pH=1 et (b) pH=4.8°.

Pickering emulsions being only stabilized by particles, the number of available particles
impacts the final emulsion stability and the droplets size. Indeed, poorly covered droplets can
coalesce. The coalescence process stops as soon as the oil/water interface is sufficiently covered.
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Assuming that all the particles are irreversibly adsorbed at the oil/water interface, the mean
diameter of the fully covered droplets, D, is given by:

Equation 17: Estimation of the final drop diameter (D) as a function of the particles weight (m,), the particles
density (pp), the particles diameter (d,,), the volume of the dispersed phase (V,), and the fraction of the droplet
interfacial area covered by the particles (C)!*.

The C parameter corresponds to the packing density of the particles at the liquid/liquid interface.
For hexagonally-close-packed monodisperse particles C is equal to 0.9, In that case, when C
reaches 0.9, the process of coalescence stops. From Equation 17, the emulsion droplets size is
inversely proportional to the particles weight, all the other parameters being constant. Numerous
studies!%M! underscore this linear dependence as presented in Figure 50. The packing parameter
C is deduced from the slope of the curve 1/D = f (m,,).
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Figure 50: Influence of the mass of particles on the drop size for emulsions stabilized by latex particles.

Once the particles are adsorbed at the interface, their mobility in the normal direction is
greatly confined due to their high adsorption energy. They are more likely to move laterally, and
the final particles packing also depends on the particles interactions equilibrium.

Electrostatic and dipole-dipole repulsions, Van Der Waals attractive forces as well as
capillary attraction are the most important particle-particle interactions at an emulsion interface.
These forces partly govern the particles behavior at the interface of two immiscible liquids.

When the particles are at an oil/water interface, their surface charges are dissociated due to
the inhomogenous environment surrounding the particles'?. In the water phase, groups of opposite
charges come close to the charged particle and lead to the electrostatic repulsion of neighboring
particles at the interface. Repulsions may also occur through the oil due to water trapped on the
surface of the particle!'? (Figure 51).
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Figure 51: Electrostatic repulsion through the oil and the water.

Pieranski®® identified long-range repulsive interactions between two particles placed at a
water/air interface. His results were then applied to oil/water interfaces'!>!3, The particle’s
surface charges become inhomogenous when they are partially immersed in a water phase and an
oil phase. This leads to the formation of a dipole orthogonal to the interface. One of the poles
corresponding to the solvated charge groups and the other corresponding the counterions. (Figure
52). Neighboring dipoles repulse each other and this leads to a dipolar repulsion between particles
at the interface.

oil Repulsion

Figure 52: Dipole repulsion.

Binks and Horozov established that VVan Der Waals forces between two particles close to
each other at the liquid/liquid interface depend on the interparticle distance and on the contact
angle (8). Van Der Waals forces are significantly attractive when the spacing between the particles
is of the order of nanometers!®,

Chan et al.'** modelled the capillary forces between two spherical particles at a
liquid/liquid interface and showed that they strongly depend on the particle size and density.
Capillary forces can either be repulsive or attractive. For big or heavy particles, the particles
deform the oil/water interface'*? and lead to non-negligible capillary forces. In the case of particles
of diameter smaller than 1 um, capillary interactions are negligible!™®. In the next chapters, the
particles used are small therefore capillary forces are not considered.

In this section, we have seen that Pickering emulsions, compared to the other self-assembly
techniques, permit the formation of large interfacial areas homogenously covered by nanoparticles.
We explained that the adsorption of particles at the water/oil interface results from a decrease in
the total free energy. Pickering emulsions are usually very stable because it takes lots of energy to
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desorb the particles from the interface. Many parameters such as particle size, particle wettability
or particle charges can be tuned to ease the interfacial adsorption of particles. In the next section,
we will present how these solid-stabilized emulsions have been used to design new functional
dispersed materials such as microcapsules.

5. Colloidosomes and microcapsules syntheses

Recently, Pickering emulsions have been used as template to create supracolloidal
structures such as colloidosomes or microcapsules. Particles are used as building blocks in the
design of these structures. In many applications, to fully benefit from their properties,
colloidosomes and microcapsules have to keep their spherical shape upon drying, when adding
surfactants or during their transfer in a different media than the synthesis media. For this reason,
different methods were implemented to improve their mechanical performances. Throughout
several examples, we will show how such supracolloidal structures are formed and which tricks
are used to improve their overall performances.

The first spherical hollow microcapsules were synthesized by Velev et al.® by self-
assembly of latex particles at the interface of octanol-in-water emulsions droplets. The particles
were placed at the interface of the emulsion due to their surface functionalization with lysine
hydrochloride. Lysine adsorbs on the negative charges of the latex particles and renders the
particles partially hydrophobic. The latex particles are then bridged together at the emulsion
interface by adding HCI and CaClz, which are known to be efficient flocculating agents for latex
spheres. Velev et al. have shown that the obtained microcapsules keep a spherical shape upon
disruption of the oil/water interface by adding an alcohol.

Permeable capsules obtained by self-assembly of close-packed colloidal particles were
later named « colloidosomes » by Dinsmore et al.*8. They explored other ways to lock the
particles together, by sintering the colloidal particles (heating above the glass transition
temperature of the particles) (Figure 53); and adding a binder (the poly-L-lysine). The main
breakthrough was the successful transfer of the obtained capsules in a liquid identical to the liquid
contained inside the capsules. Their work led to the synthesis of polystyrene microcapsules of
controlled size, porosity and mechanical properties therefore demonstrating the high potential of
these microcapsules for encapsulation and controlled release of drugs. Later one, Hsu et al.**’
showed that the particles need to be sintered, otherwise the colloidosomes buckle during the
evaporation of the internal phase.
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Figure 53: (a) SEM image of a dry colloidosome made from polystyrene particles of diameter 0.9 um. (b) and (c)
Zoom onto the colloidosomes surface, the latex particles were locked together by sintering®®.

Apart from sintering and addition of binders, more advanced techniques enable to lock
together the particles forming the colloidosomes. For instance, Thompson et al.!'8 and Fielding et
al.1¥® have cross-linked silica or latex particles comprising alcohols groups on their surface with a
polymer comprising isocyanate groups therefore forming urethane bonds. Likewise, Bon et al.*?°
have crosslinked poly(methyl methacrylate) particles forming colloidosomes with divinylbenzene.
They went further and also copolymerized divinylbenzene-styrene at the interface of the emulsion
finally embedding the microgel particles in a polymer shell. The as obtained shell elasticity can be
tuned by adding a third monomer, the n-butyl methacrylate, the glass transition temperature of
which is close to the ambient temperature. Other types of polymerizations will also be detailed in
the following examples. In the remainder of the manuscript, we will call “microcapsules”,
colloidosomes having nanoparticles embedded in a shell.

In order to demonstrate the encapsulation potential of colloidosomes and microcapsules
we will refer to several papers including the ones of Patra'?! and Maller'?212, Patra has shown
that large polymer chains (such as Dextran My = 500Kk) encapsulated inside FezO4 colloidosomes
cannot permeate through the barrier formed by the particles (diameter = 11 nm) whereas smaller
polymers (such as Dextran My = 40k) can (Figure 54 (a)). Martin Moller’s team, has studied the
evaporation profiles of oil and water encapsulated in microcapsules made of silica particles and
silica shell (Figure 54 (b)). The silica shell is obtained by polycondensation of a small silica
oligomer, the polyethoxysiloxane (PEQS), at the oil/water interface. Due to the thin porous silica
shell, the release is of the order of the hour.
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Figure 54: (a) Release of Dextran molecules of different sizes encapsulated in FezO4 particles stabilized
colloidosomes (the particle diameter is 11 nm) (b) Evaporation of hexadecane encapsulated in silica microcapsules
at different temperatures*?3.

Recent work show how specific types of colloidosomes can be used to design new
innovative microstructures responsive to external stimuli such as pH?, temperature!®, etc.
Lawrence et al.'?® have synthesized temperature sensitive colloidosomes using microgel particles
(poly(N-isopropylacrylamide)-co-acrylic acid) as stabilizing agent. These colloidosomes can
shrink or expend depending on the temperature. Their size change is reversible if it does not exceed
13%. Later on, Shah et al.}?®® have improved the thermal response of these colloidosomes by
crosslinking the PNipam (poly(N-isopropylacrylamide)) particles at the interface via an amine-
aldehyde condensation reaction. They obtained a size decrease in the order of 80% while
increasing the temperature with a full reversibility (Figure 55). This type of colloidosomes could
be very useful in the formulation of cosmetics or pharmaceutic products which require a controlled
release of active ingredients.
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Figure 55: (a) Schematic illustration of thermo-responsive PNipam colloidosomes. (b) Relative diameter of PNipam
colloidosomes and of PNipam particles as a function of the temperature*?6.
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During her Ph.D. candidacy, Debabrata Patra?! demonstrated the catalytic potential of
microcapsules made of gold nanoparticles and p-galactosidase enzyme (Figure 56 (a) and (b)). The
B-galactosidase is used to hydrolyze chlorophenol red-p-D-galactopyranoside substrate. The B-
galactosidase in the enzyme-NPs microcapsules retains 76% enzymatic activity as compared to
free B-galactosidase. Zhang et al.'?’ reported the encapsulation of a Laccase solution in silica
colloidosomes of different shell structures and the study of catalytic performance of the
encapsulated enzyme in toluene. A water/oil interfacial silanization (using PEOS) was performed
to link the silica particles. Thanks to the silica shell porosity, the catalytic substrates can pass
through the shell and react with the laccase (Figure 56 (c) and (d)). The rate of the enzymatic
reaction is controlled by the diffusion of the substrate and product molecules across the
colloidosome shell. By varying the shell structure (monolayer or bilayer of particles), the catalytic
activity of the enzyme can be controlled.
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Figure 56: (a) Schematic representation of enzymatic microcapsules through electrostatic assembly of negatively
charge enzymes with positively charge gold nanoparticles followed by the assembly of the resulting enzyme-
nanoparticle conjugates at the oil/water interface of an emulsion*?’. (b) TEM image of the emulsions stabilized by
the gold nanoparticle - enzyme complex (inset: zoom on the surface). (c) Laccase catalysis through a porous silica
layer formed with silica particles in a silica shell. (d) SEM image of the silica colloidosomes used in c) for the
catalysis of laccase (inset: SEM image showing the capsular structure) %7,

In order to provide mechanical strength to colloidosomes, Noble et al.*?® have thought of
solidifying their internal phase. They have fabricated « hairy colloidosomes » made of rodlike
particles 1 pm width and of length between 10 and 70 um. The internal phase of these
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colloidosomes was gelled and the obtained capsules were easily transferred in water. A similar
approach was undertaken by Cauvin et al.*?, They synthesized laponite armored polystyrene latex
via Pickering emulsion polymerization. The styrene-in-water droplets were stabilized by the
laponite particles and the internal phase of the droplets was subsequently polymerized. This
technique leads to more resistant colloidal structures. However, the final microspheres are not
hollow, and in some cases, this can be a drawback.

Microfluidic is a powerful tool to make droplets of controlled size. Lee and Weitz'* used
this technique to make water-in-oil-in-water double emulsions stabilized by silica nanoparticles
dispersed in the oil phase. The oil phase evaporation leads to the formation of colloidosomes with
particles bilayer'*® (Figure 57 (a) and (b)). In the case where multiple water droplets are dispersed
in the oil phase, nonspherical colloidosomes with multiple independent compartments are
obtained®! (Figure 57 (c) and (d)). These discoveries could allow the encapsulation of different
components at the same time and to only mix them together upon breakage of the capsule. A direct
application could be in the pharmaceutics, where the capsule would contain several drugs that must
not be mixed before reached the targeted organ.
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Figure 57: (a) Schematic for the formation of nanoparticle colloidosomes from nanoparticle-stabilized water-in-oil-
in-water double emulsions!®, (b) colloidosomes obtained from (a). (c) Schematic illustration of the formation of
multi-compartmentalized colloidosomes from double emulsion, (d) multi-compartmentalized nonspherical
colloidosomes obtained following the method exposed in (c). In the two cases, silica hanoparticles are used.
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Subramaniam et al.**? have produced Janus colloidosomes using a microfluidic chip
allowing the control of the particle assembly on the droplets (Figure 58 (a)). The obtained
colloidosomes have a jammed colloidal shell and are very monodisperse (Figure 58 (b)).

Figure 58: (a) Assembly of particles on an air/water interface to produce Janus crystals. The yellow particles are
4.9 um diameter polystyrene particles dyed with rhodamine, and the green particles are 4.0 um particles dyed with
fluorescein. (b) An example of the Janus shell, with two hemispheres of different size particles and fluorescence®3.

From the above-mentioned research materials, we can note that the intended primary end
uses of the colloidosomes are the encapsulation and the controlled release of active ingredients.
The release depends on the porosity of the capsules which is set by the particle size and packing.
In many cases, particle jammed state does not confer enough armor intrinsic stability, thus external
locking steps are required. The colloidosomes mechanical resistance may be improved by self-
adhesion, particles cross-linking, macromolecules physico/chemsorption, internal phase gelation
or polymerization. The final microcapsules properties depend on the size and type of particles and
shell.

6. Conclusion

In this chapter, we have presented and explained the plasmonic properties of gold and silver
nanospheres. We have seen that these properties depend on the size, shape, environment and
spacing between the nanoparticles. Then, we have presented the different syntheses approaches to
make gold and silver nanospheres. in Chapter 2 and 3, the nanospheres syntheses are inspired from
these methods. Finally, we have detailed different techniques to self-assemble nanoparticles.
Among them we have selected the microfluidic pervaporation and the assembly on emulsion
droplets in order to design new functional optomaterials. In Chapter 2, we use the technique of
microfluidic pervaporation to concentrate particles into bulky 3D materials. In Chapter 3, we
assemble gold and silver nanoparticles on emulsions and we lock the nanoparticles by
polymerizing the interface. We obtain microcapsules which interesting optical properties are tested
in Chapter 4.
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Chapter 2: Microfluidic pervaporation

1. Introduction

In the first chapter, we have presented several bottom-up technigues to assemble
nanoparticles into close-packed assemblies. The microfluidic pervaporation stands out from the
other assembly methods because it permits the concentration of dispersions of nanoparticles into
dense states at a controlled pace, compounded with the ability for fine tuning of the composition
of the array. In the first part of this chapter, we present the method of fabrication of the
microevaporators. Then, we explain how, after calibration of our system, we can follow the growth
of gold and polystyrene nanospheres dense states and extract the packing fraction of the particles
within the obtained materials. We explain the discrepancies observed between the calculated
packing fraction and the one estimated from electron microscopy images analyses. In this chapter,
we show that many parameters such as the concentration of pollutants in the particles dispersion
and the shrinkage of the channel’s cross section during evaporation can impact the assembly of
nanospheres. Using the technique of microfluidic pervaporation, we are able to form crystalline
assemblies of nanoparticles with diameters ranging between 40 nm to 1 um. Our results pave the
way to the fabrication of photonic crystals or metamaterials by the technique of microfluidic
pervaporation.

2. Fabrication of a microevaporator.

Our microevaporators are made of a PDMS microchip stuck onto a glass slide as shown in
Figure 59. Each microchip consists in 8 units. Each unit is made of 8 microchannels of same height
and width but with different lengths connected to one reservoir. This design allows us to carry
multiple experiments on one single microchip.

PDMS block
8 microchannels PDMS membrane
Reservoir Glass slide

Figure 59: Image of our microevaporator. The reservoir holes are 4 mm in diameter.

Following the results established in Chapter 1, we designed our microevaporator in such a way
that we can concentrate very dilute dispersions into dense arrays in a few hours only. To do so we
choose carefully the dimensions of our microchannels. To speed up the pervaporation process, we
used a small height, a thin membrane, long channels and a distance between neighboring channel
large enough to avoid interactions between channels.
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e e (membrane’s thickness above channels) =14- 19 um
e h(channel’s height) =10 pm

e W (channel’s width) = 100 pum

e Lo (channel’s length) ~ 0,4 - 1,1 cm

e length between two channels, edge to edge ~ 400 pum
e reservoir volume = 50 pL

A schematic representation of one of the 8 microchannels is shown in Figure 60. One must note
that the microchannel design is different than the one presented in Chapter 1. This new design
permit an easier collection of the materials formed inside the microchannels.

PDMS Membrane Reservoir

l

PDMS block

Figure 60: Side-view of one microchannel*3,

The protocol used to make microevaporators is called “soft-lithography” and was
developed by Whitesides et al.3*. It consists of three main steps. The first one is the design of the
mask. The second step is to make a mold with a fingerprint of the mask, using lithography. The
third one is to mold the network of channels with PDMS.

2.1.Design of the mask

The pattern of the mask is drawn with
the software CleWin as shown in Figure 61.
Then, the design is printed with a high
resolution on a transparent mask.

| Figure 61£ Mask deéigh d'oh'e With 'CIeWin.. |
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2.2.Manufacturing of the mold

The main steps to prepare the mold are summarized
in Figure 62. To fabricate the mold, we use a UV curable
resist (SU-8 MicroChem). The photoresist is spin-coated
on a silicon wafer. The viscosity of the resist, the speed
and the duration of the rotation control the thickness of
the coating. The final height of the microchannel depends

1. Spin-coat photoresist on a silicon wafer

Photoresist

lisnat on the thickness of the photoresist. The resist is then
2. Expose photoresist to UV light through a heated to 95°C to evaporate the solvent, this is the “soft
photomask

o bake”. Then, the resist is exposed to UV radiation through
the mask. The resist is then heated again at 95°C to
evaporate the solvent, this step is called the “post
exposure bake”. Finally, the resist is developed using
(PGMEA: 1,2-propanediol monomethyl ether acetate).
This last step is necessary to remove the excess of resist
which did not reticulate. After the development, the mold
—E&— is cleaned with isopropanol and functionalized with
silanes to facilitate the subsequent release of the PDMS.
The height of the channels is checked with a mechanical
profilometer (Veeco Dektak 6M). This mold can be
reused many times to make PDMS microchips.

Photomask

3. Develop exposed wafer with photoresist

Photoresist exposed to UV

Figure 62: Fabrication of the mold.

2.3.Fabrication of the PDMS microchip

A mixture of PDMS (Dow Corning Sylgard 184) and its curing agent is prepared at a
weight ratio 10/1. The mixture is degassed to remove the air bubbles. Some of it is poured inside
a petri dish (to form a block) and the rest is spin-coated onto the mold to form the membrane (see
Figure 59). The rotation speed and time define the membrane thickness. In our case, the desired
membrane thickness is about 10 um. Both PDMS parts (membrane and block) are cured at 65°C
for 1hr. The middle part of the PDMS block is cut and removed in order to set the evaporation
zone. The block is then stuck onto the membrane by plasma and they are placed in the oven at
65°C for one hour to firmly bind the two PDMS parts. Then, the block + membrane are carefully
peeled of the mold and holes are punched to make the reservoirs. The block + membrane are then
deposited on a clean glass slide and we obtain the microchip on glass (Figure 59).
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3. Calibration of a microevaporator

3.1.Method

Before each experiment, the calibration of the microevaporator is performed to extract the
evaporation rate Ve, the evaporation time Te and the initial speed Vo which corresponds to the
velocity of the flow at the beginning of the channel (Figure 63).

The calibration method consists in filling the microchannels with water and removing the
excess water in the reservoir. Due to the pervaporation of the water through the membrane, an
air/water meniscus is formed in the channel and progresses towards the tip of the channel. Its
displacement is recorded by optical microscopy (Figure 63). The microevaporator characteristics
are obtained either following the meniscus in the block or in the membrane areas.

Membrane area Block area
PDMS Membrane . Reservoir

l i

PDMS block l

Figure 63: Calibration of a microevaporator. Due to the pervaporation of water, an air/water meniscus is formed in
the channel. In the PDMS block part, the meniscus migrates at a constant rate Vo. In themembrane area, the rate of
the meniscus decreases until it reaches 0 at the very end of the channel.

Images sequences are monitored by a stereo microscope linked to a CCD camera
(Hamamatsu). The time interval between two images is 1 second. The meniscus position is
obtained by image analysis with Matlab. Briefly, two successive images are subtracted. The
resulting image is black except at the position of the meniscus which corresponds to the maximum
of the intensity in the channel. This maximum of intensity is plotted as a function of time. The
Figure 64 shows the position of the meniscus in the channel as a function of the time. Vo is the
slope of the lear curve. For one channel of length equal to 1 cm, we obtain: Vo = 1.6%10° m/s.
From this value, we deduce the evaporation rate and time: Ve = Voh/Lo = 2*10°® m/s and Te = h/Ve
~ 490 s. This characteristic time means that it takes 8 min to empty one channel.
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50 100 150 200 250 300

Figure 64: Position of the meniscus in the channel as a function of the time. The slope of the fit gives V.

3.2.Application of the methods to all the channels

In this part, we calibrate
the eight microchannels of
different lengths but same
height and width connected to
one reservoir. We calculate
the Vo for each one of the 8
channels. Figure 65 show Voas
a function of the channels’
length. We observe that Vo
obeys a linear law as a
function of Lo.

%107
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Figure 65: Entrance velocity in the 8 microchannels of different lengths.
Calibration done three times (subscript numbers correspond to the
calibration numbers).
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From the entrance velocity Vo in the eight channels of different lengths we can calculate
the evaporation time for each channel. The Figure 66 shows the obtained Te. In a perfect system,
the evaporation times obtained for each one of the channels should be the same because T. does
not depend on the length of the channels. However, one can see that all the evaporation times we
obtained are not exactly equal. The evaporation time of the first (shortest) and the last (longest)
channels are smaller than the evaporation time of the intermediate channels. This occurs because
these channels have neighbors only on one of their side (Figure 66). Therefore, in these channels,
water pervaporates at a faster rate than in the channels that have neighbors on both sides, as
previously explained in Chapter 1, Figure 37. The separation between two microchannels (40h) is
not large enough to fully avoid the “communication” between the channels. We continued our
experiments with such a geometry, keeping in mind that the first and last channels evaporate a
little faster than the other.
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Figure 66: Evaporation time for each one of the 8 channels.

65



Chapter 2: Microfluidic pervaporation

4. Concentration of colloidal dispersions

This part is dedicated to the study of the concentration of nanoparticles dispersions inside
microchannels. Several dispersions of nanoparticles are tested. First, we explain how to follow the
growth of dense state by video-microscopy and how to extract the particles’ packing fraction of
the resulting assembly. Then, we present the obtained results for three types of dispersions: 500
nm latex particles, 1 um latex particles and 40 nm gold nanoparticles.

4.1.Growth of dense states

We use the microfluidic evaporators made of 8 microchannels of different lengths
connected to a reservoir of about 50 pL. For such devices, evaporation times vary between 400
and 480 s (Figure 66). We fill the microchannels with dilute dispersions of nanoparticles (of
volume fraction ¢o) at time to. For each one of the experiments presented in the following, we
measure accurately the length of each microchannel, the external room humidity and we perform
the calibration of the microevaporators to extract precisely the parameters Te and Vo.

The growth of dense states in the 8 microchannels are simultaneously followed using a
stereo microscope. Images are taken every minute in order to follow the kinetics of formation of
the dense states. The image analysis is done with Matlab. It consists of determining the position
of the dense front, Xq, as a function of time. First, a channel is manually selected. Then, the image
at time t + dt is subtracted from the image taken at time t. The front of the dense state appears
brighter than the rest of the resulting image. The maximum of the intensity of the image
corresponds to the position of the dense front, Xx4. The analysis is reproduced for the other channels.

In the following sections, we study the rate at which the dense states growth in the 8
microchannels having different lengths. We also study the effect of the initial volume fraction of
the dispersion (¢o), and the effect of the concentration of salts on the growth. Two types of
nanoparticles were concentrated in microevaporators: polystyrene and gold particles.

4.2 .Particles aggregation during microfluidic pervaporation

During microfluidic pervaporation of particles dispersions, any type of solutes is
concentrated in the microchannels. Therefore, during time, the concentration of salts, surfactants
or polymers increases at the tip of the channel. Depending on their amount, these solutes can
impact the growth of the dense states. During her Ph.D. candicacy, Julie Angly showed that
charged stabilized gold nanoparticles are bad candidates for the formation of dense states via
microfluidic pervaporation!®. According to her investigations, there is a critical salt concentration
above which the nanoparticles aggregate in the microevaporators. Charge-stabilized nanoparticles
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are easily destabilized by ionic species such as salts due to the screening of the nanoparticles
surface charges by the salt ions. As previously seen in chapter 1, the addition of salts decreases the
electrostatic repulsion and when the latter is too small compared to the VVan Der Waals forces, the
nanoparticles aggregate. Figure 67 summarizes the different scenarios that can be encountered
while concentrating dispersions of charge-stabilized nanoparticles in presence of ionic species
such as salts. In case (a), the dense state grows before the concentration of the ionic species reach
the critical concentration. In that case, the particles can assemble without being destabilized by the
ionic species. In case (b), the ionic species concentration increases faster than case (a). A dense
state starts to grow when the concentration of the ionic species is below the critical concentration,
but the growth stops when the critical concentration is reached. The ionic species concentration
decreases the Debye length and the nanoparticles aggregate. In case (c), the ionic species
concentrate much faster than the particles. The limit concentration is reached very quickly, no
dense state is formed and the particles aggregate in the channel.
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Figure 67: Schematic representation of the growth of a dense state and/or the aggregation of particles due to the
concentration of ionic species in a microevaporator. (a) Formation and growth of a dense state, (b) formation of a
dense state followed by aggregation of particles, (c) precipitation of the particles without formation of a dense state.

These three possible outcomes during concentration process depend on the ratio of the
initial salt concentration (co) to the initial volume fraction of the particles (¢,).The stability chart
in Figure 68 delineates these three cases’®. Cases (a), (b) and (c) correspond to the three regimes
called growth, kinetic, and precipitation respectively. We notice that charge-stabilized
nanoparticles aggregate at very low volume fraction in particles. Indeed, for very dilute dispersions
of particles (¢, = 107°), a low concentration in salts is sufficient to destabilize the particles (co
~ 1073mM). Increasing ¢, by a factor 10 or 100, by centrifugation for instance, is a good way to
escape the instability zone.
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Figure 68: Stability chart giving the outcome of the concentration of salts with charge-stabilized particles. P, stands
for the Péclet number of the salt (P = LoVo/D, when P >1, the salt concentrate in the accumulation box p, the one
of the nanoparticles being considered infinite’®.

As a conclusion, before concentrating dispersion of electrostatically stabilized
nanoparticles, we have to make sure that the concentration of salts or any other charge-
destabilizing species in the sample is sufficiently low compared to the volume fraction of the
particles in the reservoir. Indeed, in the following section, we will see that if it is not the case the
particles aggregate.

4.3.Latex particles

In this section, polystyrene particles are assemble to form artificial colloidal crystals!®®.
Colloidal crystals have been widely studied in the last decades for their potential applications in
photonics. Indeed, as a consequence of the different refractive index contrast within the crystal
(nair = 1 and npaiystyrene = 1.6), light is scattered and/or diffracted from the different crystalline faces
and can produce a band of forbidden frequencies for which no light can propagate in the
medium?3’. Such range of forbidden frequencies is usually called “photonic bandgap”. The greater
the refractive index contrast, the wider the photonic band gap. Light can then be directed through
a specific path within the photonic crystal by introducing defects in the crystal. The light will
propagate following these defects because it cannot propagate anywhere else within the crystal.
This can be beneficial for the manipulation of light around bends for instance.

Colloidal self-assembly of polymer or silica spheres is one of the most favored and low-
cost methods for the formation of photonic crystals as artificial opals. The methods currently used
for colloidal self-assembly are the vertical deposition, the Langmuir-Blodgett, the dip coating, and
the spin coating techniques (all described in Chapter 1, part 4). In this section, we show the
potential of the microfluidic pervaporation for the growth of large tri-dimensional colloidal
crystals. Two sizes of latex particles were assembled into crystalline arrays by microfluidic
pervaporation: 0.5 um commercial latex and 1 um latex synthesized in the laboratory.
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4.3.1. Commercial latex

Carboxylate-modified latex microspheres of mean diameter 0.49 + 0.015 um at 2% and
1% volume fraction were concentrated in microevaporators. The initial charge-stabilized latex
dispersion at 2% contains 2 mM azide salt. For this experiment, the membrane thickness was 18
pum, all the others parameters set in the part 3 of this chapter were unchanged. For such devices,
evaporation times are of the order of 500 s (Figure 66). We studied the growth profile of compact
material made of these latex beads. As pervaporation occurs, we observe that, depending on the
salts concentration, complex phenomena arise.

We analyze the kinetics of the growth of the dense phase in 8 channels of different lengths
(Figure 69). Two volume fractions of latex beads are studied, each one of them before and after
dialysis of the dispersions of latex particles. We dialyzed the latex dispersions to decrease the salt
concentration in the sample. The dialysis process is explained below.

Results show that the “nucleation” of dense states and their subsequent growths occur faster
with a higher initial volume fraction in particles. The “nucleation” times are represented by black
circles for the four dispersions. The “nucleation” times for the different dispersions appear in the
following order: 1% dialyzed, 2% dialyzed, 1% non-dialyzed, 2% non-dialyzed. The growth
profiles are linear in all cases except for the dispersion of 2% latex non-dialyzed. We will give an
explanation for this observation later in this section. The growth Kkinetics of the dense states
depends on the length of the microchannels. The longer channels evaporate faster. Thus, dense
states grow faster in the longer channels.

Dialysis process: 1 mL of latex solution at 2% is incorporated in a dialysis tubing (Spectra/Por,
Molecular weight cut-off: 25 kD) previously rinsed twice with deionized water. The dialysis tubing
was then immersed in 1L deionized water and the dialysis is performed under stirring for 2 days.
After that period of time, we assume that the salt concentration has reached equilibrium. The azide
salt concentration in the dialyzed 2% latex solution is about 2 uM. The same method is applied to
dialyze the 1% latex dispersion. After dialysis, the salt concentration in the 1% latex dispersion is
about 1 pM.
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Figure 69: (a) Temporal analysis of the growth kinetics of latex dense states in 8 channels of different lengths.
Inset: Normalization of the fronts with the respective lengths Lo of the channels and the volume fraction ¢, as well
as the time from “nucleation ” with the evaporation time Te.

The growth trajectories collapse when the fronts, x¢, are scaled by the channels’ length Lo
and by the volume fraction of the particles ¢o, as well as the time by the evaporation time Te (inset
of Figure 69). The dispersion at 2% non-dialyzed does not collapse well onto the other growth
curves due to an acceleration of the growth after 79 min of evaporation.

In Chapter 1 (Equation 14), we have shown that a simple mass conservation balancing the
volume growth rate of the dense state with the flux of incoming particles gives access to the
packing fraction, ¢q, of the nanoparticles in the dense state.

L)

Equation 14: Extraction of the dense state packing fraction.

The final volume fraction of the particles, ¢q, in the dense states is given by the slope of the
trajectories in Figure 69, inset. For the linear growths, we obtain ¢4 ~32%. This value is low
compared to the theoretical maximal packing fractions 64% and 74% obtained for hard
monodisperse spheres organized in a random close packing or in a face-centered cubic crystal.
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To understand why the all the trajectories do not perfectly rescale in Figure 69, and why
the packing fraction estimated from these curves is pretty low, we closely looked at the
“nucleation” and growth of the dense states for the 4 types of dispersions. For each type of
dispersion, we focus on the tip of one of the eight channels (the second channel of length ~ 1 cm,
see Figure 70) and discuss the different phenomena occurring as beads concentrate. Since the
phenomena observed are similar for every all the dispersions, we show it in detail for the 1%
dialyzed dispersion of latex (see Figure 70) and then we compare all the dispersions in Table 1.

Based on the stability chart in Figure 68, we can forecast if the nanoparticles will aggregate
or not during their concentration in microfluidic microchannel. At the salt and latex concentrations
studied; the stability chart predicts an aggregation of the 2% non-dialyzed latex beads ([salt] = 2
mM) and of the 1% non-dialyzed latex beads ([salt] =1 mM). Our experimental results corroborate
with these predictions. Indeed, these two dispersions precipitate during the concentration of
particles as shown in Table 1. The aggregation is more intense for the highest concentration in salt
(2% non-dialyzed latex beads, [salt] = 2 mM). The particles are continuously aggregating until the
dense front reaches about one fourth of the channel length (at t ~ 79 min). At that time, there is no
more obvious precipitation of the particles before their incorporation into the dense state. This time
corresponds to the change of slope noticed during temporal analysis of the growth Kinetics.

According to the same stability chart, the 2% dialyzed latex beads ([salt] = 2 M) and the
1% dialyzed latex beads ([salt] = 1 M) should not aggregate during their concentration in
microfluidic microchannel. However, experimentally we observe that the particles aggregate
(Table 1 and Figure 70 (b)).

In all cases, once the dense front has grown a little bit in the channel, a white front appears
at the tip of the channel and migrates toward the reservoir (Figure 70 (b)). We will call this white
front the “drying front”. It is closely followed by the invasion of air in the channel. The
microchannel slightly shrinks during that stage which probably further compacts the particles in
the dense state. For the 1% dialyzed latex beads ([salt] = 1 M), a strong delamination of the material
from the microchip is observed while air enters the channel and the material cracks to release the
stress due to the compaction of the microspheres during drying (Figure 70 (b)).
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Air invasion

Delamination front

Figure 70: Dense state “nucleation”, growth and drying for 1% latex dialyzed. (a) Far view of the 8 microchannels
during concentration. (b) Optical images of the tip of the second longest microchannel taken at different times
during concentration. The particles concentrate homogenously in the microchannel ((b) top image). A small
aggregation of the particles is observed before “nucleation” of the dense front ((b) second image). Once the
particles reach their maximum packing fraction, a dense state “nucleates” and grows ((b) third image). Once the
dense state has reached a critical length (in this case, 50% of L), @ white front appears at the tip of the channel
(“drying front”, (b) fourth image). This step is closely followed by air invading the channel ((b) bottom image).
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100 pm

t = 25 min

~ 26 min

Time at
which the
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invasion
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149 min

t=2h29 min

164 min

Drying front  Air invasion

Delamination front

100 pm

Table 1: Comparison of the growth of dense states for the 4 dispersions of latex.
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To further investigate the concentration of the latex particles in microevaporators, we
performed optical profilometry measurements while concentrating 1% dialyzed latex beads in
microchannels. The aim of this experiment was to find out if the channels height has shrunk during
the microfluidic pervaporation experiment. Since the height of the microchannel is set by the
position of the membrane, we will follow the deformation of membrane’s top layer during
microfluidic pervaporation (see Figure 71). The results were split in two graphs, the first one in
Figure 72 (a) presents the membrane’s deformation during concentration of the bead dispersions
before air invades the channel. The second graph in Figure 72 (b) shows the membrane’s
deformation while concentrating latex during air invasion. We are calling x; the position along the
microchannel at which the optical profilometry measurements are recorded. x; is constant during
the concentration of the latex dispersions. x4 and Xa are respectively the positions of the dense front
and the air front in the microchannel.

« Top layer
I Membrane

N Bottom layer
Channel

Figure 71: Schematic representation of the cross section of one microchannel with the membrane slightly caving
inside the channel.

The Figure 72 (a) gives the profile of the membrane before injection of the latex dispersion (blank
curve). Initially the membrane is slightly caving in towards the microchannel (y = - 0.6 pm
compared to the zero axis). Right after injection of the solution, the profile remains the same (x4 =
0 mm; t = 0 min) meaning that our manual method of injection does not deform the membrane.
During the growth of the dense front, the membrane is not further deformed (x¢ > xi; t = 1 h).
However, when the dense front has reached 50% of the channel’s length, the channel starts to dry
and the membrane is more deflected (X4 > X1 > Xa; y = -1.6 um, t =2 h and t = 2 h 35 min). This
caving in of the membrane upon drying of the channels corroborates with a compaction of the
dense states. When air invades the channel (see Figure 72 (b)), the material delaminates from the
membrane. The membrane deflected at the beginning of the air invasion (Xa > Xi> Xa; y = - 1.6 um,
t =5 h 30 min) relaxes to its initial position (X4 > Xa> xi; y = - 0.6 um, t = 6 h 15 min) when the air
front has passed xi.
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Figure 72: Sequence of optical profilometry measurements of the membrane’s deformation while concentrating 1%
dialyzed latex beads (a) before air invading the channel and (b) during air invasion.

From these profilometry measurements, assuming that the bottom layer of the membrane follows
the deformation of the top layer, we can conclude that the height of the microchannels do not
shrink during microfluidic pervaporation of 1% dialyzed dispersions of latex beads. The most
significant deformations (caving in of the membrane by 1.6 um) occurring after the growth of the
material in the microchannel, they do not impact the growth kinetics of the latex beads.

We monitored under SEM the final materials obtained concentrating 2% and 1% dialyzed
dispersions of latex beads. In both cases, latex particles mixed with impurities are visible at the tip
of the channels. These pollutants were most likely contained in the initial dispersion of
nanospheres and concentrated at the tip of the channel during microfluidic pervaporation. Further
from the tip, the latex beads on the top layer pf the material are well-organized into hexagonal
packing as seen in Figure 73 (b). It is difficult to conclude on the organization of the particles
inside the material. The Figure 73 (c) and (d) show successful close-packing of about 20 layers of
latex beads. The Figure 73 (d) specially highlights the three-dimensional character of the bulk
assemblies obtained using the microfluidic pervaporation technique; the very flat surfaces and the
sharp edges of the micromaterial directly resulting from the microevaporator’s geometry.
Measurement of the material cross-section gives a 100 um wide and 8 um thick material. The
measurement of the material thickness is in close agreement with the height of the channel obtained
with optical profilometry. Taking into account the small shrinkage of the channel height during
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the concentration of the latex beads in the microchannels we obtain a packing fraction of the beads
in the dense material, ¢4 = 40 % using mass conservation arguments. We do not have any clear
explanation of this discrepancy with the clearly higher packing fraction observed in SEM images.
Maybe the dispersion solid content provided by the supplier was not accurately estimated. This
could entail an error on the initial volume fraction of the latex beads and therefore on the estimation
of the packing fraction in the dense state.

Figure 73: SEM images of microevaporated 1 % dialyzed latex beads (a-c) and 2 wt% (d). (a) Image taken at the tip
of the channel, (b-d) images taken far from the tip. Inset of (b) shows typical lattice of the latex beads.

4.3.2. Homemade polystyrene beads

In a collaborative project with Wei-Han, student in the laboratory of Daeyon Lee at the
University of Pennsylvania, we concentrated linear polystyrene particle (LPS, d =1 um) by the
technique of microfluidic pervaporation. The aim of the collaboration was to test the LPS for
making 3D.
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The LPS are made by dispersion polymerization. The polymerization is initiated by
ammonium persulfate upon heating the solution. The obtained beads have a negative charge
coming from the persulfate groups. The particles were washed 10 times and sonicated for 10
minutes before concentration in the microevaporators. The washing steps are necessary in order to
remove any pollutants coming from the synthesis process and the sonication is performed to brake
any small particles aggregates potentially formed during washing. The volume fraction of the
particles as pervaporated was 0.5%.

The growth was not followed by optical imaging for this type of particles. SEM imaging
show two different regions within the microchannels. At the tip of the channel, the polystyrene
particles are loosely assembled and no order is shown as seen in Figure 74a. Far from the tip, the
polystyrene beads are very well organized into crystals planes showing hexagonal order as seen in
Figure 74 (b-d). The Figure 74 (d) shows successful close-packing of 10 layers of LPS. The
organization is crystalline over 1 cm length. This observed phenomenon can be explained by an
increase of the salt concentration destabilizing the particles at the tip of the channels.

Figure 74: SEM images of microevaporated polystyrene beads at 0.5 wt%. (a) Image taken at the tip of the channel,
no order appears. (b-d) Images taken far from the tip, the assembly is crystalline.
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In this section, we have proven that the technique of microfluidic pervaporation is very
efficient to tailor large silica beads crystals. However, the concentration of these particles into
well-organized close-packed lattice depends on the salts concentration within the particle
dispersion.

4.4.Gold nanoparticles

The aim of this section is to show the potential of our microfluidic tool to design new
homogenous metamaterials with a high degree of bulkiness. As explained in Chapter 1, gold
nanoparticles strongly absorb and scatter light in the visible spectrum. The tunable optical
properties of gold nanoparticles make them very good candidates for the design of locally resonant
materials or plasmonic enhanced materials. In this part of the manuscript we present a method of
synthesis of spherical nanoparticles and their directed-assembly through microfluidic
pervaporation.

4.4.1. Synthesis of gold nanospheres

As we showed it Chapter 1, there are many possible routes to synthesize nanoparticles. We
have selected one of the most common one to synthesize 40 nm gold nanoparticles. The synthesis
is inspired from the method of Liz-Marzan and colleagues. Briefly, gold nanoseeds are synthesized
following the Turkevich process?. Then, these seeds are diluted and subsequently grown via a
growth step. Finally, the spherical nanoparticles can be separated from the other non-spherical
particles by a purification step.

Let’s detail each one of the three steps:

I Seeds synthesis
Small particles of diameter 13nm are prepared by reducing gold salt with sodium citrate.

500 mL of a gold salt solution HAuCI4,3H20 at 0.5 mM in MilliQ water is prepared.
Protected from light, this solution is brought to boil and then 25 mL of a 0.1 M sodium citrate
solution is quickly added under strong stirring. Protected from light, the solution is stirred for 30
min and left to cool down to room temperature. After the synthesis, the solution is allowed to sit
in the fridge for 2 or 3 days before the growth step.

The obtained seeds are very monodisperse as evidenced by the TEM image and the
histogram shown in Figure 75. The mean diameter of the seeds is d = 12.8 +/- 1.5 nm. The optical
response of the seeds is presented in Figure 77. A sharp plasmon peak is observed at 517 nm.
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Figure 75: (a) TEM image of the gold seeds and (b) histogram of their size distribution.

ii. Seeds growth'!

The seeds are grown up to 40 nm by reducing more gold salt in a mixture of ascorbic acid
and CTAB (cetyltrimethylammonium bromide). Ascorbic acid is the reducing agent and CTAB
serves as capping agent to stabilize the gold nanoparticles and avoid their aggregation.

In a 750 mL round bottom flask, 500 mL of a 6.9 mM CTAB solution (MilliQ water) and
a volume of gold salt, VHauci4, at 1.18 M are mixed. The mixture must be heated up to 35°C in
order to be above the crystallization temperature of the CTAB. 20 mL of a 0.25 M solution of
ascorbic acid is added under strong stirring: after a few seconds, the orange solution becomes
colorless. Then, Vauseed previously calculated using the following equation is added under strong
stirring. In 30 seconds, the solution becomes red. The reaction is carried on at 35°C for 1 hour.

v _ [HAuCL],

(rseed) 3- [HALLCL}],.

[Auseed] = 3 ;
(rparticle) — (Tseea)
_ [Auseeq]
VAuseed N [Augeeqli vt

Where rseq IS the radius of the seeds
Iparticle 1S the radius of the particles after growth (parameter set according the desired
size)
[HAUCI4]i is the concentration of the initial mother solution of gold salt
[HAuCl4]ris the gold salt concentration in the mixture (set value, 5 mM in our case)
[Auseed] is the gold zero concentration of the seeds to add to the mixture
Vi is the volume of the mixture
[AuUseed]i is the gold zero concentration in the seeds’ solution
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The final gold nanospheres have a mean diameter d = 38.2 +/- 6.1 nm. TEM image and
histogram of the size distribution can be found in Figure 76. The gold nanospheres are particularly
monodisperse. This shows the efficiency of the synthesis process. The optical response of the gold
nanospheres after growth shows a sharp plasmon peak at 532 nm.
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Figure 76: (a) TEM image of the gold nanospheres after growth and (b) histogram of their size distribution.

iii. Purification of the spherical nanoparticles

If needed, the gold nanospheres can be isolated from the other non-spherical nanoparticles
such as the nanorods by selective precipitation with excess of CTAB following the process of Jana
et al**®. We did not do it for the gold nanospheres we obtained because the nanorods were sparse
and very small.

4.4.2. Functionalization of gold nanospheres

To free ourselves from any potential screening-induced destabilization, we exchanged the
stabilizing CTAB with a non-charged polymer, PegSH 5000 (O-[2-(3-Mercaptopropionylamino)-
ethyl]-O’-methylpolyethylene glycol). The 500 mL dispersion of gold nanospheres is centrifugated
to remove the excess of CTAB and concentrated to a volume of 10 mL. Then, 1 mL of a 0.4 M
solution of PegSH is added drop by drop under strong stirring. The dispersion is left under mild
stirring overnight. The excess of PegSH is then removed by washing the particles with water (2
washes were performed). The optical response of the Au@PegSH before and after washing is
presented in Figure 77. The plasmon peak remains at the same position (532 nm) but some
aggregates might have formed upon ligand removal during washing because the shoulder at about
700 nm has a higher extinction.
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Figure 77: Extinction spectra of the 13 nm seeds, the 40 nm Au@PegSH and the 40 nm Au@PegSH washed.

To summarize, we have synthesized monodisperse spherical gold nanoparticles. These Au
NPs are post-functionalized with a small polymer to prevent aggregation during their concentration
inside microevaporators.

4.4.3. Concentration of gold nanospheres by microfluidic pervaporation

The Au@PegSH are then concentrated by the technique of microfluidic pervaporation. For
this experiment, the membrane thickness is 14 um, all the others parameters are unchanged (Figure
78). For such devices, evaporation times are of the order of 500 s (Figure 66). For gold
nanoparticles, the volume fraction is:

[AuO]MAu
Pau

0=
With My, the molar mass of gold, p,, the volumetric mass density of gold and [Au°] the

concentration of gold zero. The initial concentration [Au°] in our dispersion of gold nanoparticles
is 0.049 M, thus the initial volume fraction of our gold nanoparticles in water is ¢o = 5.102 %.
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Figure 78: Microfluidic pervaporation of dispersions of Au@PegSH in the 8 microchannels.

After injection of the Au@PegSH dispersion in the microchannels, we observed later a
“red front” migrating from the reservoir toward the tip of the channels Figure 79 (a). Moreover,
the red color intensifies while getting closer to the tip of the channels as seen in Figure 79 (b). The
color red corresponds to the color of a concentrated dispersion of gold nanoparticles but the
existence and the progression of this front remains unexplained. During her Ph.D. candicacy, Julie
Angly observed a similar red front with smaller gold nanoparticles®.

(a) — (b)
\ Tip ~ Red front 3 \ i \Red/ front
e ] e

Figure 79: “Red front” migrating from the reservoir towards the tip of the channels at the beginning of the
microfluidic pervaporation of dispersions of Au@PegSH.

Figure 80: Optical microscope images of Au@PegSH dense states in microchannels: (a) in transmission, (b) in
reflection.

After the “red front” has reached the tip of the channel, a dense state “nucleates” at the tip
of the channel and grows towards the reservoir. We refer to “nucleation” as the first visible
appearance of a dense material forming inside the microchannel. A dense state grows simply
because the particles cannot be concentrated anymore. Figure 80 shows optical images of the dense
states in five of the eight microchannels. The picture taken in transmission mode highlights the
opacity of the material formed. The picture taken in reflection mode shows the shiny “gold bar-
like” color of the material. The growth of the dense states is recorded by optical microscopy and
is characterized using the image-processed position Xs of the front (Figure 81). The time at which
the dense states “nucleates” is the “nucleation” time, Tn. After the “nucleation” time T, = 1200 s,
the growth is linear meaning that the dense states grow at a constant rate during time. In such case,

82



Chapter 2: Microfluidic pervaporation

there is always pervaporation through the packed bed of particles. The profile is similar for all the
different lengths. The growth rate of the dense material depends on the evaporation length Lo.

0
— 0 50 100 150

Figure 81: Temporal analysis of the growth kinetics of Au@PegSH dense states in 8 channels of different lengths.
Inset: normalization of the fronts with the respective lengths Lo of the channels and the time from “nucleation ” with
the evaporation time Te.

By scaling the front position x: by the respective lengths Lo of the channels, and the time
from “nucleation” by the evaporation time Te, all the curves collapse on a single master curve
(inset of Figure 81). The slope of the growth curves gives the packing fraction of the nanoparticles
in the dense states. As first approximated, we find for gold nanoparticles that ¢4 = 13.9 %, is too
low to give a really dense material. However, SEM images of the material (Figure 83) demonstrate
that the packing fraction of the gold nanoparticles is much higher than 13.9%.

Other factors can impact the final packing fraction obtained using this method. The first
one is the possible shrinkage of the microchannels during microfluidic pervaporation of the
colloidal solutions. The schematic representation of one microchannel in Figure 82 (b) shows how
the shrinkage of the channel’s section impacts the dense state. The SEM image of the cross section
of one microchannel in Figure 83 (b) highlights the shrinkage of the microchannels in width and
in height. Our initial channel’s dimensions were w = 100 pm and h = 10 um. The new dimensions
obtained from the SEM images are w = 95 um and h = 4.5 ym (measured in the middle of the
channel). The packing fraction of the dense material re-evaluated including channel shrinkage is:
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Scaling with the new channel’s dimensions, we obtain ¢4 = 32.5 %. This value is still very far from
the theoretical 64 % or 74% corresponding to the maximal packing of hard monodisperse spheres

organized in a random close-packed state or in a face-centered cubic crystal.
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Figure 82: (a) Theoretical mass conservation and (b) mass conservation with channel shrinkage during
microfluidic pervaporation experiment.

Another approximation explains the remaining discrepancy. Indeed, we approximated that
the dispersion of nanogold is perfectly monodisperse and that the radius of the particles is the
radius of the gold particles alone. In fact, as evidenced earlier by TEM imaging, our gold
nanoparticles dispersion contains few nanorods and is therefore not perfectly monodisperse. The
presence of nanorods in the dense state will inherently decrease its packing fraction by adding
defects. In addition, the radius of the nanoparticles concentrated by the technique of microfluidic
pervaporation is not exactly the radius of the gold particles alone but the radius of the gold particles
with its capping ligand (the PegSH). The radius of the gold nanoparticles, Ray, is about 19 nm. The
thickness of the capping layer, RregsH, Can be estimated from the spacing in between two particles
from the SEM images in Figure 83 (c) and (d). We found Rpegsh = 5.6 nm, which is close to 4 nm
gyration radius of the PegSH. The new initial volume fraction including the capping layer, ¢, is:

Rpy + Rpegsu

I 3
#5 = o —")

We find ¢ = 0.1 %. Using this higher initial volume fraction and taking into account the shrinkage
of the channel, we obtain ¢ = 71.7 %. This final packing fraction value is very close to the
theoretical packing fraction for face-centered cubic lattices and is in good agreement with the

observed structures in Figure 83.
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One last parameter also has to be considered in the evaluation of the packing fraction of
the dense states. After the microfluidic pervaporation experiment is complete and before SEM
imaging, the water remaining in the dense states is fully evaporated. The material observed under
SEM can appear denser than during the microfluidic pervaporation experiments due to the
capillary forces bringing the particles closer during evaporation of the residual water. Therefore,
the packing fraction measured graphically can be lower than the packing fraction estimated from
the SEM pictures.

Complementary electron and optical microscopy analyses give more information about the
structure of the material. After peeling off the membrane of the microfluidic chip and stamping
the material onto a conductive tape adhered on an SEM metallic pic, we analyze the structure of
the micromaterial under high-resolution scanning electron microscope. This method of transfer is
not optimized and sometimes the materials brake at places (Figure 83 (a)). We took advantages of
these cracks to take images of the cross section of the materials (Figure 83 (b)). Focusing in on
such areas reveals a brick-like edifice with neat facets and edges. The surface of the material for
its part, is very flat. This highlight how microfluidic can be used to shape up materials. It looks
like a polymer layer is formed on the edges of the microchannels. No nanoparticles are observed
in this polymer layer and it seems that the nanoparticle’s dense state is starting further towards the
inside of the channels. A higher magnification (Figure 83 (c) and (d)) show that the material is
made of tightly packed nanoparticles with apparent hexagonal packing (face-centered cubic and
hexagonal close-packed) in specific areas. To our knowledge, it is the first time that crystalline
arrays of gold nanospheres are obtained in microevaporators. More than 120 layers of gold
nanoparticles were stacked on top of each other.

The technique of microfluidic pervaporation opens new ways in the design of the next-
generation optical devices based on the unique plasmonic properties of gold nanoparticles. For
instance, these assembled nanomaterials could be used as collective resonators. They could also
lead to high refractive index materials as demonstrated by lazzolino et al** or to new photonic
crystals in which the plasmon resonance of the gold nanoparticles could be enhanced°.
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Figure 83: SEM images of microevaporated Au NPs@PegSH at 0.9 wt% (a) top view of a microchannel, (b) cross
section of one microchannel, (c-d) typical crystallites formed inside microchannels.

5. Conclusion

The principal objective of this chapter was to assemble nanoparticles into tridimensional
bulky materials. To do so we used the technique of microfluidic pervaporation. Two types of
nanospheres were concentrated in microchannels: gold nanoparticles and polystyrene particles.

First, two different sizes of polystyrene particles were assembled into dense materials.
Regarding the 0.5 um latex, the salts contained in the dispersion led to a strong aggregation of the
particles during their concentration. The precipitation of the particles was decreased by decreasing
the salt concentration through dialysis of the dispersion. The growth kinetics of the dense states
led to a packing fraction of the particles in the material, ¢¢ = 40%. 20 layers of packed latex
particles were obtained. For the 1 um polystyrene particles, the growth kinetics of the material
were not followed. SEM analysis evidenced large crystals of latex particles organized in hexagonal
lattices. Since the particles were bigger for the same microchannel height, only 10 layers of
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nanospheres were stacked on top of each other. These results open new perspectives as for the
fabrication of photonic crystals via microfluidic pervaporation.

Then, we have synthesized 38 nm gold nanoparticles stabilized by a small polymer and
assembled them into crystalline dense states. The growth kinetics of these dense states were studied
and the packing fraction of the gold nanoparticles in the dense states, ¢4, was obtained from a mass
conservation based model. We measured ¢4 = 10%. Analyses of SEM images showed a strong
shrinkage of the channels occurring either during microfluidic pervaporation experiment of the
dispersions or because of the material drying after the experiment. Rescaling our data with the new
channels dimensions, we obtained ¢4 = 32%. SEM imaging also evidenced the presence of lots of
polymer separating the nanoparticles. Assuming that the real diameter of the microevaporated
nanoparticles is actually the diameter of the gold particles plus the layer of its capped agent, we
reached a packing fraction of about 72% in good agreement with the hexagonal lattices observed
within the dense states. More than 120 layers of close-packed gold nanospheres were successfully
organized using our microfluidic set up. The directed-assembly of these plasmonic nanospheres
using the microfluidic pervaporation technique offers solid ground as for the design of new
plasmonic materials with properties arising from the collective interactions between the
nanoparticles.

Microfluidic pervaporation is therefore a powerful tool to form large tri-dimensional self-
standing films assemblies of well-organized particles. The control over the evaporation rate and
the tunable materials’ shape are definitely the biggest advantages of the microfluidic pervaporation
compared to other commonly used technics such as the vertical deposition or the Langmuir-
Blodgett method. Moreover, it does not rely on a specific type of colloids, as long as they feature
sufficient colloidal stability and actually works for a large set of nanoparticles. We have shown it
for gold nanoparticles and polystyrene beads but many other types of nanoparticles or mixture of
nanoparticles can be assembled through this technique. The versatility of the method leads to
numerous applications in the design of new functional microscale optomaterials.
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1. Introduction

In this chapter, we move beyond the assembly of nanoparticles into bulk materials, and
show how nanoparticles can be assembled to form hollow hard and soft microcapsules. We present
a method to synthesize two kinds of plasmonic nanoparticles: silver nanoparticles (Ag NPs) and
gold nanoparticles (Au NPs). The nanoparticles are synthesized by reduction of a metallic salt with
ascorbic acid in presence of a polymer capping agent. Then, by tuning the surface charges, the
nanoparticles are assembled at the interface of an emulsion. The obtained Pickering emulsion is
then used as template to form hard or soft microcapsules by polymerizing the interface. To the best
of our knowledge, it is the first time that microcapsules with highly packed Au and Ag NPs at the
surface are obtained by self-assembly on emulsion droplets. Our hybrid microcapsules, cumulate
properties directly resulting from the intrinsic particles and shell properties. Indeed, depending on
the type of nanoparticles and shell, the microcapsules exhibit different optical and mechanical
properties. The results presented in this chapter were patented (RD_2017_004_US_PSP_2017).

2. Gold-silica microcapsules

This part is dedicated to the fabrication of gold-silica microcapsules (Au-Si microcapsules).
First, we explain the synthesis of gold nanoparticles and the formation of the Pickering emulsions.
Then, we describe the formation of a silica shell at the interface of the emulsion. Finally, we make
the Au-Si microcapsules. By adjusting the microcapsules synthesis parameters, we are able to tune
the thickness of the silica shell.

The preparation of Au-Si microcapsules is illustrated in Figure 84. The first step consists
in mixing an aqueous phase containing the Au NPs with an oily toluene phase in which
polyethoxyorthosilicate (PEOS) is dissolved. The two phases are then strongly agitated by
sonication (15 min), forming an oil-in-water emulsion. We found that within the right conditions,
that we will describe and explain, the Au NPs adsorb onto the oil droplets to form the so-called
Pickering emulsions. To obtain a stable Pickering emulsion, three conditions have to be fulfilled:
(1) Au NPs in the vicinity of droplets must adsorb at the interface by reaching a minimum of energy,
(ii) the solution should contain enough Au NPs to cover the emulsion droplets and (iii) The energy
barrier hindering adsorption of Au NPs must be lowered. These three conditions detailed in section
2.1 guided our Au NPs synthesis protocol. The second step consists in polymerizing the PEOS at
the interface of the emulsion and is explained in section 2.2.
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Figure 84: Schematic representation of the formation of gold-silica microcapsules.

2.1.Pickering emulsion formation

2.1.1. Adsorption at the interface

The adsorption of Au NPs at the water/oil interface results from a decrease in the system
free energy®>122141 Equation 18 shows the free energy of adsorption of a nanoparticle at the
interface, where yow is the oil/water interfacial tension (in our case, yow = 37.1 mN/m)%*2, 4,,, is
the three-phase contact angle between the solid and the oil/water interface; R is the radius of the
nanoparticles.

AG = _T[Rzyow(l - |C05(60w)|)2
Equation 18: Gain of free energy by adsorption of a nanoparticle at the oil/water interface.

It is clear from Equation 18 that particles are best adsorbed at the interface for &w = 90°, when
particles have equal affinity for oil and water. To tune this property, the Au NPs were partially
functionalized  with  poly(diallyldimethylammoniumnitrate-co-1-)vinylpyrrolidone  (PVP-
DADMAN, see Figure 85). PVP is a neutral amphiphilic polymer known to adsorb onto gold
nanoparticles**14 The long backbone of the PVP results in increased hydrophobicity of the
functionalized Au NPs, therefore facilitating the adsorption of the particles at the toluene/water
interface by bringing the contact angle closer to 90°.

t} N NO;
/\

Figure 85: Chemical structure of PVP-DADMAN (99:1). PVP-DADMAN contains 1 unit of diallyl-
dimethylammonium-nitrate (DADMAN) for 99 units of Polyvinylpyrrolidone (PVP) (My = 60 kg/mol, pKa = 5).
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2.1.2. Number of nanoparticles

The number of nanoparticles necessary to form a stable Pickering emulsion can be
approximately estimated from Equation 19 where N, is the number of Au NPs needed to cover
droplets of radius R with particles of radius r, f is the packing density of the particles and V is the
total volume of the oil dispersed phase.

3fV
N. =
P mRr2

Equation 19: Number of Au NPs needed to cover one droplet.

The above equation is obtained by assuming that the nanoparticles are equally wet by the water
and oil phases. An estimation shows that for 1 mL of dispersed phase, a surface packing fraction
f = 0.74, nanoparticles of 40 nm in diameter and colloidosomes of 10 um in diameter;
approximately 10** Au NPs are needed.

As previously discussed in Chapter 1, the most common methods used to synthesize
monodisperse 40 nm Au NPs use metal-ion assisted reduction, require low concentration of gold
salt or multiple syntheses steps?332145, Therefore we chose to follow an easier synthesis approach
at larger scale, adapted from the method explored by Malassis et al.*® and described below. This
straightforward one-step synthetic method uses PVP-DADMAN as an Au NPs capping agent. It
leads to polydisperse gold nanoparticles, which are analyzed by transmission electron microscopy
(TEM) (see Figure 86 (a)). The mean diameter d was d = 40 nm +/- 25 nm as shown by the
histogram in Figure 87 (a).

Gold nanoparticles synthesis: The Au NPs used in this procedure are synthesized by reduction of
HAUCI4 with ascorbic acid in presence of PVP-DADMAN. A solution of 5.7.10° M PVP-
DADMAN and 2.510° M HAuUCI4 is brought to boil. Then, 12.5 mL of ascorbic acid (0.1 M) is
added. The solution protected from light by aluminum foil is stirred for 1 h at 97°C. After
synthesis, the Au NPs are left to rest for one day to remove the biggest nanoparticles. The rest of
the dispersion is centrifuged and concentrated into a 5 milliliters solution.

Figure 86: a) TEM image of gold nanoparticles used in the synthesis of microcapsules. b) TEM image of Au NPs
synthesized via seed growth method.
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Figure 87: Histograms showing the size of a) Au NPs used in the synthesis of microcapsules; b) Au NPs synthesized
by seed growth.

We compare in Figure 88 the extinction curves of the polydisperse 40 nm dispersion of Au
NPs@PVP-DADMAN and a monodisperse 40 nm dispersion of Au NPs synthesized using
traditional seed growth method®® (described in Chapter 2). TEM images and histograms of the gold
nanoparticles size distributions for monodisperse 40 nm particles are provided in Figure 86 (b)
and in Figure 87 (b). Interestingly, at this size range, the polydispersity does not alter the optical
response of the particles. Indeed, the plasmonic peak maximum of the Au NPs@PVP-DADMAN
dispersion is at the same position as that of a monodisperse 40 nm dispersion of gold nanoparticles
as shown in Figure 88. This is consistent with the theoretical results of Myroshnychenko et al.148
which show that in this range of Au NP diameters and surrounding refraction index, the position
of the extinction peak shifts in a small range of 20 nm. For these reasons, the polydispersity of Au
NPs@PVP-DADMAN does not affect the position of the plasmonic peak but results in a small
broadening of the peak.
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Figure 88: Comparison between the extinction curves normalized at 400 nm of the Au NPs synthesized using the
one-step method (red) and the Au NPs synthesized via a seed growth method (black).

2.1.3. Decrease of an energy barrier

Malassis et al. have shown that bare Au NPs are stable due to the presence of residual
negative charges from ascorbic acid at their surface®. Above pH = 4, Au NPs appear to be weakly
negatively charged (C potential ~ -5 mV) and well dispersed in water showing a sharp plasmon
peak (A ~ 527 nm) and a red color as shown in the left picture of Figure 89. Below pH =4, Au
NPs seem to have no charge ({ potential ~ 0 mV) and therefore flocculate forming a blue solution
as seen in the right picture of Figure 89 which has a large red-shifted plasmon peak (1 ~ 720 nm).
By decreasing the pH below 4, the charges at the droplets surface are decreased thus cancelling
any electrostatic repulsion and enabling the adsorption of Au NPs at the oil/water interface.
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Figure 89 : Plasmonic response of Au NPs solutions [Au] = 0.57 mM as a function of pH. The two pictures
respectively show a well dispersed solution of Au NPs (red) and a solution of flocculated Au NPs (blue) of the same
concentration. Inset: plasmonic peak maximum as a function of the pH (filled circular points) and Zeta potential of

the Au NPs at [Au] = 0.57 mM, [NaCl] = 10> M as a function of the pH (square unfilled points).

2.2.Polycondensation of silica at the oil/water interface

The second step in the formation of the gold-silica microcapsules as presented in Figure 84
is the formation of a silica shell at the interface of the emulsion droplets. PEOS, a very hydrophobic
hyperbranched silica polymer soluble in oil only is used as a silica precursor. The polymerization
of PEOS at the oil/water interface follows two steps as schematically represented in Figure 90. i)
PEOS is hydrolyzed at the interface of the emulsion by the acidic water?. During this step, the
alkoxysilane groups of the PEOS are converted in silanol groups forming a hydrolyzed layer of
PEOS between water and oil. ii) The hydrolyzed PEOS reacts with other hydrolyzed (alcohol
condensation) or non-hydrolyzed (water condensation) PEOS molecules to form a silica crust.
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Figure 90: (a) PEOS formula'?®. (b) Polycondensation reaction.

The PEOS used in the silica microcapsules syntheses is a commercial product. It was
characterized by chromatography and NMR analyses. The results presented in Annex 1 show that
PEQOS has a number-average molecular weight My of 766 g/mol. Traces of ethanol were found in
the PEOS commercial solution. PEOS was used as is for the synthesis of gold-silica microcapsules.

2.3.Synthesis of gold-silica microcapsules
2.3.1. Effect of pH

In section 2.1.3, we have demonstrated that the Au NPs surface charges depend on pH. In
the following paragraphs, we show that these surface charges control the adsorption of Au NPs at
the oil/water interface.

e Synthesis at pH > 4

PEOS (0.2 g/mL) was diluted in 1 mL of toluene. The water phase (5 mL) of the emulsion
contains a solution of dispersed Au NPs ([Au’] = 0.02 M), butanol (0.22 M) and ammonia (10
M) to adjust pH above 4. The oil and water phases were emulsified together with a Brandson 3210
ultrasonic bath at 30°C for 15 minutes. Shortly after the sonication, the emulsion droplets are
transparent suggesting that the Au NPs did not adsorb on the surface of the droplets, as seen in
Figure 91 (a). After 3 days, the silica shell was fully formed. The microcapsules were recovered,
cleaned and concentrated by simple sedimentation. Optical microscopy and SEM images show
colorless microcapsules without Au NPs embedded in their silica shell (Figure 91 (b-d)).
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Figure 91: Optical microscope images of (a) emulsion obtained at 0.02 M of gold and pH ~ 10, (b) microcapsules
after polymerization at 0.02 M of gold and pH ~ 10. (c-d) SEM images of (c) microcapsules and (d) surface of
microcapsules obtained at 0.02 M of gold and pH ~ 10.

e Synthesis at pH <4

PEOS (0.2 g/mL) was diluted in 1 mL of toluene. The water phase (5 mL) of the emulsion
contains a solution of diapered Au NPs ([Au°] = 0.02 M), butanol (0.22 M) and HCI (0.1 M) to
adjust pH below 4. The oil and water phases are emulsified together with a Brandson 3210
ultrasonic bath at 30°C for 15 minutes. Shortly after the sonication, the emulsion exhibits a strong
pink color due to the adsorption of the AuNPs as seen in Figure 92 (a). Indeed, by decreasing pH
below 4, the oil droplets and the Au NPs surface charges are decreased, thus cancelling any
electrostatic repulsion and enabling the adsorption of Au NPs at the oil/water interface. The
emulsion becomes blue after one day. This change of color proves that nanoparticles adsorb and
get more and more densely packed at the interface as time goes on. The emulsion is then gently
shaken mechanically for a few days to allow the formation of the silica shell by polymerization of
the PEOS at the interface.
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PEQOS hydrolyzes at the emulsion interface and condensates to form a silica shell, which
embeds the nanoparticles'?®. After a day, the silica shell is visible by optical microscopy. It takes
about 3 days to fully convert the PEOS to a thin silica film because of the slow interfacial sol-gel
reaction under acidic conditions!?. The Au-Si microcapsules can be recovered, cleaned and
concentrated by simple sedimentation. Images of the dried microcapsules formed after 3 days are
shown on Figure 92 (c-d). The color, shape and size of the microcapsules were analyzed by optical
microscopy and SEM. The resulting microcapsules are spherical with dimensions ranging from
several hundredths of nanometers to several tenths of micrometers (2 - 20 um). As seen in Figure
92 (b), the microcapsules present a deep blue color which comes from a monolayer of densely
packed gold nanoparticles on their surface (see inset of Figure 92 (c)). Under the high vacuum of
the SEM, the gold silica capsules tend to buckle due to the thin silica shell ((see inset of Figure 92
(d)). The silica shell thickness as measured from SEM images ranged between 45 and 55 nm (this
is described later in Figure 95 (c)).

(@) | (b) v' ‘® o 4

Figure 92: (a-b) Optical images of (a) Au NPs stabilized and (b) gold-silica microcapsules. (c-d) SEM images of
typical gold-silica microcapsules obtained with optimal recipe (pH ~ 1); (c) shows the thick silica shell (inset:
surface of one microcapsule) and (d) evidences the Au NPs embedded in said shell (inset: zoom onto an open

microcapsule). The oil phase is toluene.
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2.3.2. Effect of butanol

The synthesis of gold-silica microcapsules as presented in section 2.3 requires the addition
of a small co-surfactant, the butanol, to maintain the stability of the emulsion droplets against
coalescence. With butanol, spherical microcapsules are obtained as shown in Figure 93 (a).
Without butanol, very few microcapsules are obtained and most of the Au NPs aggregate in
solution as shown in Figure 93 (b).

Figure 93: SEM images of Au-Si microcapsules (a) with and (b) without butanol.

2.3.3. Effect of PEOS concentration

The mechanical properties of the silica shell depend on its thickness and therefore on the
initial concentration of PEOS, [Peos] (g/mL). Figure 94, Figure 95 and Figure 96 summarize the
results. When [Peos] is low (0.05 g/mL) the shell formed is very thin (Figure 95 (a)) and the
microcapsules fully collapse upon drying as shown in Figure 94 (a). When [Peos] = 0.1 g/mL, the
thickness of the shell increases up to about 25-35 nm and the dried microcapsules buckle into
“hemispheres”. The “top half “of the shell fell inside the “bottom half” of the shell (see Figure 94
(b)). Upon increase of the concentration of Peos (0.2 g/mL), the shell formed is thicker (45 to 55
nm) as judged by the depth of the Au NPs in the silica shell (Figure 95 (c)). At that concentration,
the microcapsules keep their spherical shape upon drying as shown in Figure 94 (c)). For [Peos] >
0.3 g/mL, the obtained microcapsules remain spherical upon drying (see Figure 94 (d)) and the
silica shell is even thicker (Figure 95 (d)). The thickness of the shell as a function of the PEOS
concentration is plotted in Figure 96. Based on the SEM images analysis, three distinct areas were
squared in the graph. These areas correspond to the formation of spherical capsules, “hemi-
capsules” and totally buckled capsules. Each area is defined by a certain quantity of PEOS and a
subsequent shell thickness. This graph shows that the required concentration of PEOS to form
Au-Si microcapsules which do not collapse upon drying is 0.2 g/mL.
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Figure 94: Influence of the quantity of PEOS on the formation of the gold microcapsules. SEM images of Au-Si
microcapsules synthesized with (a) 0.05, (b) 0.1, (c) 0.2 and (d) = 0.3 g/mL PEOS. The oil phase is toluene.

Figure 95: SEM images of the shell of the gold-silica microcapsules obtained with PEOS at (a) 0.05, (b) 0.1, (c) 0.2
and (d) 0.4 g/mL. The oil phase is toluene.

99



Chapter 3: Hybrid microcapsules

90 T
|
|
|
— |
70 I
c |
— |
D ! e
;GEJ 50t ! Spherical
o | capsules
7]
6
c 30+
9
L
|_
10+
0 0.1 0.2 0.3 0.4 0.5

[PEOS] (g/mL)

Figure 96: Au-Si microcapsules shell thickness and buckling as a function of the concentration of PEOS (g/mL).

2.3.4. Effect of the oil phase

So far, we have demonstrated the possibility to fabricate gold-silica microcapsules from
toluene-in-water emulsion templates. Based on Equation 18, the stability of the Pickering emulsion
increases as the of the oil/water interfacial tension increases. We tested this theoretical result by
exchanging the toluene with two other oils. We kept the exact same formulation ([Au®] = 0.02 M,
[butanol] = 0.22 M, [PEOS] = 0.2 g/mL, [HCI] = 0.1 M). First, toluene was replaced by
hexadecane. Au-Si microcapsules were obtained as shown in Figure 97 (a) and (c). The
microcapsules are blue due to the close packed Au NPs embedded in their shells (see inset of
Figure 97 (a)). The microcapsules are polydisperse. Most of them are less than 5 um. The silica
shell obtained with hexadecane is thinner (< 10 nm) than the silica shell obtained with toluene
(Figure 96). We explain this fact by the partial solubility of PEOS in hexadecane. It might limit
the formation of the silica shell at the interface oil/water. Indeed, when PEOS is mixed in
hexadecane, the obtained mixture is slightly blurry (due to the formation of a tiny emulsion or
precipitation of PEOS in the solvent). Second, toluene is exchanged by a mixture of
hexadecane/hexyl acetate 50/50 by volume. Hexyl acetate often used as a flavoring agent because
of its fruity odor. It has a higher polarity than hexadecane. Upon addition of hexyl acetate in a
mixture of hexadecane and PEQS, the blurriness of the mixture disappeared. PEOS is fully soluble
in a mixture of hexyl acetate/haxadecane. After polymerization, the obtained Au-Si microcapsules
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are blue due to the highly packed Au NPs embedded in the silica shell. However, the silica shell
formed with hexyl acetate/hexadecane is about 10 nm and is not as thick as the one observed with
toluene for the same concentration of PEOS (Figure 96). Upon addition of hexyl acetate with
hexadecane, both PEOS and hydrolyzed PEQOS solubilities increase in the oil phase due to the
increase of the oil polarity. Thus, the hydrolyzed PEOS formed at the interface of the emulsion
migrates inside the droplets instead of forming a layer at the interface?®. Therefore, after 3 days
the Au-Si microcapsules also have a very thin silica shell.

Figure 97: SEM images of gold silica microcapsules obtained with (a) hexadecane and (b) hexadecane/hexyl
acetate 50/50 V/V. Insets show the surface of a typical microcapsules for (a) hexadecane and (b) hexadecane/hexyl
acetate 50/50 V/V.

The diagram in Figure 98 summarize the results obtained for [PEOS] = 0.2 g/mL, using
the three solvents used in the synthesis of Au-Si microcapsules: toluene, hexadecane and
hexadecane/hexyl acetate (50/50 by volume). In this diagram, the thickness of the silica shell is
plotted as a function of the solubility of PEOS and hydrolyzed PEOS in the different oils. The
thickest silica shell is obtained with toluene. Indeed, it is the only oil in which PEOS is highly
soluble and hydrolyzed PEQOS is not.
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Figure 98: Thickness of the silica shell as a function of the solubility of the PEOS and hydrolyzed PEOS in toluene,
hexadecane and mixture of hexadecane/hexyl acetate 50/50 by volume.

The influence of the PEOS concentration on the formation of the silica shell was studied
with the mixture hexyl acetate/hexadecane. Gold-silica microcapsules from hexyl
acetate/hexadecane-in-water emulsions were carried out at 4 different PEOS concentrations:
0.012, 0.05, 0.2 and 0.4 g/mL PEOS. The ESEM images in Figure 99 show that at low PEOS
concentration (0.012 g/mL, Figure 99 (d)), the microcapsules collapse upon drying because the
amount of PEOS was too low to form a mechanically resistant shell. At 0.05 g/mL of PEOS, and
spherical capsules are observed showing that the shell formed is slightly thicker (Figure 99 (c)).
At higher concentration of PEOS (0.2 g/mL, Figure 99 (b)), the silica layer became even thicker,
as judged by very large microcapsules retaining their spherical shape. Higher concentration of
PEQS did not give a noticeable thicker silica shell (0.4 g/mL, Figure 99 (a)). Even if a trend is
observed, the more PEOS the thicker the shell, even at the highest PEOS concentration the shell
remains ultra-thin (< 10 nm). This is attributed to the high solubility of the hydrolyzed PEOS in
the hexyl acetate preventing the formation of a hydrolyzed layer of PEOS at the oil/water interface.
This validate our previous observations.
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Figure 99: ESEM images of gold silica microcapsules obtained with hexyl acetate/hexadecane 50/50 by volume at
(@) 0.4, (b) 0.2, (c) 0.05 and (d) 0.012 g/mL PEOS.

In this section, we have demonstrated the successful synthesis of gold-silica microcapsules.
Our approach is based on the control of dense packings of Au NPs at the surface of emulsion
droplets. By solidifying the interface of the emulsion with PEOS, we obtained solid capsules made
of Au NPs embedded in a silica crust. As the Au NPs are densely packed at the surface of the
capsules, they appear blue. Several oils were used to synthesize Au-Si microcapsules: toluene,
hexadecane and hexadecane/hexyl acetate. Microcapsules with a thick silica shell are obtained
from a toluene-in-water emulsion template at [PEOS] > 0.2 g/mL. These microcapsules are
resistant to drying. By tuning the concentration of PEOS and the polarity of the oil, we can control
the thickness of the silica shell.

In the following part, we demonstrate the versatility of the silica microcapsules synthetic
process using silver nanoparticles instead of gold nanoparticles.
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3. The silver-silica microcapsules

3.1.Pickering emulsion formation

Based on the results presented in section 2 we know that three conditions have to be
fulfilled in order to form Pickering emulsions highly covered by NPs. First, a high concentration
of NPs is required. Second, the NPs should be partially wet by the oil and the water phase. Third,
the NPs must have a low surface charge. Au NPs partly capped with PVP-DADMAN were
successfully adsorbed on oil droplets by controlling their charges.

We challenged our understanding of the Pickering emulsions formation acquired working
with Au NPs by trying to repeat the process with another type of nanoparticles. We chose silver
nanoparticles for their very interesting optical, antibacterial and catalytic properties.

The synthetic process of silver nanoparticles (Ag NPs) explained below is similar to the
fabrication process of Au NPs. It is a large-scale one-step synthesis leading to highly concentrated
dispersions of silver nanoparticles. As presented in Chapter 1, section 3.2, PVP is known to be a
good capping agent for silver nanoparticles®®. Instead of PVP, PVP-DADMAN was used in the
synthesis of Ag NPs.

Silver nanoparticles synthesis: The Ag NPs used in this procedure are synthesized by reduction of
AgNO; with ascorbic acid. A solution of 5.7.10° M PVP-DADMAN and 5 .10 M of ascorbic
acid mixed with 0.17 mL of sodium hydroxide (0.02 M) is brought to boil. Then, 0.53 mL of
AgNO3 (1.2 M) is added. The solution is protected from light by aluminum foil and stirred for 1 h
at 95°C. After synthesis, the Ag NPs are left to rest for one day to remove the biggest nanoparticles.
The remainder of the dispersion is centrifuged and concentrated into a 5 mL solution.

The obtained Ag NPs are polydisperse as shown by the TEM image in Figure 100 (a). The
larger NPs on the image are nanoparticles that fused during electron microscopy analysis. The
mean size of the Ag NPs, d, is estimated from the position of the maximum and the bandwidth of
the plasmon peak of the dispersion of Ag NPs'#*’. We find d = 58 nm. Ag NPs appear to be
uncharged (C potential ~ 0 mV) and well dispersed in water at all pH showing a sharp plasmon
peak (Amax ~ 425 nm) and a yellow color as shown in the two pictures of Figure 100 (b). This prove
that the Ag NPs are sterically stabilized by the PVP-DADMAN and not electrostatically stabilized
by the ascorbic acid, chemicals both present during the synthesis of the nanoparticles. This result
is consistent with the literature referencing to Ag NPs capped by PVP® but contrast with what is
observed with Au NPs. In the case of Au NPs, the nanoparticles are charged and therefore
electrostatically stabilized.

104



Chapter 3: Hybrid microcapsules

(b) 0.6
8
S
Ea
N 2ol o ..
(a) 0.4} 2
*- g Q-4
\® c .
.-, 3 N
’.’ g 0 3 6 9 12
e3 i B
- 0.2}
Jrooe ——pH=9
| pH=6.43
pH=2.45
) : pH=0.56

0 1 " L ——
300 500 700 900 1100
Wavelength(nm)

Figure 100: (a) TEM image of typical Ag NPs. (b) Plasmonic response of Ag NPs solutions as a function of pH. The
two pictures respectively show dispersed solution of Ag NPs of the same concentration at pH = 9 and pH = 0.56.
Inset: Zeta potential of the Ag NPs as a function of the pH.

3.2.Synthesis of Ag-Si microcapsules

Silver silica microcapsules are synthesized from Ag NPs stabilized oil-in-water emulsion.
In this study, only the toluene is used as the oil phase because it led to the thickest shell among the
solvents we have tested to form gold-silica microcapsules. We have previously demonstrated that
Ag NPs have a very low surface charge, which does not depend on pH. The Ag NPs can therefore
adsorb at the interface oil/water at any pH. To get comparable results, we synthesized silver-silica
microcapsules at the same pH as the one set for the synthesis of gold-silica microcapsules (pH ~
1). The obtained Pickering emulsion imaged in Figure 101 (a) has a yellow color. In contrast to
the gold silica microcapsules, after a few hours we do not observe a color change of the emulsion.
After silanization of the PEOS at the interface, silver-silica yellow microcapsules are obtained
(Figure 101 (b)). Electron microscopy images in Figure 101 (c) and (d) respectively show the
typical aspect of the silver silica microcapsules and the Ag NPs embedded in the silica shell. We
notice that the Ag NPs are not as closely packed at the surface of the microcapsules as the Au NPs
are. This observation explains the absence of plasmonic coupling between the Ag NPs and the
yellow color of the silver-silica microcapsules. Silver nanoparticles very close to each other absorb
light around 500 nm and therefore look red 2222, In section 3.1 we have seen that the silver particles
are capped by PVP-DADMAN. This polymer prevents the Ag NPs from getting to close to each
other. Following our method of nanoparticle synthesis, we have intended to synthesize Ag NPs
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with a smaller PVP (Mw =10k g/mol) to see if we could reduce the interparticle distance on the
microcapsule and decrease the spacing between the Ag NPs. The Ag NPs obtained with a shorter
PVP were strongly aggregated in solution and no Ag NPs stabilized emulsions could be obtained
using these nanoparticles. It seems that our longer PVP-DADMAN plays also an important role in
stabilizing Ag NPs during their synthesis.

Figure 101: Optical images of (a) the Ag NPs stabilized oil-in-water emulsion, (b) the silver-silica microcapsules,
(c-d) SEM images of (c) silver-silica microcapsules and (d) Ag NPs embedded in silica shell. Toluene is the oil
phase.

The dispersion of Ag NPs was “washed” with water to remove some of the PVP-
DADMAN capping the Ag NPs. The optical spectra and the ( potential of the “washed” Ag NPs
as a function of the pH is shown in Figure 102 (a). The maximum of the plasmon peak remains at
the same position for all pH (4max ~ 425 nm). The { potential as a function of the pH show that the
Ag NPs are uncharged at all pH ( potential ~ 0 mV). These results indicate that the polymer layer
was not removed from the Ag NPs. The synthesis of Ag-Si microcapsules using the “washed” Ag
NPs give yellow microcapsules indicating that the Ag NPs are indeed kept apart due to their
capping layer.
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Figure 102: (a) Plasmonic response of “washed” Ag NPs solutions as a function of pH. The two pictures
respectively show dispersed solution of Ag NPs of the same concentration at pH = 10.2 and pH = 1. Inset: Zeta
potential of the Ag NPs as a function of the pH. (b) Ag-Si microcapsules synthesized with “washed” Ag NPs.

So far, based on our results, we have demonstrated that our method can be used to make
silica microcapsules with either Au or Ag NPs embedded in the silica shell. Depending on the type
of nanoparticles chosen and on the packing of the nanoparticles, microcapsules with different color
can be obtained: pink or blue with Au NPs and yellow with Ag NPs. In the next section, we
demonstrate that silica microcapsules bearing gold and silver nanoparticles can be synthesized.

4. The gold silver silica microcapsules

To show, as a proof of concept, that microcapsules can potentially cumulate several
functionalities, we fabricated microcapsules bearing two different types of nanoparticles.

Mixtures of Au and Ag NPs at different ratios were prepared. Two different nanoparticles
Au NPs/Ag NPs ratios were tested: 50/50 and 75/25 by weight %. The microcapsules are then
synthesized using a water phase containing both types of NPs at these ratios. The optical
microscope and SEM images corresponding to these experiments are presented in Figure 103.
Depending on the ratio of Au NPs to Ag NPs, microcapsules of different colors are obtained as
seen in Figure 103 (a) and (b). At the 50/50 ratio, the microcapsules are pink as seen in Figure
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103 (a). At the 75/25 ratio, the microcapsules are purple as shown in Figure 103 (b). In both cases,
spherical hollow silica microcapsules with closely packed nanoparticles embedded in a silica shell
were obtained as depicted in Figure 103 (c) and (d). This experiment demonstrate that the optical
response of the silica microcapsules can be finely tuned by changing the ratio between the Au and
Ag NPs. It also shows that multifunctional microcapsules can be synthesized.

Figure 103: (a-b) Optical microscope images of gold silver silica microcapsules with (a) Au NPs/Ag NPs 50/50
wt/wt, (b) Au NPs/Ag NPs 75/25 wt/wt. (c-d) SEM images of gold silver silica microcapsules with (c) Au NPs/Ag
NPs 50/50 wt/wt, (d) Au NPs/Ag NPs 75/25 wt/wt.

At this point of this chapter, we have shown that we can tune the type and the respective
number of NPs in a capsule. We have demonstrated that gold-silica microcapsules, silver-silica
microcapsules and gold-silver silica microcapsules can be engineered. Plasmon coupling between
closely packed Au NPs is observed giving a blue color to the Au-Si microcapsules. Plasmon
coupling is not observed in the case of the Ag-Si microcapsules due to the NPs capping layer
preventing them from getting close together. The optical properties and color of the microcapsules
can be finely adjusted by the ratio gold/silver NPs used during the microcapsules preparation. In
addition to the optical response of the microcapsules, another feature that could be valuable to tune
is the mechanical properties of the shell. So far, we have synthesized hard, fragile silica crust. It
would be however very interesting to tune this property by making elastic soft shells. In the
following section, we report the fabrication of polymer microcapsules.
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5. The gold acrylate microcapsules

5.1.Polymerization of acrylate at the oil/water interface

The technique of formation of a polymer shell at the oil/water droplet interface is called
suspension polymerization. In this technique, the polymeric chains are formed by free radical
polymerization**®. The mechanism of free radical polymerization of methyl methacrylate, MMA,
is presented in Figure 104. The polymerization occurs following three mains steps. First, the
monomers require an initiator such as Azobisisobutyronitrile (AIBN) to start the polymerization
reaction. When heated, AIBN produces a free radical that, added to a monomer, starts the
formation of one polymer chain (initiation step). Then, monomers are consecutively covalently
linked of at the reactive end of a growing chain (propagation step). The last step consists in the
formation of “dead chains” (chains that cannot react anymore) (termination step).

For thermal initiators such as AIBN, the decomposition rates are normally expressed in
terms of their “half-life”. The half-life time is the time necessary to decompose one-half of the
initiator originally present. The half-life time depends on the temperature. Therefore, temperature
IS an important parameter to control during polymerization so that free radicals are continuously
formed during polymerization. AIBN presents a 10-hour half-life temperature of 65 °C'“8, meaning
that at 65°C, 50 % of the AIBN is consumed in 10 hours.
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Figure 104: Free radical polymerization mechanism of PMMA.
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In suspension polymerization, the shell formation starts at the water-oil droplet interface!#,
As the polymerization reaction proceeds, the monomers are consumed and transferred from the oil
phase to the interface, increasing the shell thickness. In the literature, we found different
explanations to this phenomenon. In some cases, the formation of a polymer shell at the oil/water
interface is justified by polarity arguments'“®, When the polarities of the polymer and of the oil
droplets are different, the polymer migrates from the inside of the droplets towards the interface.
In other cases, the formation of a core/shell morphology is explained in terms of surface tensions.
During suspension polymerization, an oil/water interface is replaced by a water/polymer interface
and by an oil/polymer interface. The formation of a hollow capsules is favored when the sum of
the interfacial tensions of these two new interfaces (interfacial tensions of the water/polymer
interface and of the oil/polymer interface) is lower than the interfacial tension of the oil/water
interface4®1%0,

5.2.Synthesis of the gold-acrylate microcapsules

Au-acrylate microcapsules are obtained from toluene-in-water emulsions. We used three
different monomers in the fabrication of Au-Si microcapsules: methyl methacrylate (MMA),
methacrylate (MA) and butyl acrylate (BA). We show here the microcapsules obtained with:
MMA/BA (Figure 105 (a-c)) and MA/BA (Figure 105 (d-f)) at 50/50 by weight. The observations
made during the syntheses of both types of microcapsules are very similar and will be jointly
explain. First, the acrylate monomers ([MMA] = 2.2 M, [MA] = 2.6 M, [BA] = 1.72 M) and the
polymerization initiator, AIBN (0.12 M) are mixed in toluene (0.5 mL). Then, the oil phase is
emulsified in the water phase containing the nanoparticles ([Au®] = 0.02 M, 4 mL). An oil-in-water
emulsion stabilized by the gold nanoparticles is obtained. We have previously shown that at pH <
4, the electrostatic repulsions between the Au NPs are suppressed and the particles adsorb at the
oil/water interface. The synthesis of Au-acrylate microcapsules was carried out at pH ~ 1 ([HCI]
= 0.1 M) to trigger the adsorption of the Au NPs on the droplets. Immediately after sonication, the
Au NPs stabilized emulsions are pink as imaged in Figure 105 (a) and (d). The polymerization of
the acrylate monomers is initiated by increasing the temperature to 60°C. As the shell thickens,
more Au NPs adsorb at the interface. After polymerization, the obtained microcapsules are blue as
seen in Figure 105 (b) and (e). The microcapsules are spherical with dimensions ranging from 10
to 40 um as illustrated in Figure 105 (c) and (f). SEM images in the insets of Figure 105 (c) and
(F) show that the Au NPs are embedded in the polymer shell and form a monolayer of densely
packed particles. The acrylate shell thickness was measured from SEM images and ranged between
80 and 100 nm. Under high vacuum, the acrylate capsules keep their spherical shape (Figure 105

().
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Due to the very harsh acidic conditions (HCI, pH ~1) during the synthesis of the acrylate
shell. The ester groups of the poly(acrylate) can be hydrolyzed and form carboxylic acid
groups*®+1%2, We have not yet quantified how many acids groups are being formed during the
fabrication of Au-acrylate microcapsules but this analysis will be carried out in the future.

We have shown that we can synthesize soft polymeric acrylate microcapsules using methyl
methacrylate, methacrylate and butyl acrylate monomers mixed at different ratios. We have shown
two types of monomers mixtures but other acrylate monomers can be used. The glass transition
temperature (Tg) of acrylate polymers and therefore of acrylate microcapsules depends on the types
and ratio of acrylate monomers used as building block!®. Thus, the mechanical and chemical
properties of the microcapsules can be finely tuned by choosing the right type of monomers or
mixtures of monomers.

Figure 105: (a-c) Formation of gold methyl methacrylate-co-butyl acrylate microcapsules: optical images of (a) Au
NPs stabilized oil-in-water emulsion, (b) gold methyl methacrylate-co-butyl acrylate microcapsules, (c) SEM image
of gold methyl methacrylate-co-butyl acrylate microcapsules, inset shows the nanoparticles embedded in the
polymer shell. (d-e) Formation of gold methacrylate-co-butyl acrylate microcapsules: optical images of (a) Au NPs
stabilized oil-in-water emulsion, (b) gold methacrylate-co-butyl acrylate microcapsules; (¢) SEM image of gold
methacrylate-co-butyl acrylate microcapsules, inset shows the nanoparticles embedded in the polymer shell.
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6. Conclusion

In conclusion, we have demonstrated the successful synthesis of hybrid NPs-polymer
microcapsules. Our approach is based on controlled packing of NPs at the surface of emulsion
droplets by tuning the charge and wettability of the metal nanoparticles. By solidifying the
interface with PEOS or acrylate monomers, we obtained capsules made of NPs embedded in a
hard silica crust or in a soft polyacrylate shell. We showed that Au NPs can be highly packed at
the surface of the emulsion droplets. The close packed structure of the microcapsules adsorbs light
at high wavelength due to the plasmon coupling between the Au NPs. If the polymer capping is
too strong as it is the case of Ag NPs, the nanoparticles are not close enough on the microcapsules
to observe a change of color due to plasmon coupling. The color of the silica microcapsules can
be tuned from yellow to blue by mixing Au and Ag NPs in different ratios.

We believe that this full tunability of the hybrid microcapsules shell and solid particles
widens the horizons in the design of new multi-functional microcapsules with properties arising
from the individual or the combination of the properties of each one of its building blocks. In the
Chapter 4, we show two applications based on the optical and mechanical properties of the Au-Si
and Au-acrylate microcapsules.
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Chapter 4: Microcapsules as pH and strain sensors

1. Introduction

Recently, several studies have reported that gold nanoparticles can be used as optical
sensors. Indeed, these nanoparticles absorb light in the visible range of the electromagnetic
spectrum and color the media in which they are dispersed. Moreover, as we saw in chapter 1, they
absorb light at a wavelength which depends on their interparticle distance. Pregnancy tests are one
of the most well-known examples of such technology. This test is based on a color change due to
the aggregation of Au NPs. A positive test is red when the nanoparticles are stabilized by human
chorionic gonadotropin (hCG), a hormone produced by the embryo after implantation. A negative
test turns blue upon the nanoparticles aggregation in the absence of hCG***, Similarly, Ali et al .
have developed an analytical method based on gold nanoparticles enabling the detection of pork
adulteration into chicken and beef hallal preparations. The initial red gold nanoparticles dispersion
turns blue upon aggregation of the particles by the presence of pork DNA. Several other examples
of sensors based on the aggregation of gold nanoparticles exist. The aggregation of gold
nanoparticles is triggered by external stimuli such as strain, a change in pH*®, temperature>”-1%8,
hydrogen bond®®®, or due to charges screening (see Figure 106).
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Figure 106: Aggregation and redispersion of gold nanoparticles by external stimuli.

In this chapter, we focus on two types of optical sensing techniques. The first type allows
the detection of mechanical deformation, the second type allows the detection of pH change. We
start by presenting the most common optical mechano-sensing and pH-sensing technologies. For
each application, we explain why an alternative solution using plasmonic nanoparticles is useful.
Finally, based on the results established in chapter 3, we synthesize Au-Si and Au-acrylate
microcapsules and we demonstrate that they can be used as optical sensors to detect mechanical
deformations in polymeric materials and local changes in pH.
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2. Optical strain sensors

2.1.Current technologies

Polymeric materials are commonly used in daily life. They include plastics, composites
and coatings. Depending on their applications, these materials may be subjected to high stresses
which can lead to deformations, strains or cracks*®%161:162 |n a wide variety of applications, finding
an efficient method to detect and measure internal strains within polymeric materials is very
important. For instance, in metals coated by polymers, detecting cracks responsible for the starting
point of corrosion of the substrate would help providing a better protection to the substrate. Also,
cracks entail the diminution of the mechanical performances of materials therefore their detection
IS important to be able to insure consistent performances over time. Moreover, the detection of
damages in materials at a very early stage raises the possibility to repair the material before an
irreversible breakage occurs. Knowing how, where and to which extent polymeric materials are
damaged can help increasing the life span of plastics and composites.

Finding methods that give direct information on local stress is a significant industrial and
technological challenge. Most of the methods already used to detect internal strain within
polymeric materials are usually invasive or destructive and do not allow a real-time in-situ
analysis'®>'%4 A direct and efficient method consists in incorporating in a material molecules
(dyes), which change colors as stresses are applied on the material. This type of system has been
developed since 1986 and already encompasses many examples. For instance, small mechanically
active dyes crosslinked on a polymer backbone have shown color changes under mechanical
deformation?®166167  The dissociation of dyes’ inclusions under mechanical stress leading to
modifications of the photoluminescent properties of the dyes has permitted to detect
deformationst®816%170 QOther example includes fluorescent dyes that have been entrapped within
hollow fibers'’* or encapsulated*’>">174 in polymer shells to improve the detection of damaged
areas in plastics. In the following paragraphs, we will present more in detail some of the most
commonly reported examples of mechanochromic materials as well as their mechanisms of action.

One of the existing technologies permitting the visual detection of material damages is the
incorporation of microencapsulated dyes within polymeric materials as illustrated in Figure 107.
Vidinejevs et al.1”>1"8, Lij et al.1”> and Odom et al.”® have worked on a similar approach. Here we
present the method developed by Li et al. Microcapsules entrapping a yellow dye, the 2°,7’-
dichlorofluorescein (DCF), are dispersed in an epoxy-amine resin (Figure 107 (a) and (b)). Under
a stress such as a compression or a wearing, the microcapsules brake and release their content.
When the DCF enters in contact with the amine groups of the resin, its pH changes and its
originally acid form (yellow) turns basic (orange) and precipitate. The release of the DCF allows
the detection of the deformation by outputting a sharp color change (Figure 107 (c)). This method
enables the detection of cracks as small as 10 microns (size of the small capsules) but requires that
the inside of the capsules reacts with the polymer matrix in which they are embedded.
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| DCF Capsule Coating on Steel |

Figure 107: (a) Schematic representation of DCF- microcapsules embedded in a coating. (b) SEM image of the
DCF-microcapsules. (c) Optical image of epoxy-amine resin doped with DCF-microcapsules coated on an iron
substrate.'7?

Spiropyran is one of the most well-known mechanochromic molecules®>%, Upon
mechanical stress, this molecule isomerizes through the opening of one of its backbone rings. This
change of conformation entails a change of color of the molecules and therefore a change of color
of the polymeric material to which spiropyran is covalently linked. It is important to notice that
the opening of the C-O bond occurs only if the spiropyran is attached to the polymer via the 5 and
8 positions (spiropyran 5,8) as shown in Figure 108 (a). Davis et al.®> have demonstrated that the
increase of the distance between the junction points spiropyran-polymer (SP-polymer) enables the
cleavage of the C-O bond. Indeed, if the spiropyran is only attached to the polymer at the junction
point 8, no cleavage is observed. Figure 108 (b) and (c) shows two examples of mechanochromic
polymers doped with spiropyran 5,8. The first system is an elastomer film made of
polymethylacrylate (PMA). The second system shows beads of polymethylmethacrylate (PMMA).
In the two cases, when the polymers undergo mechanical stress, stretching in the first example and
compression in the second case, a change of color is observed. The intensity of the color change
increases with the mechanical deformation. A contrario, if the spiropyran is only substituted in the
8 position, no color change is observed during deformation of the film or of the beads. This
observation validates the work of Davis et al. In addition, the coloration of the polymer appears
way before the final breakage of the material when the applied stress becomes too important. This
observation highlights the potential of the spiropyran molecules for the detection and mapping of
mechanical strains.
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Figure 108: Mechanochromic spiropyran. (a) Isomerization of the acrylate-spiropyran-acrylate co-polymer under
tensile stress. (b) Color change of a PMA-Spiropyran 5,8-PMA co-polymer film under stretching. The negative
control is a PMA-Spiropyran 8 co-polymer film (c) Colorimetric response of PMMA-Spiropyran 5,8-PMMA co-

polymer beads under compression. Negative control is a PMMA-Spiropyran 8 co-polymer bead*65,
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Fluorescent emission spectroscopy is one of the most promising techniques for tracking
mechanical deformations within a polymeric material. This non-invasive and non-destructive
technique allows in-situ measurements of deformations by recording the optical response of
fluorescent molecules that are sensitive to their environment. The most impressive results were
obtained by the group of Weder!?7178.169.167

Fluorescent molecules (fluorophores) simply dispersed in a polymer matrix can form
complexes called excimers'’®&, The excimers are obtained when a fluorophore in an excited state
complexes with a fluorophore in a ground state. The excimers in an excited state dissociate into
monomers of ground state energy while emitting fluorescent radiation. This excimer fluorescence
has a higher wavelength than the wavelength at which it gets excited, and has a different
fluorescence wavelength than the emission wavelength of its individual excited monomers. When
a polymer film containing excimers is deformed, the excimers complexes are dissociated and the
fluorescence of the film is only due to the monomers. Therefore, the ratio of the excited excimer
emission intensity to the excited monomer emission intensity can be related to the deformation of
the material. The more a polymer film is deformed, the less excimers exist in the deformed areas
and the more intense the emission due to monomers is. Figure 109 shows stretched polyethylene
films containing fluorophores. The excimers fluorescence is mostly observed in the non-stretched
areas whereas the monomers fluorescence is noticed within the stretched area. To be able to form
excimers, the fluorophores have to aggregate in the material. Moreover, in order to see a strong
excimers emission, a high concentration of excimers and therefore an important doping of the film
with fluorophores is required. Crenshaw and Weder'’® have shown that low concentration in
cyano-oligo(p-phenylene vinylene) in polyethylene film generally gives a monomer-induced
fluorescence (at about 500 nm) whereas a higher concentration generally gives an excimer-induced
fluorescence (at about 600 nm).

(a)

BCMB

Figure 109: Images of polyethylene film under UV light (excitation wavelength = 365 nm) mixed with (a) 0.18 wt%
of BCMDB, the green color corresponds to the monomer emission and the red color to the excimer emission and (b)
0.20 wt% of BCMB, the blue color corresponds to the monomer emission and the green color to the excimer
emission’,
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Polymeric materials doped with dyes have demonstrated their strong potential for the
detection of mechanical deformations. However, even if dyes are compatible with a large variety
of polymers (plastics, elastics, rubbery, glassy...) their use has many downsides. Among the most
commonly encountered drawbacks we can mention: the large-scale phase separation between the
dye molecule and the polymer host'’®, the temperature dependent fluorophore emission’®8 and,
in some cases, the necessary crosslinking of the dyes with the host polymer matrix8t,

In this chapter, we suggest an alternative to dyes permitting the detection of deformations
in polymeric materials due to mechanical stresses (tensions, compressions, elongation, etc). We
propose to use plasmonic particles instead of molecules.

Until now, very few studies reported the fabrication of plasmonic-based systems enabling
the visual detection of mechanical deformations. Notwithstanding, we can cite the work of Han
et al.1®2 who have designed in 2014, a colorimetric stress memory sensor based on disassembly of
gold nanoparticle chains. Charged gold nanoparticles are assembled into chains by addition of salts
and are embedded in polymer films. The more compressed the polymer film doped with gold
nanoparticles, the larger the distance between the gold nanoparticles, and the redder the film (see
Figure 110). In this example, the aggregated nanoparticles are metastable and external factors such
as ionic strength or the temperature can break the aggregates and re-disperse the nanoparticles or
lead to a much more severe aggregation (loss of the linear structure...) before their transfer into a
polymer film.

Plasmon coupling

———
o

S
Stress

Figure 110: Polyvinylpyrrolidone-poly(ethylene glycol) film doped with gold nanoparticles chains as a function of
the film compression*®?,

Along this manuscript, we have presented processes to assemble and lock the nanoparticles
at the interface oil/water of an emulsion (formation of a shell, gelling of the internal emulsion
phase...). Especially, in Chapter 3, we have shown the fabrication of several hybrid nanoparticle
polymer microcapsules from Pickering emulsion templates. These microcapsules can be easily
collected and further engineered. In sections 2.2 and 2.3 of this chapter, we show that these
microcapsules can be utilized as optical sensors to detect mechanical deformations in polymeric
materials. The results presented in this chapter were patented (RD_2017_004_US_PSP_2017).
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2.2.The gold-silica microcapsules

In this section, we show that our gold-silica microcapsules can be used as optical sensor to
detect different types of mechanical strains by outputting a color change. The Au-Si microcapsules
are embedded in a polymer matrix further mechanically deformed. The results presented in this
section were accepted for publication in the journal Small (Annex 2).

2.2.1. The gold silica microcapsules synthesis

The Au-Si microcapsules used in this section are synthesized by following the protocol
described in Chapter 3. The synthesis parameters were adjusted to obtain Au-Si microcapsules
with a close packed layer of Au NPs and with a silica shell thick enough to ensure a spherical
shape upon drying. The first step consists in mixing an aqueous phase containing the Au NPs
([Au®] = 0.02 M), butanol (0.1 mL) and HCI (0.2 mL, pH ~ 1) with an oily toluene phase (1.2 mL)
in which polyethoxyorthosilicate (PEOS, 0.2g) is dissolved. The two phases are then strongly
agitated by sonication with a Brandson 3210 ultrasonic bath at 30°C for 15 minutes, forming an
oil-in-water emulsion. By decreasing the electrostatic charges of the nanoparticles, they adsorb
onto the oil droplets (see Chapter 3). Shortly after the sonication, the emulsion exhibits a strong
pink color due to the adsorption of the AuNPs as seen in Figure 111 (a). The emulsion becomes
blue after one day as shown in Figure 111 (b). This change of color proves that nanoparticles
adsorb and get more and more densely packed at the interface as time goes on. The emulsion is
then gently shaken mechanically for a few days to allow the formation of the silica shell by
polymerization of the PEOS at the interface of the emulsion. The microcapsules were recovered,
cleaned and concentrated by simple sedimentation.

Images of the microcapsules formed after 3 days are shown in Figure 111 (c-e). The color,
shape and size of the microcapsules were analyzed by optical microscopy and SEM. The resulting
microcapsules are spherical with dimensions ranging from several hundredths of nanometers to
several tenths of micrometers (4 - 30 um). As seen in Figure 111 (c), the microcapsules present a
deep blue color which comes from a monolayer of densely packed gold nanoparticles on their
surface as shown in Figure 111 (f). Under the high vacuum of the SEM, the gold silica capsules
tend to buckle due to the thin silica shell. The silica shell thickness as measured from SEM images
ranged between 30 and 60 nm.
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e E3

Figure 111: (a-b) Optical microscope images of typical emulsions at 0.02 M of gold at pH ~ 1 right after sonication
and after one day respectively. (c) Optical microscope images of typical microcapsules after polymerization at 0.02
M of gold and pH ~ 1. (d-e) SEM images of dried microcapsules obtained at 0.02 M of gold and pH ~ 1. (f) SEM
image of a typical microcapsule surface covered by Au NPs at 0.02 M of gold and pH ~ 1.

2.2.2. Fabrication of polymer film doped with gold-silica microcapsules

To test the chromatic properties of our gold-silica microcapsules under strain we embedded
these capsules inside a polymer matrix made of PVA (polyvinyl alcohol) to which we applied
different mechanical deformations.

The PVA films preparation follows this protocol: 20 g of a 10 wt% solution of PVA in
water was prepared and degassed. Then the as previously synthesized microcapsules were
concentrated in 1 g of water and dispersed in the PVA solution under gentle stirring to avoid the
formation of air bubbles, which could make the final film inhomogenous and more fragile. The
final polymer-microcapsules solution was left to dry at room temperature for several days.

During the drying step, the silica crust provides the blue microcapsules with enough

rigidity to retain their spherical shape as seen in Figure 3b. Their intrinsic color conferred to the
film a slight blue color as shown in Figure 112.
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Figure 112: (a) Film doped with gold-silica microcapsules. (b) Zoom on one 20 um microcapsules embedded in the
polymer film.

2.2.3. Stretching test

After drying, a uni-axial stretching of the polymer film was then performed using a vise
while heating the film above the glass transition as shown in Figure 113.

Figure 113: Film stretching.
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A magnified view of the elongated polymer film shows pink stretched microcapsules as
seen in Figure 114 (c). This change of color is noticeable by the naked eye and is attributed to the
deformation of the spherical microcapsules into an ellipsoid-like shape. The mechanical
deformation induces an increase of the interparticle distance, as schematically depicted in Figure
114 (d). During the anisotropic deformation, the distance between the Au NPs increases, thus
entailing a color change.

Elongation
Plasmonic blue shift

Figure 114: (a-c) Microcapsules dispersed in dried PVA film: (a) before strain, (b) during strain, (c) after strain.
(d) Schematic representation of the microcapsules shape deformation and visible colors under one-dimensional
mechanical stretching.

To support this observation, the film extinction curve was recorded by spectrophotometry
for different film elongations. The experimental set-up is presented in Figure 115. The film
pinched in the vise is placed in-between two optical fibers. A “background” extinction curve is
measured and recorded on a PVA film which does not contain any Au-Si microcapsules.
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. Optical fiber (light
’ source)

Figure 115: Extinction measurements set-up.

A typical extinction curve at small deformations of microcapsules results from two
overlapping peaks. There is a first small plasmonic peak around 540 nm, indicated by a red arrow
in the inset of Figure 116, which corresponds to single Au NPs and a second broad plasmonic peak
at a higher wavelength. The second peak at a higher wavelength is broad because of the very large
number of dipolar couplings between the randomly-placed Au NPs. As the microcapsules are
stretched, the second peak’s width decreases, its position shifts towards smaller wavelengths, and
its amplitude decreases. The maximum of each extinction curve, Amax, was measured by performing
a crude first assessment of the position of the peak, followed by a more accurate measurement of
the position of the maximum using a second-order polynomial fit around the maximum. Because
the width of the second peak decreases as the particles are elongated, this procedure is fairly
accurate at large deformations and less accurate at low deformations. Amax was plotted as a function
of the strain y = (Lt - Lo)/Lo, Where Lt is the length of the film after each stretching step and Lo is
the initial length of the film before mechanical deformation as seen in Figure 116. The error bars
in Figure 116 reflects the difference in accuracy regarding the measurement of the position of Zmax.
The Amax - Strain curve shows that for small strains (y < 0.3), the film absorbs light in the
red/infrared region (Zmax ~ 850 — 900 nm) of the visible spectrum, thus appearing blue. As the
amplitude of the strains increases, the optical properties of the microcapsules embedded in the film
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change and the maximum of the extinction curve is shifted towards the blue/green visible region
of the spectrum (Amax ~ 540 nm), thus the film appears pink. At very large deformations of the
microcapsules, the second peak of the extinction curve becomes weak in amplitude compared to
the first peak of single particles, and hard to measure as both peaks overlap. At that point, we
consider Amax to be the Amax Of single particles. This is the reason why there is a jump in the Amax -
strain curve in Figure 3e. This jump does not physically exist. imax reaches a plateau when the
absorption of the stretched microcapsules (Amax ~ 540 nm) is close to the absorption of the free Au
NPs in solution (Amax = 527 nm, as represented by the dashed line in Figure 116). The small
difference in the absorption wavelength (~ 13 nm) is due to the silica shell surrounding the particles
knowing to displace the absorbance maximum of gold towards slightly larger wavelengths'®. So
far, we have demonstrated that the plasmon response of our films doped with Au-Si microcapsules
can be shifted from high wavelength number to low wavelength number by an increase of the
average Au NPs interparticle distance through uniaxial strain of the microcapsules.
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Figure 116: Position of the plasmonic peak maximum as the polymer is elongated. Dashed line corresponds to the
wavelength of maximum extinction of the Au NPs in water. Inset: UV response as a function of film strain, black
arrows show where the maxima are detected, the red arrow corresponds to the position of the maximum of
extinction of single Au NPs (the extinction is normalized at 450 nm).
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The incident light can be decomposed into two components using a polarizer. Depending
on the polarization of the light, the optical response of two gold nanoparticles close or far from
each other on a 2D plane shows different plasmon shifts (see Chapter 1). When the polarization is
parallel to the interparticle axis, coupling leads to a strong red shift of the plasmon peak as well as
to an increase of its intensity. When polarization is orthogonal to the interparticle axis, coupling
leads to a light blue shift of the plasmon peak as well as a decrease of its intensity.

The optical response of doped PVA film with Au-Si microcapsules was studied under
polarized light. The extinction of the film was recorded during uni-axial elongation without
polarizer, with polarizer at a 0° angle and with a polarizer at a 90° angle. For these three cases,
the maximum of the plasmon response as a function of the uni-axial strain (y) is plotted in Figure
117. For clarity issues, the error bars are only shown for three points. In parallel polarization, the
jump between 2 < y < 2.5 occurs at lower strain than in perpendicular polarization. At these
strain values, the maxima of the plasmon peak corresponding to single Au NPs (4~ 540 nm) and
of the second peak corresponding to close NPs (1~ 680 nm) have very close. Therefore, we do not
believe the difference observed in the two polarizations can be attributed to optical effects. Thus,
no real changed in the maximum of the plasmon extinction is observed under polarized light
compared to no polarized light. These observations could be coming from the fact that under uni-
axial elongation, not all the Au NPs are isotropically spaced. It is still unclear but possible that in
some areas the distance between the Au NPs decreases while it increases in other regions of the
capsules. More experiments would need to be performed in order to fully understand the complex
coupling between the mechanical deformation of the Au-Si microcapsules and their optical
response.
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Figure 117: Film extinction measurements under polarized light during stretching.
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2.2.4. Impact test

We tested the optical response of PVA films doped with microcapsules under impact. In this
test, a 0.91 kg weight was dropped from several different heights on top of the film. The extinction
was recorded for each impact height and the maximum of the extinction peak was plotted versus
the Kinetic energy of the weight at impact in Figure 118. The graphs show that as the kinetic energy
of the weight at impact increases, the maximum of the extinction of the plasmonic peak shifts from
the red/infrared region (Amax ~ 970 nm) to the green/blue visible region of the spectrum (Zmax ~ 540
nm). Interestingly, at low impact energy, the analysis using the spectrophotometer exhibits a very
small shift of the maximum of the plasmonic peak that cannot be detected by the human eye
(circled in black on film on top picture, Figure 118). At higher kinetic energy of impact, the human
eye is capable of seeing the area of impact by noticing a red spot at the impact zone as displayed
in Figure 118 by the two bottom pictures.
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Figure 118: Position of the plasmonic peak maximum as a function of kinetic energy of impact. Inset: UV response
as the polymer is impacted (the extinction is normalized at 420 nm).
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2.2.5. Perforation test

The last test involves the perforation of the film using a paper puncher. As a hole is poked in
the film, the polymer film undergoes very large strains in the vicinity of the hole (white dashed
circle in Figure 119 (a)). Observations under an optical microscope show that the microcapsules
lying far from the hole remain undisturbed and spherical and thus display a blue color as seen in
Figure 119 (b), whereas these located close to the edge of the perforation are likely deformed into
an ellipsoidal shape as indicated by their purple (Figure 119 (c)) and pink color (Figure 119 (d)).
Nearby the hole, a color gradient from blue spherical microcapsules to pink elongated
microcapsules is observed as imaged in Figure 119 (e).

‘ Blue spherical
: capsules
‘ : Purple elongated

capsules

Pink elongated
dv capsules

Figure 119: (a) Picture of the pinched polymer film with embedded microcapsules. (b-d) Optical microscope
pictures of the microcapsules after pinching: (b) far from the hole, (c) closer to the hole, (d) nearby the hole, (e)
gradient of color observed nearby the hole.

2.2.6. Au-Si microcapsules film aging

Polymer materials age with time!8+1818 Usually, a combination of external factors such
as temperature, exposure to ultraviolet light, visible light, humidity or liquids entails structural
changes within polymers. Generally, the softer a polymer is, the more flexible its polymer chains
are, and the more prone it is to aging. Silica and PVA are not free from these effects and it is
interesting to know whether or not the Au-Si microcapsules in PV A exhibit identical response to
the same mechanical stresses in time.

In this part of the manuscript, we check the aging behavior of Au-Si microcapsules
embedded in a PVA polymer matrix. The film is left at room temperature for several months and
the film optical response was measured as a function of strains at two different aging times (2
weeks and 5 months). The film extinction curve was recorded by spectrophotometry for different
strain values. Then, the maximum of each extinction curve, Zmax, Was plotted as a function of strain
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y as shown in Figure 120. At both aging times, for very small strains (y < 0.2) the film absorb light
at similar high wavelengths (800 < Amax < 900 nm). Since the color of the microcapsule is related
to the gold interparticle distance, at small strains, the Au NPs are still very close to each other at
both aged times. For larger strains, 0.2 <y < 2, after long time aging, the film absorb light at higher
wavelengths than at short time aging. Thus, it seems that, for identical elongation, the gold
nanoparticles of the microcapsules embedded in the film for two weeks are brought further apart
than the gold nanoparticles of the microcapsules embedded in the film for 5 months. It is possible
that during aging the silica shell become glassier and breaks more easily into small pieces during
elongation requiring larger strains to fully separate the AuUNPs embedded in these pieces. At very
large strains, y > 2, both optical profiles collapse onto each other and the film absorb light at low
wavelengths Amax ~ 540 nm meaning that the gold nanoparticles are well separated. This
experiment shows that aging process impacts the optical response of the Au-Si microcapsules
during mechanical deformation.

The observed absorbance shift is here attributed to the AuSi microcapsule aging but one
must not forget that the PVA film can also age and impact the overall mechanical response of the
system to external strains. To surely demonstrate that the observed optical shift mostly comes from
a change in the microcapsules structure the aging of the PVA film itself should be studied.
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Figure 120: Optical response of the doped film at different aging time.
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To conclude this section, we have evidenced the synthesis of plasmonic-based
microcapsules, which can be used as strain sensors. Our approach is based on the dense packing
of Au NPs at the surface of emulsion droplets. By solidifying the interface with PEOS, we obtained
solid capsules made of Au NPs embedded in a silica crust. As the Au NPs are densely packed at
the surface of the capsules, the microcapsule plasmon resonance is shifted towards the red region
of the visible spectrum (Amax ~ 900 — 950 nm). Moreover, when embedded in a polymer film any
applied mechanical strain is found to deform the capsules, bringing the Au NPs further apart,
therefore changing their extinction properties and underlying color. This is demonstrated by three
experiments: a uniaxial strain, an impact test and a perforation test. It has to be highlighted here
that despite the broad distribution of the particles size and microcapsules dimensions, our
prototypical sensory device is sensitive enough to enable the detection of a color change by
spectrophotometry arising from very tiny deformations not detectable by the eye.

2.3.The gold-acrylate microcapsules
2.3.1. Gold-acrylate microcapsules synthesis

The preparation of Au-acrylate microcapsules used in this section is based on the synthesis
effort presented in Chapter 3. An aqueous phase containing the Au NPs ([Au®] = 0.02 M) and HCI
(50 pL) is mixed with a toluene phase (0.5 mL) in which acrylate monomers (MMA 0.11g and BA
0.11g) and AIBN (0.12 M) are dissolved. The two phases are strongly agitated by sonication with
a Brandson 3210 ultrasonic bath at 30°C for 15 minutes, forming an oil-in-water emulsion. By
tuning pH to decrease the charges of the nanoparticles, a Pickering emulsion is formed. Shortly
after the sonication, the emulsion exhibits a strong pink color due to the adsorption of the AuNPs
as seen in Figure 121 (a). The polymerization is carried out at 60°C. The emulsion becomes blue
after one hour as shown in Figure 121 (b) proving that Au NPs adsorb and get more and more
densely packed at the interface during time. The polymerization is pursued for another hour to
allow the formation of a polymer shell at the interface of the emulsion.

Images of the microcapsules are shown in Figure 121 (c) and (d). The color, shape and size of
the microcapsules were analyzed by optical microscopy and SEM. The resulting microcapsules
are spherical with dimensions ranging from 10 to 60 um. As seen in Figure 121 (c), the
microcapsules have a deep blue color which comes from a monolayer of densely packed gold
nanoparticles on their surface as shown Figure 121 (e). Under the high vacuum of the SEM, the
gold acrylate capsules remain spherical (see Figure 121 (d)). The polymer shell thickness as
measured from SEM images is in the order of 100 nm.
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Figure 121: (a-b) Optical microscope images of typical emulsions at 0.02 M of gold at pH ~ 1 right after
sonication, after one hour of polymerization and after polymerization respectively. (c) Optical gold-acrylate
microscope images of typical microcapsules at 0.02 M of gold and pH ~ 1. (d) SEM images of microcapsules

obtained at 0.02 M of gold and pH ~ 1. () SEM image of a typical gold-acrylate microcapsule surface covered by
Au NPs at 0.02 M of gold and pH ~ 1.

2.3.2. Fabrication of elastic films doped with elastic microcapsules

To test the chromatic properties of our gold-acrylate microcapsules under strain we
embedded these capsules inside an elastic polymer matrix made of latex beads coalescing upon
drying at room temperature to which we applied different mechanical deformations.

The elastic films preparation is the following: 1.5 mL of a mixture of polyacrylate/polyvinyl
acrylate beads at the ratio 10/90 by weight (50% solids) in water was prepared. The polyvinyl
acrylate beads by themselves gave a very tacky film. The combination of both latexes provided
elasticity and smoothness to the film. Then 0.25 mL of the as-previously synthesized gold-acrylate-
microcapsules were dispersed in the latex solution under gentle stirring to avoid the formation of
air bubbles. The final polymer-microcapsules solution was bar coated on a plastic substrate and
was left to dry at room temperature overnight. The final thickness of the film is in the range of 500
microns to 1 millimeter depending on the bar used.

During the drying step, the gold-acrylate microcapsules retain their overall spherical shape as seen
in Figure 122 (a). At such concentration of microcapsules in the film, the film is colorless and
transparent but the concentration of microcapsules can be increased by a folder 100 and at that
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concentration the film exhibits a very strong blue color due to the microcapsules color as shown
in Figure 122 (b) and (c).

Figure 122: (a) Zoom on a latex film at low concentration in gold-acrylate microcapsules. (b) Color of the latex
film at high concentration in capsules and (c) magnified view of the microcapsules embedded in this film.

2.3.3. Stretching test

The optical response of the gold-acrylate microcapsules was tested under uni-axial and bi-
axial elongation. The films were elongated manually. The first results presented in Figure 123
show that the blue spherical gold acrylate microcapsules are elastic and can be stretched up to
400%. Upon uni-axial strain (400%), the microcapsules are elongated and turn purple as presented
in Figure 123 (b). Upon bi-axial strain (400% in the horizontal direction and 200% in the vertical
direction), the microcapsules turn pinker. When the stretch is 400% in both directions, the
microcapsules turn fully pink. In all cases Figure 123 (b), (c), (d), when the stress is released, the
deformed microcapsules recover their spherical shape and the return to their initial blue color as
illustrated in Figure 123 (a). More accurate experiments will be conducted with a bi-axial vise
recently ordered. The optical response of the gold-acrylate microcapsules will be recorded during
stress and release of the stress applied on the microcapsules.

20 pm

Figure 123: Polyacrylate microcapsules (a) before deformation, (b) after uni-axial elongation, (c-d) after bi-axial
deformation.
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In this section, we have shown that gold-acrylate microcapsules can be used as optical
sensors to detect mechanical deformations in polymeric materials. Due to their elastic polymer
shell, they can deform and relax upon application and release of strains. We have demonstrated it
with a bi-axial stretching experiment.

2.4.Plasmon-based mechanochromic microcapsules vs other strain sensors

To establish the great potential of the Au-Si and Au-acrylate microcapsules as strain
sensors, we are presenting in Table 2 their advantages and drawbacks and we compare them with
the existing technologies presented earlier in the section 2.1.

Techniques Advantages Drawbacks
- On/Off sensor, no correlation
between strain and color
- Easy synthesis - Needs to react with the polymer
Dye encapsulated172 - Allows the detection of small cracks matrix to show a color change
(~10 pm) - Dye synthesis is not
straightforward
- Aging
- Must be covalently attached to
- Straightforward relation between the support
Spiropyranles’166 strain and optical response - Spiropyran synthesis is not
- Compatible with numerous polymers straightforward
- Aging
- Fluorophore synthesis is not
- Technology applicable to numerous straightforward
polymers - Temperature dependent emission
Excimersl79:180 - Stra_ightforwa_rd _relation between - Fluorophores can react with
strain and emission polymer matrix
- Allow the detection of small and large | -  Work at high concentration
strains - Quenching
- Aging
- Gold chains can easily
Au NPs chains in - Facile chain assembly disassemble, not compatible with
182 - Straightforward relation between many polymers
polymer strain and optical response - Gold is expensive
- Aging
- Very easy synthetic process
- Microcapsules are easily collected and
incorporated in many types of
Plasmon-based polymer - Complex optomechanic coupling
mechanochromic - Very sensitive optical response - Microcapsules’ aging
microcapsules - Allow the detection of small and large | -  Gold is expensive
strains
- One microcapsule = one
mechanosensor

Table 2: Plasmon-based mechanochromic microcapsules vs other technologies.
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This quick comparison shows that the plasmon-based silica and acrylate microcapsules
cumulate many advantages that other technologies only partially offer. However, more work must
be done to improve the understanding of their complex optomechanic coupling.

3. Optical pH sensors

3.1.Current technologies

pH is a very important parameter in many applications such as cosmetics, pharmaceutics,
food-processing industry, etc. Optical pH sensors allowing the fast in-situ visual measurement of
pH by outputting a color is of particular interest. Even if pH sensors are commonly used, the
development of pH sensors which are sensitive, accurate, work on a large pH range, biocompatible
or stable over a long time is of technological importance.

Optical pH sensors use pH indicator dyes which have distinct absorption (color) or
fluorescence depending on their acidic (protonated) or basic (deprotonated) forms. A change of
concentration of the hydronium ions H30" (pH) modifies the optical response of the dyes. It is
important to understand the difference between electrochemical and optical determination of pH.
The electrodes allow to determine the concentration of hydronium ions in agqueous solutions
whereas the optical techniques allow to measure the concentration of the acid and basic forms of
the pH indicator used.

Optical pH measurements of solutions containing an indicator use the Henderson-
Hasselbalch equation (see Equation 20). This equation can be used in the case of dilute solutions
where the ions concentration is below 0.1 M. At higher ionic concentrations, the activity must be
used instead of the concentration in Equation 20.

[A7]
[AH]

pH = pK, + log( )

Equation 20: Henderson-Hasselbalch equation. [A7] and [AH] are the concentrations of the basic and acid form of
the pH indicator, respectively. pKa is the negative logarithm of the acid dissociation constant K.

Most optical pH sensors consist of dyes immobilized in a hydronium ion-permeable solid
matrix which can interact reversibly with the hydronium ions. The indicator molecules can be
adsorbed, entrapped, covalently bonded*®” or encapsulated® in the support matrix. Depending on
the type of matrix and indicator, each pH sensor has a different measurable pH range. The pKa, of
the indicator is located at the center of this range. In the following pages, we present two examples
of dyes that can be used as optical pH sensor.
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Polyaniline polymer can be used to optically detect changes in pH*®". The imine nitrogen
groups of the polyaniline are protonated in acidic conditions or deprotonated in basic conditions.
(see Figure 124 (a)). The position of the maximum of absorption of the polyaniline polymer shifts
from 750 nm in acidic solution to 575 nm in basic solution (see Figure 124 (b)). During protonation
and deprotonation, a reversible color change from green to purple is observed. This color change
is reversible. The absorbance was recorded at 575 and 750 nm over the pH range from 2 to 12.
The apparent pKa of the polyaniline polymer was found to be around 6.7 (see Figure 124 (c)).
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Figure 124: (a) Polyaniline base and protonated forms. (b) Absorption spectra of Polyaniline films in (A) 0.1 M
sodium hydroxide and (B) 0.1 M HCI solutions. (c) Maximum of the absorption spectra of polyaniline film as a
function of the pH*#7.

pH-sensitive fluorescent dye (SNARF-1-dextran) loaded in polyelectrolytes microcapsules
(see Figure 125 (a)*®) can serve as optical pH sensor. The emission wavelength of this fluorescent
dye depends on pH. In its acidic form, the dye emits green and in its basic form the dye emits red
(Figure 125 (b) and (c)). Magnetite NPs can be incorporated within the polyelectrolyte layer to
recover the capsules by magnetic separation at any time. Moreover, the polyelectrolytes multi-
layer can be functionalized with another dye bringing another asset to the system.
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Figure 125: (a) Scheme of the capsules containing the dye (SNARF-1-dextran) (b) Fluorescence spectra of the
fluorescent dye in water measured at different pH values. (c) Overlay of phase contrast and fluorescence
microscopy images, capsules in acidic (green) and alkaline (red) pH*,

The optical pH sensors based on the use of dyes are not always very efficient. Indeed, when
dyes are entrapped within a polymer matrix, they can leach outside which limits sensor stability
and make their long term use impractical'®’. When dyes are covalently attached to the polymer
matrix or encapsulated, their sensitivity (response to pH change) can be reduced®®”°188 Therefore,
other methods are still needed to measure pH optically. An alternative to dye molecules based on
the use of Au NPs has been contemplated by several research groups. Among them Shen et al.*8
as well as Tokavera et al.'>® used the distance-dependent optical properties of Au NPs to design
new generation of plasmon-based pH sensors.

Dual responsive gold nanoparticles coated with Nipam-terminated hyperbranched
polyglycerols (HPG-Nipam) were synthesized by Shen et al.*®. The Figure 126 shows the stability
of the Au NPs as a function of pH and temperature. Due to the thermo-and pH-responsive HPG-
Nipam polymer, Au NPs are sensitive to pH and temperature. When pH > pK, of the Nipam amine
(see Figure 126 (a)), the amine group is deprotonated whereas when pH < pKa of the amine, the
amine group is protonated in a quaternary ammonium ion. As for PNipam, the solubility of HPG-
Nipam polymer in water depends on temperature (T). When T < LCST, HPG-Nipam polymer is
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soluble in water whereas when T > LCST, there is a phase separation between the solvent and the
HPG-Nipam polymer. When temperature and pH are increased, initially well dispersed Au NPs
aggregate. Aggregation is due to the increase of the polymer hydrophobicity coming from the
desorption of the water molecules solubilizing the polymer chains (temperature effect) and the
concomitant reduction of the charges (deprotonation of the ammonium ions) (pH effect). This
aggregation is characterized by a large red shift of the Au NPs surface plasmon peak induced by a
strong interparticle coupling when the nanoparticles are close to each other (see previously in
chapter 1).

CH3 DH P ——

10 25 , 55

Figure 126: (a) Nipam (N-isopropylacrylamide) formula. (b) Ilustration of effects of pH and temperature on dual-
responsive Au NPs coated with polyglycerol-Nipam *#°.

Tokareva et al.’® have designed a similar type of nanosensor based on Au NPs plasmon
response. Their system is schematized in Figure 127 (a). Polymer brushes (carboxyl group-
terminated poly(2-vinylpyridine)) are anchored on the Au NPs on one end and on a substrate
bearing gold nanoislands on the other end. An increase or a decrease in pH causes the brushes to
shrink or swell respectively. The brushes swell due to the increase of the charges inside the
polymer brushes which stretch out by electrostatic repulsion and solvation. The swelling of the
polymer leads to an increase of the distance between the Au NPs and to a shift of the plasmon
response of the nanosensor towards the lower wavelength in Figure 127 (b). The maximum of the
plasmon peak as a function of pH presented in Figure 127 (c) shows that 50% of the polymer is
protonated at pH ~ 3.8 which correspond to 50% swelling of the polymer brushes. The swelling
process is reversible.
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Figure 127: (a) Hlustration of the reversible pH change-induced swelling of Au NPs-coated P2VP. (b) Absorption
spectra of the nanosensor at pH 2 and 5. (c) Absorption maximum and thickness of the polymer brush as a function
of the pH*S,

Based on these concepts of polymer swelling and plasmon coupling we show in section
3.2.1 of this chapter how the gold-acrylate microcapsules can be used as optical pH sensor.

3.2.pH responsive gold-acrylate microcapsules

In this part, the pH sensitivity of gold-acrylate microcapsules synthesized as presented in
section 2.3.1 is tested.

3.2.1. pH sensitivity of Poly(acrylic acid)

Polymers holding carboxylic acid/carboxylate ions such as poly(acrylic acid) are known
for their swelling propertiest®®191:192.193 The swelling of such polymer matrix is due to three main
phenomena illustrated in Figure 128.
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Figure 128: Polymer matrix swelling.
)} When pH > pK_ of the carboxylic acid, these carboxylic acid groups lose their protons

and turn into their conjugate bases, the carboxylate ions as illustrated in Figure 129.
These carboxylate ions repel each other electrostatically.

/O\ /O\
)K pH>pK, -H )K
R E—H - H R 0] )

pH<pK, +

Carboxylic acid Carboxylate ion

Figure 129: Carboxylic acid/carboxylate ion equilibrium. R represents an alkane group.

) The hydrated cationic counter ions (in the case of our example, Na*) enter the polymer
matrix to equilibrate the osmotic pressure between the outside media and the polymer
matriX. lons are said hydrated due to the clustering of water molecules in their vicinity.

i) Free water molecules penetrate inside the matrix.

Then, the polymer matrix relaxes to an equilibrium state (tensile stress release) by ejecting water
molecules from its matrix.

The swelling of a polymer matrix bearing carboxylic acid groups non-exhaustively depends
on the number of carboxylic groups, the pH, the type of counter ions!®! (in particularly their size
when hydrated), the polymer backbone chemical and mechanical characteristics®?> (number of
reticulation points, type of monomer units, polymer conformation, etc).
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3.2.2. Gold-acrylates microcapsules response to pH

As | explained in Chapter 3, the gold-acrylate microcapsules (MMA/BA, 50/50 wt%) shells
bare methacrylic acid and acrylic acid groups due to the hydrolysis of their respective acetate
groups under very acidic conditions. These carboxylic acid groups can turn into their conjugate
bases by increasing the pH of the media in which they are dispersed above their respective pKa.
The pKa of methacrylic acid is 4.7 and the one of acrylic acid is 4.11%. The pKa of polymer made
of methacrylic acid monomers and the pKa of polymer made of methacrylic acid monomers are
different than the pKa of their respective monomers. Indeed, the dissociation of carboxylic acid on
polymer chains is strongly influenced by the dissociation of the neighboring carboxylic acid!®,
Once a carboxylic acid has been deprotonated on the polymer chain, the neighboring carboxylic
acid is harder to deprotonate. While the pKa value is unique and well-defined for a monomeric
acid; weak polyelectrolytes such as poly(acrylic acid), usually display an apparent broad pKa
distribution with a mean apparent pKj, value larger than that of its monomeric constituent.!®> The
mean apparent pK, of poly(acrylic acid) is 5.41% and the one of poly(methacrylic acid) is 5.7%%.
Based on these pKa values, we expect half of the acrylic acid and methacrylic acid groups within
the gold-acrylate microcapsules to be deprotonated at pH above 6.

The gold-acrylate microcapsules (MMAJ/BA, 50/50 wt%) swelling behavior was recorded
by optical microscopy imaging. These microcapsules initially dispersed in water at pH = 1 were
inserted in a capillary and the pH of the dispersion was gradually changed by adding a sodium
hydroxide (NaOH, 10 M) solution at pH = 14 on one end of the capillary. The goal of this
experiment is to slowly establish a change in pH in the capillary. After the NaOH solution is
deposited, hydroxyl ions diffuse in the capillary (see Figure 130). We observe the behavior of the
capsules as pH increases in the capillary. Figure 131 shows that at the beginning of the experiment,
the microcapsules dispersed in a very acidic water are blue (Figure 131 (a)) and as the NaOH
diffuses within the capillary, the color of the microcapsule is changed from blue to pink/red (Figure
131 (b-d)). By adding a concentrated solution of NaOH, the pH increases above the pKa of both
acrylic acid and methacrylic acids, thus the carboxylic acids are transformed into carboxylate ions.
Concomitantly, the sodium ions and free water molecules penetrate the polymer matrix causing it
to swell. The swelling of the microcapsules entails an increase of the inter-particles distance and
therefore a change of color of the microcapsules.

Objective

Diffusion v '
of NaOH t pH~1
Light

Figure 130: Schematic illustration of the local pH change.
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Figure 131: Gold-acrylate microcapsules swelling. Initially in acid solution (pH=1). The pH is slowly changed by
flowing a solution of sodium hydroxide (pH=14) from left to right (a-e).
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A magnified view onto a larger gold-acrylate microcapsule better illustrates the change of
color during diffusion of sodium hydroxide (pH = 14, 10 M) in the dispersion of microcapsules
(see Figure 132). Before addition of the base, the microcapsule is blue and spherical (Figure 132
(a)). As the base is added and diffuses from left to right inside the capillary, the blue microcapsule
changes color and gradually turn pink/red (Figure 132 (b-j). A close look at the red area on the
microcapsule shows that the microcapsule slightly deforms (Figure 132 (b-e)) during the increase
of pH. This deformation is attributed to the swelling of the microcapsule.

=0s r =10s ' =13s l =16s i =20s
| =24s =27s =29s =32s .s

Figure 132: Gold-acrylate microcapsules swelling. Initially in acid solution (pH = 1). The pH is slowly changed by
diffusion of a solution of sodium hydroxide (pH = 14, 10! M) from right to left (a-j). The diameter of the
microcapsule is 82 um.

The way color and diameter change as a function of time as pH increases is analyzed by
videomicroscopy. The analysis is done on a 13 um microcapsule and the results are shown in
Figure 133. The diameter was measured by adjusting a circle on a capsule. Color was quantified
using the intensity of the red (R), green (G) and blue (B) channels on the CCD of the color camera.
The microcapsule diameter increases by about 10% as pH increases. This small increase in the
diamater of the microcapsule is enough to induce a drastic change of color. The R, G, B color
analyses show that as the microcapsule is swelling, it becomes redder and less blue and green.
Once the microcapsule stops to swell, the red, blue and green colors remain constant. These
observations show that gold nanoparticles are brought further apart when the microcapsules swell.
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Figure 133: RGB temporal analysis on a 13 um gold-acrylate microcapsule changing color while flowing a solution
of NaOH (10! M) inside the capillary containing the microcapsule.

We can estimate the average increase of the distance inbetween the nanoparticles present
on the microcapsules during swelling (see Figure 134).

Let’s work with the 13 pum size microcapsule. The know parameters are listed below:

r = radius of the Au NPs ~ 20 nm.

s = interparticle distance. Estimated to be about 2 nm on blue microcapsules from SEM
images.

R = radius of the blue microcapsule = 6.6 pm.

R’ = radius of the red microcapsule after swelling = 7.1 um.

¢ = packing fraction of the Au NPs on the microcapsules

The parameter s’ is the interparticle distance after swelling. It is the distance we want to estimate.

Assuming that the nanoparticles are equally wet by the ater and by the oil phase (6 = 90°), the
number, N, of Au NPs on the sphere of diameter D is estimated by:

Surface sphere

cross section AuNPs * ¢

3 4 R?
om(r +5)?
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After swelling the number of Au NPs on the microcapsules is the same but the diameter of
the microcapsules, R’, and the distance in-between the Au NPs, s, are larger.
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For an initial distance s ~ 2 nm between gold nanoparticles, we find s’ ~5 nm. The increase
of the interparticle distance for the 13 um size microcapsule is about 150% during swelling.

Swelling

Deswelling

Absorb in red

i Absorb in blue/green
Blue microcapsule

Red/pink microcapsule

Figure 134: Increase/decrease of the interparticle distance during swelling/deswelling of a gold-acrylate
microcapsule.
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Based on the work of Myroshnychenko et al.}*¢, we calculated the extinction of two gold
nanoparticles for different interparticle distance s. We repeated the caculation for Au NPs of
diameter 30, 40 and 50 nm (see Figure 135). We chose these diameters because most of the Au
NPs assembled on the microcapsules have a diameter between 30 and 50 nm . The results suggest
that the maximum of the extinction is located at 850 nm when the Au NPs are separated by a
distance of about 0.2 nm. The maximum of the extinction is shifted to 550 nm when the distance
between the Au NPs reaches 6 nm. Here the increase of the interparticle distance is about 2900%
which is far from the 155% obtained before. The observed discrepancy can come from the fact
that the curves shown in Figure 135 are obtained considering only two nanoparticles. This does

not mimic the real system in which the Au NPs on surface of the microcapsules have multiple
neighbors.
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Figure 135:Maximum of the extinction peak for two Au NPs with a diameter of either 50, 40 or 30 nm separated by
a distance s. The environment containing the Au NPs is silica.

3.2.3. Reversibility of the color change

The color change is reversible (see Figure 136). We demonstrated the reversibility by
performing the following experiment: pH was changed alternately by injecting in the capillary
containing the microcapsules a droplet of solutions of NaOH (pH = 14, 10! M) and HCI (pH =1,
101 M) in a sequential way. The addition of NaOH brings the pH above the pKa of the carboxylic
acids and triggers the microcapsule swelling and change color from blue to pink. The addition of
HCI brings the pH below the pKj of the carboxylic acids, the carboxylic acid form dominates and
the microcapsule shrinks and changes color from pink to blue. Three color cycles blue-pink-blue
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and pink-blue-pink were performed on the same microcapsule. For each cycle, the microcapsules
change color and then return to their initial color. We did not perform more cycles but it seems

that our microcapsules are resistant to multiple swelling/shrinking transitions.

4
4
4
4

/ A,
/ \\
/ \ i
/
/
/
’ \\ ,'
b3 i ’

A 4

Time

Figure 136: Reversibility of the color change by changing the pH back and forth. Three full cycles blue-pink-blue
and three full cycles pink-blue-pink were performed. The blue microcapsule in solution at pH=1 turns pink by
adding sodium hydroxide at pH = 14. It turns back from pink to blue by adding HCI at pH = 1. The diameter of the
microcapsule is 64 um.

3.2.4. Color as a function of pH

Buffer solutions at different pH (1, 3.2, 4.9, 7.1, 7.6, 9.1, 10.1, 10.8, 13.6) were prepared
(see Table 3) and the gold-acrylate microcapsules were re-dispersed in these solutions. Multiple
optical microscope images of the microcapsules were taken at the different pH and the mean
intensities of the three colors red, blue and green of the microcapsules were plotted as a function
of pH. Figure 137 shows the mean intensity by color channels. A transition at pH ~ 8.2 is observed.
At pH below 8.2, the intensity of the blue color is the highest. At pH above 8.2, the intensity of
the red color dominates the blue and green color intensities. This transition is more obvious in
Figure 138 showing the red mean intensity normalized by the blue intensity as a function of pH.
Figure 139 show the typical color of the microcapsules at different pH. In this figure, each
microcapsule is different and comes from a different buffer solution. This explains the variation in
the size of the capsule. At pH < 8.2, the microcapsule is blue, whereas at pH > 8.2, the microcapsule
is pink/red.
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pH Citric acid (0.75 M) NazHPO4 (1.5 M)
3 19.86 mL 513 mL
5 12.12 mL 12.87 mL
7 4.42 mL 20.58 mL
7.6 1.58 mL 23.42 mL
pH Na2COs (0.75 M) NaHCOs (0.75 M)
9.2 2.5mL 22.5mL
10.8 22.5mL 25 mL
9.9 125 mL 12.5mL

Table 3: Buffer solutions.
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Figure 137: Mean intensities of the red blue and green colors of the gold-acrylate microcapsules as a function of
pH.
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Figure 138: Red mean intensity normalized by the blue mean intensity as a function of pH.
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Figure 139: Typical gold-acrylate microcapsules’ color as a function of pH.

In this section, we have demonstrated that gold-acrylate microcapsules can serve as pH
sensors because they have the property to swell when the pH of the solution in which they are
dispersed is above the apparent pKa of the polymer capsules. Experimental results show a very
sharp transition at large pH ~ 8.2. To better understand the optical response of the gold acrylate
microcapsules as a function of the pH, many characterizations still have to be carried out. Amongst
them, chromatography and NMR analyses to estimate the number and weight average molecular
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weight of the polymer forming the shell and how much monomers are left inside the oil phase in
case the polymerization is not total. Moreover, the quantification of the carboxylic acid groups
formed on the acrylate polymer shell have to be done. This is an important parameter to know
about because it is responsible for the swelling behavior of the microcapsules. Indeed, depending
on the number of acrylate and acrylic acid groups on the polymer chain, the pKa of the polymer
will vary!®®. Bendejack et al.'® showed that upon grafting of hydrophobic groups non ionizable in
water (such as styrene) onto poly(acrylic acid), the apparent pKa of the polymer chains increases
(see Figure 140). Because of these added hydrophobic units, the overall polymer solubility in water
decreases and it is even harder to ionize the polymer acid groups.
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Figure 140: (a) Titration of poly(acrylic acid) and poly(styrene-stat-acrylic acid)®®.

3.3.pH responsive microcapsules vs other pH sensors

In this part, we compare the pH responsive gold-acrylate microcapsules with other optical
pH sensors. Giving a full overview of all the other existing technologies is out of the scope of this
manuscript. However, the examples chosen here already enable us to establish the performances
of the gold-acrylate microcapsules.
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Techniques Advantages Drawbacks
- : - Agin
Polyaniline - Easy synthetic process - Hg/stgresis of the optical

- Straightforward relation between pH and

optical response response during pH cycles

polymer films **’ _
- Sensor not mobile

- Straightforward relation between pH and - Dye encapsulated has a
Fluorescent dye optical response lower sensitivity than
188 - Can be used in numerous applications “free” dye
encapsulated - High local concentration of sensor molecules | -  Photo-bleaching
- Mobile sensors - Aging

Au NPs coated with | _ Polymer synthesis not straightforward - Gold is expensive
Polyglycerol- - Small variation of the optical response as a P

Nipamt® function of the pH - Ading
. E hesi - Gold is expensive
Plasmon responsive | -  Easy synthesis _ - Hysteresis
| brushes®® | Small variation of the optical response as a - Agin
polymer brushes function of the pH ging .
- Sensor not mobile
- Very sharp color transition at a specific pH - Complex optomechanic
Plasmon-based - Facile synthesis coupling
microcapsules - Mobile sensors - Microcapsules’ aging
- One microcapsule = one pH sensor - Gold is expensive

Table 4: pH responsive microcapsules vs other technologies

The pH responsive plasmon-based microcapsules differentiate themselves from all the
other pH sensor technologies by providing a very sharp change of color at a specific pH. However,
additional experiments must be carried out to improve the understanding of the complex optical
response of these microcapsules when pH is changed.

4. Conclusion

In this chapter, we have used the protocols established in Chapter 3 to synthesize two types of
plasmonic microcapsules sensors. Our approach is based on the control of dense packings of Au
NPs at the surface of emulsion droplets by tuning the charge of the nanoparticles. By forming a
silica crust at the interface of the emulsion, we obtained capsules made of Au NPs embedded in a
solid shell. By polymerizing acrylate monomers at the interface, we obtained elastic hydrogel
microcapsules made of Au NPs embedded in a polymer shell.

We have shown two potential applications of the gold-silica and gold-acrylate microcapsules.
Both types of microcapsules can be used as optical sensors to detect mechanical deformations. The
hard silica mechanochromic shells mixed in paints, fabrics or polymers can be used to gather local
and/or global information about the material in which they are incorporated. It allows the early
detection of cracks or bullet/rock impact locations. The gold-acrylate microcapsules could be used
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to study polymeric material resistance through mechanical stress-release cycles. For instance, they
could be incorporated within the miniature models of bridges or buildings to study the response of
these constructions to wind blow, weight, etc. The elasticity of the gold-acrylate microcapsule will
allow to study the mechanical behavior of these constructions once the stress is released. The gold-
acrylate microcapsules can also be used as optical pH sensors. Indeed, due to the carboxylic acid
groups present on their polymeric shells, these microcapsules have the property to swell upon pH
increase above the pKa of the carboxylic acids. These micron size capsules could find applications
in living systems such as biofilms where change in pH occurs.

Our lab scale synthesis allows the fabrication of billions of microcapsules in a few milliliters
of solution, each one of them being one optical sensor by itself. This number could be easily
increased by scaling up our fabrication process.
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Conclusion and perspectives

In the last few decades, nanoparticles have attracted lot of attention from the scientific
community. Indeed, arising from their small sizes, nanoparticles have unique physical and
chemical properties. When ordered into two- or three-dimensional architectures, these small
particles offer new collective optical, magnetic, and electronic properties. The objective of this
Ph.D. work was to assemble particles in bulky tridimensional materials and dispersed spherical
materials.

In the first chapter, we presented two types of metallic nanoparticles: the gold and silver
nanospheres. We introduced the concept of plasmon resonance. We saw that the absorption of light
by these nanoparticles depends on their size, shape, environment and interparticle distance. Then,
we described the most commonly used methods for the synthesis of spherical silver and gold
nanoparticles. Finally, we presented several methods to assemble nanoparticles. At first, we
focused on the assembly of particles in bulky tridimensional materials by microfluidic
pervaporation. Then, we explained how dispersed spherical materials can be obtained from the
self-assembly of particles on emulsion droplets.

In the second chapter, we concentrated dispersions of micro- and nano-particles in
microchannels by pervaporation of water through a thin PDMS membrane. Different types of
particles were assembled by this technique: small metallic particles (40 nm gold nanoparticles)
and larger polymer particles (0.5 um and 1 pum polystyrene particles). Through our studies, we
observed that the concentration of salts in the dispersion of particles can destabilize the particles
during their concentration inside microchannels. In that case, the particles assemblies did not show
any specific order. On the contrary, when particles do not aggregate during their concentration,
they organize in superb hexagonal crystals. With the technique of microfluidic pervaporation we
obtained crystalline packings of gold nanospheres and of spherical latex micron-size particles. This
powerful technique did not only allow us to organize nanoparticles in dense arrays but it did allow
us to tune the size, shape and geometry of the final assemblies. Our results widen the horizons as
to the fabrication of new optomaterials such as electromagnetic metamaterials, photonic bandgap
structures and high refractive index materials.

In the third chapter, we demonstrated the successful synthesis of dispersed plasmonic
microcapsules. Our approach was based on controlled packings of plasmonic nanoparticles at the
surface of emulsion droplets by tuning the charge and wettability of the metallic nanoparticles. By
solidifying the interface with PEOS or acrylate monomers, we obtained capsules made of NPs
embedded in a hard silica crust or in a soft polyacrylate shell. The nanoparticles were highly
packed in the shell. In the case of gold nanoparticles, the nanoparticles were so close to each other
that they absorbed light at a higher wavelength. In the case of silver nanoparticles, the polymer
layer capping the particles prevented them from getting very close and plasmon coupling between
the particles was not observed. The color of the silica microcapsules was tuned from yellow to
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blue by mixing Au and Ag NPs in different ratios. Moreover, we established the conditions for
which the microcapsules are resistant to drying. It depends on the oil polarity and on the
concentration of PEOS. In future work, other types of nanoparticles such as nanophosphors and
quantum dots could be combined with gold nanoparticles, to synthesize microcapsules, which
would exhibit not only a color change but a fluorescence change when stretched. Dyes could also
be polymerized within the shell.

In the fourth chapter, we showed that the hybrid plasmonic microcapsules present direct
real-life applications. First, we demonstrated that the gold-silica microcapsules can be used as
optical sensors to detect mechanical deformations. Indeed, when these microcapsules are
embedded inside a polymer matrix, upon stretching of the polymer, the microcapsules color
changes from blue to red. A change of color was also observed when the polymer film doped with
the microcapsule was impacted and pinched. This phenomenon is due to the increase of the spacing
between the nanoparticles during elongation. The gold-silica microcapsules could be used for the
early detection of cracks or bullet/rock impact locations. Second, we showed that the elastic gold-
acrylate microcapsules exhibit a reversible color change upon stress and release of the stress. Gold-
acrylate microcapsules can also be used as optical pH sensors. Indeed, due to the carboxylic acid
groups present on their polymeric shells, these microcapsules have the property to swell when pH
increases above the pKa of the carboxylic acids. These micron size capsules could find applications
in living systems such as biofilms where changes in pH occur. In the future, other types of
plasmon-based microcapsule sensors could be engineered. These sensors could measure change in
temperature, humidity or pressure through a color change.

The fabrication process of all the plasmonic microcapsules is very easy. Via this method
we make billions of microcapsules, each one of them being one optical sensor by itself. This
process could easily be scaled up for commercial applications. However, before reaching this
stage, many details remain to be understood. For instance, a better comprehension of the complex
optomechanical properties of the microcapsules is needed. Why do we have such large plasmon
peaks? Also, an overall greater characterization of the microcapsules physico-chemical properties
is required (number of acrylic acid groups in the acrylate polymer shell, polymer chains lengths,
degree of polymerization, elasticity of the shell, etc). Furthermore, the size-dispersity of the
microcapsules can be greatly improved. Microfluidics is technique that we will use to synthesize
highly monodisperse microcapsules. Finally, a great need exists as for measurements of local
stresses in materials. We believe that our microcapsules could help filling this need: we plan on
investigating the optical response of elastic microcapsules to stresses.
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Annex 1: Characterizations

Chromatography analysis: Size exclusion chromatography was conducted on two
Oligopore columns in series with an Agilent refractive index detector in negative polarity. The
mobile phase used was toluene at a flow rate of 1 mL/min. The sample was dissolved in toluene
at a concentration of 1%. Calibration with polystyrene standards was used to estimate the
molecular weight. The analysis gave M, = 766 g/mol, My = 1235 g/mol and PD =1.61.
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Figure 141: Chromatogram of PEOS.

NMR analysis: The sample was analyzed in *H and *3C on a Bruker Avance 500 MHz, after
dilution in CDCls. Standard conditions have been used to record NMR experiments. NMR spectra
of PEOS sample are shown in Figure 142 and Figure 143. They are compatible with the expected
molecule. An addition of EtOH (ethanol) has been done in the PEOS sample in order to validate
the different signal assignments. The so obtained spectra are compared with the one from the PEOS
alone. Two environments are clearly observed in both *H and **C spectra, a main one resulting
from the PEOS (1.2 and 3.8 ppm in *H/ 17.8 and 59.1 ppm in *C), a minor one resulting from the
presence of EtOH (certainly from a partial hydrolysis of the PEOS, detected at 1.1 and 3.7 ppm in
'H/18.3 and 58.1 ppm in 1C).
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Figure 143:*C-NMR spectra of PEOS.
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Plasmonic-Based Mechanochromic Microcapsules as
Strain Sensors

Céline. A. 5. Burel, Ahmed Alsayed, Ludivine Malassis, Christopher B. Murray,
Bertrand Donnio, and Rémi Dreyfus*

E fficiently detecting mechanical deformations within materials s critical in a
wide range of devices, from micro-electromechanical systems to larger structures
in the aerospace industry. This communication reporis the fabrication of new
mechanochromic micrometer-size capsules enabling the detection of strains. These
microcapsules are synthesized wsing an emulsification approach. They are made
of densely packed gold nanoparticles embedded in a spherical silica crust. Billions
of these composite spherical microcapsules are fabricated in a single batch. Each
microcapsule is an opto-mechanosensor by itself, and can easily be recovered and
incorporated into polymer films. When the films are stretched, the microcapsules
are deformed into elongated ellipsoidal shapes and the distance between the Au
NPs embedded in their shells concomitantly increases. As the extinciion of Au NFPs
depends on the separation between the Au NPs, microcapsules exhibit different colors
when they are elongated. These novel sensitive microcapsules can be used to detect
and measure strain in polymer films by outpuiting color information.

Polymeric materials such as plastics, composites, and coatings
are commonly used in many daily applications. These mate-
rials may be subject to high stresses, which can lead to defor-
matons, defects, or cracks and entail the dimmution of their
performances."3 Therefore, an efficient and reliable way to
detect carly strain is of high interest.
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Traditionally, most of the methods used to detect internal
strain within polymeric films have mainly been invasive,
destructive, and have not allowed for real-time in situ anal-
ysis["7] Recently, more direct and efficient techniques for
the wvisual detection of deformations have been developed.
These methods are based on the wse of dye molecules, which
arc cither cncapsulated P crosslinked with the polymer
matrixc2 or ncorporated as simple additives within the
polymer matrix[4-18] However, in many of these cases, the
mechanochromic efficiency of the dispersed dyes depends on
many factors including the type of polymer matrix, external
parameters such as the temperature, an optimal phase sepa-
ration between the dyes and the polymer host, and on the
concentration of the dyes themselves[17-1]

Very recently, o new generation of optical sensors, which
respond to mechanical strains have been developed. They
are based on gold nanoparticles of which localized plasmon
rescnance maximum depends on surrounding environment
and interparticle distance.?™ ¥ Very few examples of those
sensors cxist and they rely on cither assembling nanogold
by lithography using classical top-down approaches 24 or
on careful tuning of the particle dispersion ionic strength. [2%]
Though very precise and efficient, these sensors lack
versatility because their efficiency depends on the particle

www.small-journal.com

170

[1o0f7) 1701925



o925 (2 of7)

s communicafions

compatibility with the polymenc substrates. Plasmonic-
based micro or nanosensors that could be casily dispersed
in a very diverse set of media such as polymer materials
could have enormous impact in detecting and measuring
in situ strains. Such sensors could lead to myriad applica-
tions where the early detection of deformations is critical:
in small objects such as NEMS (nanoelectromechanical
systems) or MEMS (microclectromechanical systems), also
in small parts used in the airline and space industry, and in
large objects such as dams or bridges In those applications,
the detection of the damages from the very carly stage
would leave the possibility to repair or replace the material
before irreversible deterioration and possible catastrophes
OCCUE.

In this communication, we present a novel kind of strain
sensors made of gold nanoparticles (Au NPs) embedded
in silica microcapsules. We demonstrate how their optical
properties respond to various mechanical stresses and how
they can be used to detect and measure local deformations
in materials. Briefly, these microcapsules are obtained from
Pickering emulsions made of Au NPs adsorbed at an oilf
water emulsion interface.|*7] Then a silanization reaction
forms a silica crust around the Au NPs locking the nano-
particles at the interface and giving the final shape to the Au
MPs-silica {Au-5i) microcapsules, also named {Au-5i) colloi-
dosomes P After insertion of the capsules in a stretchable
polymer film, we detect a change in color of the microcap-
sules upon mechanical stress due to the shift in the plas-
monic extinction maximum of the Au-S1 microcapsules. The
results presented in this work thus widen the horizons with
regard to designing the next generations of optomechanical
sensors based on the optical coupling between plasmonic
nanoparticles.

The preparation of Au-51 microcapsules is illustrated in
Figure 1. The first step consists in mixing an agueous phase
containing the Au NPs with an aily toluene phase in which
poelyethoxyorthosilicate (PEOS) = dissolved as schemati-
cally shown in Figure la. The two phases are then strongly
agitated by sonication, forming an oid-in-water emulsion. We
found that with the right conditions, that we will descnbe
and explain, the Au NPs adsorb onto the oil droplets, as seen
in Figure 1b.c, to form so-called Pickering emulsions. These
emulsions are stable with no coarsening. To obtain this stable
Pickering emulsion, three condittons have to be fulfilled:
{1} Au NPs in the vicinity of droplets must adsorb at the
interface by reaching a minimum of encrgy, (u) the solution
should contain enough Au NPs to cover the emulsion drop-
lets, and (i) the encrgy barrier hindering adsorption of Au
NPs must be lowered. These three conditions guided our syn-
thesis protocol.

{1} Adsorption ar the interface. The adsorption of the Au NPs
at the water/oil interface results from a decrease in the
system free energy P Equation (1) shows the free
energy of adsorption of a nanoparticle from the inter-
face, where 1, is the cil/water interfacial tension (in our
Case, Yo, = 37.1 mN m-1L7 & 15 the three-phase contact
angle between the solid and the oiliwater interface; B &=
the radius of the nanoparticles:
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It is clear from Equation (1) that particles are best
adsorbed at the interface for 6, = 90°, when particles have
equal affinity for cil and water. To tune this property, the Au
NPs were partially functionalized with poly(diallyldimethyl-
ammoniumupitrate-co-1-vinylpyrrolidone  (PYP-DADMAN,
full structural formula available in Figure S1 of the Sup-
porting Information). PYP is a neutral amphiphilic polymer
known to adsorb onto gold nanoparticles™* The long
backbone of the PYP results in increased hydrophobicity of
the functionalized Au NPs. therefore facilitating the adsorp-
tion of the particles at the toluene/water interface by bringing
the contact angle closer to 90°.

{n} Number of nanoparticles. The number of nanoparticles
necessary to form a stable Pickering emulsion can be ap-
proximately estimated from Eguation (2) where Ny is the
number of Au NPs needed to cover droplets of radius B
with particles of radius r, fis the packing density of the
particles and V is the total volume of the oil dispersed
phase:

= T @

The above cguation is obtained by assuming that the
nanoparticles are equally wet by the water and oil phases. An
estimation shows that for 1 mL of dispersed phase, a surface
packing fraction f = 0.74, nanoparticles of 40 nm in diameter,
and colloidosomes of 10 pm in diameter; =10' Ao NPs are
needed. However, the most common methods used to syn-
thesize monodisperse 40 nm Aw NPs use metal-ion assisted
reduction, work at low concentration in gold salt, or require
multiple syntheses steps!*~** Therefore we chose to follow
an easicr synthesis approach at larger scale, adapted from
the method explored by Malassis et al!*! and described in
the Experimental Section. This straightforeard one-step syn-
thetic method using PYP-DADMAN as an Au NP capping
agent led to polydisperse gold nanoparticles measured by
transmission electron microscopy { TEM) image analyses. The
mean diameter d was d =40 nm + 25 nm. Interestingly, in this
size range, the polydispersity does not alter much the optical
response of the particles. This is consistent with the theo-
retical results of Myroshnychenko et al 1?1 which show that
in this range of Au NP diameters and surrounding refraction
index, the position of the extinction peak shifts in a range of
200 nm. For these reasons, the polvdispersity does not affect
the pesition of the plasmonic peak but resulis in a small
broadening of the peak. Indeed, the plasmonic peak max-
imum of this dispersion = at the same position as that of a
moncdisperse 40 nm dispersion of gold nanoparticles synthe-
sized using traditional seed growth method (synthetic process
available in the Supporting Information).*! TEM images,
histograms, and extinction spectrum of the gold nanoparticles
size distributions for monodisperse 40 nm particles and for
our new synthetic method can be found in Figures 52-54 of
the Supporting Information.
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Figure 1. 3) Schematic representation of the formation of gold—silica microcapsules, b—c) Optical microscope images of typical emulsions at 0,02 m
of gold atpH = 1 right after sonication and after one day, respectively, d) Optical microscope images of typical microcapsules after poly merization
at 0,02 w of gold and pH = 1, e,f) SEM images of microcapsules obtained at 0,02 m of gold and pH = 1, g) SEM image of a typical microcapsule

surface covered by AuNPs at 0,02 m of gold and pH =~ 1,

(i) Decrease of an energy barrier. Malassis ct al. have shown
that bare Au NPs were stable duc to the presence of re-
sidual negative charges from ascorbic acid at their sur-
face.[**] Above pH =4, Au NPs appear to be weakly nega-
tively charged (£ potential = -5 mV') and well dispersed in
water showing a sharp plasmon peak (A= 527 nm) and a
red color as shown in the left picture of Figure 2. Below
PH =4, AuNPs scem to have no charge (£ potential = 0 mV)
and therefore flocculate forming a blue solution as seen in
the right picture of Figure 2 which has a large red-shifted
plasmon peak (A= 720 nm). By decreasing the pH below
4, the charges at the droplets surface are decreased thus
cancelling any clectrostatic repulsion and enabling the
adsorption of Au NPs at the oil/water interface.

With all these three requirements fulfilled, we are able
to synthesize an Au NPs-stabilized emulsion. Shortly after
the sonication, the emulsion exhibits a strong pink color due
to the adsorption of the AuNPs as scen in Figure 1b. The
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emulsion becomes blue after one day as shown in Figure lc.
This change of color proves that nanoparticles adsorb and get
more and more densely packed at the interface. The emul-
sion is then gently shaken mechanically for a few days to
allow the formation of the silica shell by polymerization of
the PEOS at the interface of the emulsion. PEOS is a very
hydrophobic hyperbranched silica polymer (SEC (size exclu-
sion chromatography) chromatogram, molecular weights, and
polydispersity available in Figure S5 of the Supporting Infor-
mation) soluble in oil only. PEOS hydrolyzes at the emulsion
interface and condensates to form a silica shell embedding
the nanoparticles **l After a day, the silica shell is visible by
optical microscopy. It takes 3 d to fully convert the PEOS to
a thin silica film because of the slow interfacial sol-gel reac-
tion under acidic condition.® Images of the dricd micro-
capsules formed after 3 d are shown on Figure 1d-g. The
color, shape, and size of the microcapsules were analyzed by
optical microscopy and scanning electron microscopy (SEM).
The resulting microcapsules are sphencal with dimensions
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Figure 2. Plasmonic response of Au NPs solutions [Au] = 0.57 x 107 u
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the same concentration. Inset: plasmonic peak maximum as a function
of the pH (flled circular points) and Zeta potential of the Au NPs at
fAu| =0.57 % 107 m as a function of the pH (square unfilled points).

1000

ranging from scveral hundredths of nanometers to several
tenths of micrometers (4-30 um). As seen in Figure 1d. the
microcapsules present a deep blue color which comes from
a monolayer of densely packed gold nanoparticles on their
surface as shown in Figure 1g. Under the high vacuum of the
SEM, the gold silica capsules tend to buckle due to the thin
silica shell. The silica shell thickness as measured from SEM
images ranged between 30 and 60 nm.

To test the chromatic propertics of the microcapsules,
they were dried in a polymer matrix (PVA: polyvinyl alcohol).
which can be further mechanically deformed. During the
drying step. the silica crust provides the blue microcapsules
with enough rigidity to retain their spherical shape as seen in
Figure 3a. Their intrinsic color conferred to the film a slight
blue color. After drying, a uniaxial stretching of the polymer
film was then performed (Sce the Experimental Section
for more information). A magnified view of the clongated
polymer film displays pink stretched microcapsules as seen in
Figure 3c. This color change is noticeable by the naked cye
and s attributed to the deformation of the spherical micro-
capsules into an cllipsoid-like shape along with the increase
of the interparticle distance. as schematically depicted in
Figure 3d. Indeed, during this anisotropic deformation, the
distance between the Au NPs increases. thus entailing a color
change. To support this hypothesis, the film extinction curve
was recorded by spectrophotometry for each stretching step.
A typical extinction curve at low deformations of microcap-
sules results from two overlapping peaks. There is a first small
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Figure 3. a-c) Microcapsules dispersed in dried PV film: 2) before
strain, b) during strain, ¢) after strain. d) Schematic representation
of the microcapsules shape deformation and visible colors under 1D
mechanical stretching. &) Position of the plasmonic peak maximum as
the polymer is elongated. Dashed line comesponds to the wavelength
of maximum extinction of the Au NPs in water. Inset: UV response as
a function of film strain, black arrows show where the maxima are
detected, the red amow corresponds to the position of the maximum
of extinction of single Au NPs (the extinction is normalized at 450 nm).

plasmonic peak around 540 nm. indicated by a red arrow in
the inset of Figure 3¢, which corresponds to single Au NPs
and a second broad plasmonic peak at a higher wavelength.
The second peak at a higher wavelength is broad because
of the very large number of dipolar couplings between the
randomly placed Au NPs. As the microcapsules are stretched,
the second peak’s width decreases, its position shifts toward
smaller wavelengths. and its amplitude decreases. The max-
imum of cach extinction curve, Aq,,. was mecasured by per-
forming a crude first assessment of the position of the peak,
followed by a more accurate measurement of the posi-
tion of the maximum using a sccond-order polynomial fit
around the maximum. Because the width of the second peak
decreases as the particles are clongated. this procedure is
fairly accurate at large deformations and less accurate at low
deformations. A_,, was plotted as a function of the strain
¥=(L,— L VL, where L, is the length of the film after cach
stretching step and Ly is the initial length of the film before
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mechanical deformation as seen in Figure 3e. The error bars
in Figure e reflect the difference in accuracy regarding the
measurement of the position of 4. The &, ~strain curve
shows that for small strains (y < 0.3), the film absorbs light
in the redfinfrared region (A, = 850900 nm) of the vis-
ible spectrum, thus appearing blue. As the amplitude of the
strains increases, the optical propertics of the microcap-
sules embedded in the film change and the maximum of
the extinction curve is shifted toward the blue/green visible
region of the spectrum (Aq,y = 340 nm), thus the film appears
pink. At very large deformations of the microcapsules, the
sccond peak of the extinction curve becomes weak n ampli-
tude compared to the first peak of single particles, and hard
to measure as both peaks overlap. At that point, we consider
Amax to be the Ap,. of single particles. This is the reason why
there is a jump in the 4 —strain corve in Figore 3e. This jump
does not physically exist. & reaches a plateau when the
absorption of the stretched microcapsules (A = 540 nm) is
close tothe absorption of the free Au NPs in solution (A, =
527 nm, as represented by the dashed line m Figure 3e). The
very small difference in the absorption wavelength (=13 nm )
is due to two phenomena: first, the silica shell surrounding
the particles is known to displace the absorbance maximum
of gold toward slightly larger wavelengths[*9 and second, the
absorbance maxima positions of the PVA film slightly shift
to longer wavelength with increasing strain.*! The observed
decrease of peak height extinction during stretching is attrib-
uted to the decrease of film thickness.*] So far we have dem-
onstrated that the plasmon response of our films doped with
Ausi microcapsules can be shifted from high wawvelength
number to low wavelength mumber by an increase of the
average Au MPs interparticle distance through uniaxial strain
of the microcapsules.

Finally, we tested the optical response of PVA films
doped with microcapsules for two other mechanical defor-
mations, namely impact and perforation tests. For the impact
test, a 0.91 kg weight was dropped from several different
heights on top of the film. The extinction was recorded
for cach impact height and the maximum of the extincton
peak was plotted versus the kinetic encrgy of the weight
at impact in Figure 4a. The graphs show that as the kinetic
energy of the weight at impact increases, the extinction of
the plasmonic peak shifts from the redinfrared region
(A = 970 nm) to the greensblue visible region of the spec-
trum (4 = 540 nm). Interestingly, at low impact energy, the
analysis using the spectrophotometer exhibits o very small
shift of the maximum of the plasmonic peak that cannot
be detected by the human eve (circled in black on film on
top picture, Figure 4a). At higher kinetic energy of impact,
the human eye is capable of seeing the area of impact by
noticing a red spot at the place of the impact zone as dis-
played m Figure 4a, bottom picture.

The second test consists in perforating the film. As a
hole is poked in the film, the polymer film undergoes very
large strains in the vicinity of the hole (white dashed circle
in Figure 4b). Obscrvations under an optical microscope
show that the microcapsules Iying far from the hole remain
undisturbed and spherical and thus display a blue color as
scen in Figure 4c, whereas those located close to the edge
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Rgure 4. a) Position of the plasmonic peak maximum as a function of
kinetic energy of impact, Inset: IV response as the polymer is im pacted
{the extinction is normalized at 420 nm). b) Picture of the pinched
polymier film with embedded microcapsules, c—&) Optical microscope
pictures of the microcapsules after pinching: o far from the hole,
d) closer to the hole, & nearby the hole,

of the perforation are likely deformed mto an ellipscidal
shape as indicated by their purple (Figure 4d) and pink color
{Figure 4e).

In conclusion, we have evidenced the synthesis of plas-
monic-based microcapsules, which can be used as stram sen-
sars. Our approach is based on controlled dense packing of
Au MNPs at the surface of emulsion droplets by tuning the
charge of the nanoparticles. By solidifying the interface with
PEOS, we obtained solid capsules made of Au NPs embedded
in a silica crust. As the An MPs are densely packed at the
surface of the capsules, the microcapsule plasmon resonance
is shifted toward the red region of the wisible spectrum
(A = 900-950 nm). Moreover, when embedded in a polymer
film any applecd mechanical strain is found to deform the cap-
sules, bringing the Au MPs further apart, therefore changing
their extinction propertics and underlying color. This is
demonstrated by three experiments: a uniaxial strain, an
impact test, and a perforation test. It has to be highlighted
here that despite the broad distribution of the particles size
and microcapsules dimensions, our prototypical sensory
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device is sensitive enough to enable the detection of a color
change by spectrophotometry ansing from very tiny defor-
mations not detectable by the eye. Moreover, our lab scale
synthesis allows the fabrication of billions of microcapsules,
cach one of them being one opto-mechanosensor by itself.
This number could be easily increased by scaling up our fab-
rication process. The underlving industrial potential appli-
cations are numerous. For instance, such mechanochromic
shells mixed in paints, fabrics, or polymers could be used to
gather local andior global information about the material
they have been embedded in; allowing the carly detection
of cracks or bullet’rock impact locations. Preliminary resulis
showed that our method is not limited to Au NPs only, but
can be applied to other types of nanoparticles. Silver nano-
particles, nanophosphors, or mixtures of nanoparticles
can alko be embedded in microcapsules shells potentially
bringing other new functional properties to the microcap-
sules bearing them.

Experimental Section

Materials: Gold () chlodde trihydrate (99.9%, Sigma-
Aldrich), r-ascorbic acid (9%, Sigma-Aldrich), PEOS (Scientific
Polymer Products Inc), hydrochloric acid (ACS reagent, 37%,
Sigma-Aldrich), toluene (Chromasole Plus, 99.9%, Sigma-Aldrich),
1-butanol (ACS reagent, $9.4%, Alfa Aesar), polyviny] alcohol (PVA,
SB%, Sigma-Aldrich)., polyidiallyldimethylammoniumnitrate-co-
1vimylpyrrolidone (PVP-DADMAMN, Sobvay). Deionized water was
used for all experiments unless specified otherwise.

Gold Nanaoparticles Synthesis: The Au NPs used in this proce-
dure were synthesized by reduction of HAuCly with ascorbic acid in
presence of PVP-DADMAN. A solution of 5.7 = 107 u PYP-DADMAN
and 2.5 « 107" m HAuCl, was brought to boil. Then, 12.5 mL of
ascorbic acid (0.1 M) was added. The solution protected from light
by aluminum foil was stirred for 1 h at 97 "C. After synthesis, the
Au NPswere left to rest for one day to remave the biggest nanopar-
ticles. The rest of the dispersion was centrifuged and concentrated
into a few milliliters solution.

Micocopsules Synthesis: 0.2 g of PEQS was diluted in 1 mL of
toluene. The water phase of the emulsion contains a solution of
diapered Au NPs with 0.2 mL of HCl and @.1 mL of butanol. The oil
and water phases were emulsified together with a Brandson 3210
ultrasonic bath at 30 *C for 15 min. After 3 d, the silica shell was
fully formed. The microcapsules were recovered, cleaned, and con-
centrated by simple sedimentation.

P¥A Films Preparation, Strefching, and Perforafion: 20 g of a
10wt% solution of PVA in waterwas prepared and degassed. Then
the as- previously synthesized microcapsules were concentrated in
1 g of water and dispersed in the PVA solution under gentle stirring
to avoid the formation of air bubbles, which could make the final
film inhomogeneous and more fragile. The final polymer-microcap-
sules solution was left to dry at room temperature for several days.
Stretching experiments were performed using a vise while heating
the film above the glass transition. Perforation experiments were
performed using a paper puncher.

Electron  Microscopy: SEM was performed on JEOL 7500
HRSEM. The samples were prepared by air drying under ambient
conditions by laying a drop of microcapsules dispersion in water
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on an electron microscopy science carbon-coated copper grid. TEM
was carried out on a |EOL JEM-1400 electro-microscope. The accel-
erating voltage was sat at 120 k.

Optical Chorocterizations: Optical microscopy images were
acquired on an Olympus microscope in bright field and transmis-
sion mode. Optical extinction spectra were recorded in transmis-
sion mode using & Cary 5000 spectrophotometer.

pH Megsurements: The pH of the Au NPs solutions was meas-
ured with & VWR Scientific digital pH temperature meter {model
8015).

Feta Potential Measurements: The Zeta potential of the gold
nanoparticle solutions (Au®) = 0,574 = 10°% wand [NaCl] = 107 w)
in function of the pH was measured on a Zetasizer Nano Serie 200.

Chromatography Analysis: Size exclusion chromatography was
conducted on two OligoPore columns in series with an Agilent
refractive index detector in negative polarity. The mobile phase
used was toluens at 1 mL min? flow rate. The sample was dis-
solved in toluene at @ 1% concentration. Calibration with pobysty-
rene standards was used to estimate the molecular weight.
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Abstract

Nanoparticles (NPs) assembled into two- or three-dimensional architectures offer new collective optical,
magnetic and electronic properties. For instance, closely packed gold (Au) and silver (Ag) nanoparticles absorb
light at higher wavelength than when they are far apart.

In the first part of this thesis, the technique of microfluidic pervaporation is used to assemble micron size
latex particles and gold NPs in bulky materials of controlled dimensions. By reducing the concentration of salts
in the particles dispersions, the particles organize in hexagonal crystals. Millimeter-long materials of small well-
organized densely packed particles are collected, offering solid groundwork as for the design of new functional
microscale optomaterials.

In the second part of this thesis, the assembly of NPs on droplets is used to fabricate dispersed materials.
By tuning the charges and wettability of gold and silver NPs, they adsorb and pack at the surface of emulsion
droplets. A subsequent polymerization at the interface of the emulsion allows to lock the NPs inside an organic
shell. NP-silica and NP-polyacrylate microcapsules are obtained by that process. The mechanical and optical
properties of the microcapsules are tuned by the type and thickness of the organic shell and by the type of NPs
and distance between the NPs. In well-defined conditions, novel microcapsules responsive to mechanical
deformations and pH variations are engineered. Upon elongation, the Au NP-silica microcapsules change color.
Upon increase of pH, the Au NPs-polyacrylate microcapsules swell and change color. The change of color of the
different microcapsules is due to the increase of the distance between the Au NPs during the deformation of the
capsules. Each one of the microcapsules being one sensor by itself, these results pave the way as for the design
of new microscale sensors.

Résumé

Les nanoparticules (NPs) assemblées en architectures bi- ou tri-dimensionnels présentent de nouvelles
propriétés optiques, magnétiques et électroniques collectives. Par exemple, des particules d’argent (Ag) ou d’or
(Au) absorbent la lumiére a des longueurs d’onde plus grandes lorsqu’elles sont compactées que lorsqu’elles sont
éloignées.

Dans la premiére partie de cette thése, des microparticules de latex et des nanoparticules d’or sont
assemblées par la technique de pervaporation microfluidique afin de former des matériaux denses aux dimensions
contrdlées. En réduisant la concentration en sels contenus dans les dispersions de particules, ces derniéres
s’organisent en cristaux hexagonaux. Des matériaux millimétriques constitués de petites particules densément
ordonnées sont collectés, offrant ainsi une base solide quant a la conception de nouveaux optomatériaux
fonctionnels a 1’échelle micrométrique.

Dans la seconde partie de cette thése, des NPs d’or et d’argent sont assemblées sur des gouttes d’émulsion
afin de fabriquer des matériaux dispersés. En contrdlant les charges et la mouillabilité des particules, celles-ci
s’adsorbent et se compactent en surface de gouttes. Les NPs sont ensuite fixées dans une croiite organique par
une polymérisation a I’interface de I’émulsion. Des microcapsules NP-silice et NP-polyacrylate sont obtenues
par ce procédé. Les propriétés mécaniques et optiques des microcapsules sont ajustées en modifiant le type et
I’épaisseur de I’écorce organique ainsi que le type et la distance entre les NPs. Dans des conditions bien définies,
des microcapsules innovantes sensibles aux déformations mécaniques et aux variations de pH sont obtenues. Les
microcapsules Au NP-silice changent de couleur lorsqu’elles sont étirées. Les microcapsules Au NP-polyacrylate
gonflent et changent de couleur lorsque le pH augmente. Le changement de couleur des différentes microcapsules
est di a "augmentation de la distance entre les Au NPs lors de la déformation des capsules. Chacune de ces
microcapsules étant un capteur a elle toute seule, ces résultats ouvrent la voie vers la conception de nouveaux
capteurs a 1’échelle micrométrique.




