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Introduction

During the past decades, developments in the fabrication of stimuli responsive materials
have opened new ways and possibilities towards novel technologies in a vast range of fields
including high-tech electronics, medical diagnostics, cosmetics and many more. The interest
behind the synthesis of such materials lies on their exclusive properties sensitive to external
stimulus e.g. temperature responsive transporters in drug delivery.

Since nanotechnological applications depend on the structural properties and organization
of nanoobjects, the driving force for nanoscience today is the development of new synthetic
procedures, which allow to control over these properties. As a results, this instigated interest in the
field of polymeric assembled structure. This project addresses the use of different assembled
structures (lyotropic aggregates, hydrogels, liquid crystals) based on dendritic polymers for the
synthesis of gold nanohybrid materials.

Although the synthesis of gold nanoparticles with control in size, shape and dispersion is
one of the most investigated subjects in the last century, it is still a today’s attracted topic especially
in the context of emerging nanoscience and nanotechnology with nanoparticles. Dendritic
polymers have high molecular weights, globular structures and a lot of intramolecular cavities,
showing superb capability in the synthesis of monodispersed and ultra-stable nanoparticles. In
addition, dendritic polymers can be modified to reach stimuli-responsive core-shell architectures
which are able to regenerate self-assembled structures presenting ideal candidates for soft-
templating of nanoparticles.

In the literature we find different kinds of core-shell structures based on dendritic polymers
by both covalent and non-covalent grafting approaches. Nanohybrid materials may be formed by in
situ synthesis of gold nanoparticles within host structures or ex situ method through doping of gold
nanoparticles with host structures. Chapter 1 is a literature overview, describing the above
strategies. This account on prior research allowed us to evaluate the required improvements over
existing systems and identify desired materials that have not yet been described. The principal
objectives are disclosed in the closing section of this overview.

In Chapter 2, we address the synthesis of thermoresponsive core-shell polymers, their
organization in diluted aqueous solution and their use as stabilizer for gold nanoparticles as well as
medium for the in situ synthesis of the latter. Chapter 3 will present the study on hydrogel states
of these thermoresponsive core-shell polymers and their use as soft-template for the in situ
synthesis of gold nanoparticles.

Chapter 4 covers the studies on liquid crystal phases resulted from ionic interaction
between dendritic core and surfactants as well as their use as soft-template for the in situ synthesis
of gold nanoparticles.

Chapter 5 gives an account on the formation of polyion complex based on dendritic core
and ionic (thermoresponsive) copolymers and the studies on their responsiveness to external
stimuli such as pH, ionic strength and temperature.

Finally a general conclusion will close this thesis.
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I. Core-shell architectures based on dendritic polymers

A. Dendritic polymers

Polymeric materials can be designed to reach various compositions, architectures and
functionalities. Among them, dendritic polymers have attracted considerable interest as
nanomaterials over the past 30 years. This class of polymers offers significant different
physical properties as well as chemical features compared to linear polymers but also to
cross-linked polymer networks: they possess a globular form, a large number of surface
functional groups, internal voids as well as high solubility, thermal stability, low viscosity.
Dendritic polymers may be further subdivided into three categories based on their
architectures: dendrimers, hyperbranched polymers and dendrigrafts [1]. Thank to these
outstanding properties, dendritic polymers have been used as the key starting materials for
the preparation of more complex polymer structures [2]-[5]. Table 1.1 gives the main
characteristics of the different families of dendritic polymers compared to their linear

polymers counterpart.

Table I.1. Main features of hyperbranched polymers, linear polymers, dendrigraft polymers
and dendrimers (adapted from [1])

Polymers Linear Hyperbranched  Dendrigraft Dendrimer
A Y’A
Structure VoAU e W N ::-_.'-‘f.-.l.:. ; ]
B s e -;7, A I T‘f
AR N S ¥ ';";jllu'{ ;a_\"fQ\‘ :
Topology 1D, linear 3D, ellipsoidal 3D, ellipsoidal 3D, globular
. One-step, One-step, cost- Multistep,
h . 1 .
Synthesis easy effective Several steps laborious
Purification Precipitation  Precipitation Precipitation Chromatography
Polydispersity
Index > 1.1 > 2.0 ~11(<1.5) 1.0 (<1.05)
Degree of
branching (o} 0.4-0.6 0.6-0.7 1
Molecular cavity No Yes Yes Yes
Entanglement Strong Weak Weak Very weak
Viscosity High Low Low Very low
Functional group At two ends Atlinear and Atlinear and At terminal units

terminal units

terminal units
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1. Dendrimers

Dendrimers are highly branched, star-shaped macromolecules with nanometer-scale
dimensions. Dendrimers are defined by three components: a central core, an interior
dendritic structure (the branches), and an exterior surface with functional surface groups
(Scheme I.1).

Branching

/ units

Core

/ moiety
\ Void

spaces

\ Surface

groups

Scheme I.1. Schematic representation of a dendrimer

The varied combination of these components yields products of different shapes and
sizes with shielded interior cores that are ideal candidates for applications in both biological
and material sciences. While the attached surface groups affect the solubility and chelation
ability, the varied cores impart unique properties to the cavity size, absorption capacity, and
capture-release characteristics. The perfect and ideally branched structure of dendrimers
results in high molecular weight, monodispersed globular topology polymers, as well as high
solubility, thermal stability and low viscosity. To achieve such elaborate dendritic structures
requires lengthy and multistep synthesis using either a large amount of reagents to push
reactions toward completion or extensive purification by chromatographic techniques to
remove by-products. There are two defined methods of dendrimer synthesis, divergent
synthesis and convergent synthesis (Scheme I.2).
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Scheme I.2. Convergent and divergent methodologies for the synthesis of dendrimers [1]
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2, Hyperbranched polymers

Efforts to mimic the structural features of dendritic architectures in a more
synthetically efficient manner have resulted in the production of hyperbranched polymers
(HBP). HBPs are typically produced by one-pot polymerization of ABx monomers. Although
the statistical nature of the polymerization results in polydisperse products and branching
imperfection within structure, the methodology can deliver a three-dimensional topology
analogous to that of dendrimers. As a consequence of the globular structure, hyperbranched
polymers deliver many of the beneficial features of the dendritic structures such as high
solubility, thermal stability, low viscosity, large number of surface functional groups as well
as internal voids.

Degree of branching (DB) is a quantitative indication of the branching perfectness for
hyperbranched polymers. Therefore, the DB value of dendrimers is 1. DB value of HBP is
often between 0,4-0,6. Its value is evaluated from Equation I.1 and necessitate the knowledge
of the number of dendritic, linear and terminal units involved in the polymer structure (noted
d, l and t respectively) (Figure 1.1)
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Figure I.1. Schematic architecture of the hyperbranched polymer prepared from an AB2
monomer

d+t

DB = ———
d+l+t

Equation I.1. Degree of branching, where d, 1 and t stand for the numbers of branched, linear
and terminal units in the molecule, respectively.

As depicted in Scheme 1.3, two methodologies have been developed to prepare HBP
via polymerization of monomers in one-pot reaction (bottom up ideology) using single-
monomer ABy (x> 2) or double/multiple-monomers (e.g. A3+B3) [6].
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Scheme 1.3. (1) Polycondensation of AB2-type monomer; (2) Polycondensation of A3+B3-
type monomers

3. Dendrigrafts

The third class of dendritic polymers is the dendrigraft systems, introduced
simultaneously in 1991 as Comb-burst polymers by Tomalia et al. [7] and as arborescent
polymers by Gauthier and Moller [8]. Multiple branching levels characterize the architecture
of these molecules, in analogy to dendrimers and hyperbranched polymers. Dendrigraft
polymer synthesis follow a generation-based growth scheme similar to dendrimers, but use
polymeric chains as building blocks. This leads to a very rapid increase in molecular weight
per generation, and high molecular weight branched polymers can be produce in a few steps.
The size of dendrigraft polymers is typically 1-2 orders of magnitude larger than their
dendritic counterparts, however, ranging from about 10 nm to a few hundred nanometers
[9]. Since the grafting reaction is a random process, the branched structure bears similarities
to hyperbranched polymers. Even though the architectures of dendrigraft polymers are not as
strictly defined as for dendrimers, the polydispersity index (PDI) achieved for these materials
typically remain quiet narrow (Mw/Mn ~1.1) [9]. The three distinct synthetic methodologies
are considered for the preparation of these materials: (1) divergent “grafting onto” methods
based on a successive coupling reactions of polymer chains with a functionalized substrate
polymer, (2) divergent “grafting from” methods using cycles of polymerization initiated from
functional sites located on a substrate polymer, (3) convergent “grafting through” methods
involving coupling of preformed polymer chains in a one-pot reaction. The “grafting onto”
scheme has been by far the most widely applied for the preparation of dendrigraft polymers,
Scheme 1.4 presents schematically this method.
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Scheme I.4. General grafting onto scheme for the synthesis of dendrigraft polymers. [9]

B. Core-shell dendritic polymers

Modification of dendritic core by an outer shell may be a requisite to access polymer
structure with suitable properties (solubility, specific interactions,...) towards a chosen
applications. Different strategies have been used to make core-shell structures from dendritic
polymers: covalent grafting and non-covalent grafting. Scheme 1.5 summarizes the common
routes to make core-shell structures.

The synthesis of core-shell structures by covalent grafting had first been studied using
ionic polymerization [10]. After the development of Control Radical Polymerization (CRP)
core-shell polymers have been frequently synthesized using Atom Transfer Radical
Polymerization (ATRP) [11], [12], Nitroxide-Mediated Radical Polymerization (NMRP) [13]
or Reversible Addition-Fragmentation Chain Transfer (RAFT) [14]. Three main methods can
be distinguished:

- the “core-first” method provides well-defined core-shell structure by growing
arms from a multifunctional initiator [15], [16],

- the “arm-first” method lead to the formation of core-shell structures by
crosslinking linear arm precursors using a crosslinker [17], [18],

- the “coupling-onto” method in which linear arm precursors are attached onto a
well-defined multifunctional core combining coupling techniques such as click
chemistry [19].

In this section, I will focus my attention to the “core-first” and the “coupling onto”
methods using dendritic polymers as multifunctional cores. Since the “arm-first” method
produce crosslinked core, they will not be discussed herein with respect to our project.
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Besides covalent methods, non-covalent core-shell structures from ionic interactions
between functional groups of dendritic polymers with ionic moieties such as ionic
surfactants, or ionic block-copolymers is a very promising strategy to produce core-shell
structures which avoid complicated chemical synthesis. This method will be also discussed in
this section.

1. Core-first method

“Core-first” method concerns the polymerization of polymer shells by using dendritic
polymers as macroinitiators via ATRP [11], [12], NMRP [13] and RAFT [14] techniques.
Compared to the other two strategies (arm-first and coupling onto), the “core-first” strategy
has the advantage of offering a more precise control over arm number by tailoring the
number of functionality of the multifunctional initiators [22]. A variety of multifunctional
initiators have been successfully developed to suit each of the above CRP techniques for
“core-first” synthesis of core-shell polymers from various monomer stocks. Because of their
high and controllable number of functionalities, multifunctional dendritic initiators (i.e.,
dendrimers and hyperbranched polymers bearing multiple initiating sites) are particularly
valuable for synthesis of star polymers having high tunable arm numbers (as high as 20 and
higher) [23], [24]. Some selected examples from the literature for this method are given in
Table L.2.

Table I.2. Typical examples of core shell structures obtained from core first method.

Synthesis

Core Shell Application Ref
way
Hyperbranch unimolecular
Hyperbranched ed transporter.s for
ROP hydrophobic [26]
polyethylene (HPEE) | polyglycerol .
(HPG) compounds in water:
pyrene and Nile red
Dendrigraft Poly Deuterated ROP
Styrene po.ly(ethylene [27] [28]
oxide) PEO
Hyperbranched
polyethylene glycol PLLA ROP [29]
(HPEG)
Encapsulation of polar
Sn(Oct),- and non-polar guest:
Poly(e-capro catalyzed pyrene,
HPEI lactone) ROP Methyl orange, [31]
(PCL) [30] Methylene blue,
methacrylic acid and
thio-michler's ketone
Hyperbranched N,N-
Poly(e-caprolactone- | dimethylami Biodegradable core-
4,4-bioxepanyl-7,7- no-2-ethyl RAFT shell materials [32]
dione) methacrylate
HBP(CL-co-BOD) (PDMAEMA)
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Crosslinked of 2-(5- Thiobenzoate
Norbornene)methyl _Capped PS RAFT [33]
Methacrylate PP
Ethylene
living
HPEE Polyethylene polymerizatio [23]
n

ROP: Ring Opening Polymerization, see abbreviation section for the name of polymer

2, Coupling-onto method

The “coupling onto” method consists of attaching linear polymer arms onto a
multifunctional core by coupling techniques. The advantage of this method is the ability to
prepare well-defined arms using CRP techniques. Coupling technique such as click chemistry
or Michael reactions etc ... are then used to anchor the well performed shell to the dendritic
core. Nevertheless, coupling yields reported in the literature are often less than 70%. Some
selected examples from the literature for this method are given in Table I.3.

Table I.3. Typical examples of core shell structures obtained from coupling-onto method

Core Shell Application Ref
Hyperbranched oligosaccharide shells Drug carrier for B
Polyethylenimine (Reductive amidation vitamins, estradiol [356)]
(HPEI) [34]) derivative, pantoprazol 36]
HPEI Hydrophobic oligopeptide | Drug carrie.r for [37]
(HOP)-PEG hydrophobic compounds
HPEI PS Drug delivery [38]
HPEI-cationic core f}c))ll\ifﬁi)hylmethacrylate 153(231}11;\2;)11‘ in organic [39]
C16
HPEI D1-C16 2 Guest encapsulation [5]
D2-C16?
In situ synthesis of gold
C16 NPs and their application
HPEI D1-C16 2 for the catalytic reduction | [40]
D2-C16 b of 4-nitrophenol by
NaBH4
HPEI Allol chain-PEO (DCC | g tion of gold NPs | [3]
activation coupling)
Hyperbranched
pH(;l}ég_l;’f;l:;t(inPG) PEG Drug carrier : pyrene [41]
groups
Hyperbranched PEG Encapsulation of
Polyglycerol (HPG) | Biphenyl-PEG (Click hydrophilic and [4]
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chemistry) hydrophobic drug: pyrene,
beta-carotene, nimodipine
(I:{y]ilggg(t[ii_n) PEG (Click chemistry) Drug release [42]
HB Poly B-. Methoxy polyethylene Controlleé% release of guest
cyclodextrin Iycol (Click chemistry) molecules: levofloxacin [43]
(hydrophobic) &Y Yy lactate and rhodamine B
. . Template and stabilizing
HB Poly Lysine Fatty acid agent for Ag, Au, Pd NPs [44]
HB .
Poly(phenylacethyle Polys’Fyrene (Click [45]
chemistry)
ne)s (HBPPAs)
Transport and dispersion
HB Poly(1,3- Polar inner imidazolium of water-soluble dyes and
diether%l -3 cation shell and non-polar | functionalized graphene [46]
outer n-alkyl shell nanosheets from aqueous
phase into nonpolar fluids
HB cell uptake, excellent
Poly(3-ethyl-3- fluorescence properties,
oxetanemethanol) PEG - DNA and smart targeting [47]
(HBPO) capability
E(ﬁyamylopectine cholesteryl chloroformate | Fluorescence properties [48]
Hyperbranched PEG
conjugated polymer | (acylhydrazone Self-assembly properties [49]
HCP connection)
22 2-bis(hydroxymethyl)propionic acid (BHP)-based generation 1 dendron with two
palmitate tails(D1-C16); b the generation 2 dendron with four palmitate tails (D2-C16)

Combined coupling-onto and core-first methods were also employed efficiently to
produce core-multi shell structures, examples are given in Table I.4.

Table I.4. Typical examples of core shell structures obtained from combined coupling-
onto and core-first methods.

Core Shell Synthesis way Application Ref
glfn?;l}}ll(i;mino) RAFT-SCVP
ethyl Y PS Menschutkin click Drug delivery [50]
methacrylate) reaction
HPG PLA DCCsuccinimide Gene delive [51]
PEI DNA Tonic interaction very >

1, Grafting from PLA .
Boltorn H40 PLA-PEG 2, Coupling onto DCC Drug loading [52]
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Polycaprolact L, ROP (Grafting
one PLC - from) Drug delive
Boltorn H40 . 2, self assembly 5 . ry [53]
Adenine . . (Doxorubicin)
.3 interaction thanks to
PEG- Uridine .\
A-U recognition
PEG
Hyperbranched | or . .
poly(tertiary tert-Butyl Click chemistry
amino Acrylate [54]
methacrylate)s (PtBA) gﬁi{Tchemist
(HPTAM) or Alkyl y
chain
Dendritic PLA-PEG- E(())(l; activation g:;n ?eﬁ?jf et(ﬁ [25]
Boltorn® H4o0 Folic acid . & . .ry 5
coupling doxorubicin
PCL inner Encapsulation of
shell - . . polar and non-
crosslinked radical-crosslinked polar guest: [31]
methacrylate pyrene,
HPEI Methyl orange,
. Methylene blue,
PCL-PEG E 011; g Ccouphng onto methacrylic acid
Y and thio-michler's
ketone
3. Ionic interactions

Oppositely charged polyelectrolytes are capable of co-assembly, directed by
multivalent ionic interactions. The supramolecular architectures that result are often referred
to as Polylon Complexes (PICs). As depicted in Scheme 1.6, oppositely charged
polyelectrolyte blocks complex to form the PIC core, while the hydrophilic blocks expose to
the solution provide solubility and stability under physiological conditions. The structures,
properties and functions of PICs are strongly governed by electrostatic forces. Many factors
and strategies influencing polyion complex morphology have been investigated. Mixing
oppositely charged polyelectrolytes with a 1:1 charge ratio generally forms precipitates or
aggregates in solution. However, if one polyelectrolyte is in large excess, it will envelop the
counter polyelectrolyte and the assembly remains soluble [55]. Since the electrostatic
interactions are mediated both by water molecules and ions, addition of salts can suppress
complexation through a shielding effect. This shielding effect can play a key role in PIC
formation. Additionally, pH, concentration and morphology of the polyelectrolytes all
influence the assembly. Thus PIC formation is tunable; the nature of the supramolecular
architecture can be controlled by various conditions such as ionic strength, pH of solution,
and mixing ratios of electrolytes [56].
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Scheme 1.6. Concept of the formation of PIC micelles from a pair of oppositely charged block
copolymers.

Whereas a great number of polymeric micelle systems have been prepared using block
copolymers, very little examples have been reported about dendritic polymer based PICs.
Ionic dendrimers, ionic hyperbranched polymers and dendrigrafts with ionic side chains are
globular and rigid-rod shaped polyelectrolytes. Unlike linear polyelectrolytes, their ionic
segments have reduced degrees of freedom, when mixing with block copolymers that are
composed of neutral hydrophilic and polyelectrolyte blocks yields PIC aggregates with a core-
shell structure.

Kataoka and coworkers reported the formation of PICs through oppositely-charged
electrostatic interactions of ionic dendrimers (DP) and block copolymers of poly(ethylene
glycol)-block-poly(L-lysine) (PEG-b-PLL) or poly(ethylene glycol)-block-poly(aspartic acid)
(PEG-b-PASA). As shown in Figure 1.2, the dendrimer, bearing a porphyrin group in its
central core, can be negatively or positively charged. The PIC micelles prepared from
negatively-charged DP and positively-charged PEG-b-PLL had a spherical shape with a
diameter of approximately 64 nm (measured by DLS) containing an average of 38 DP
molecules (by SLS) in physiological saline solution. It is showed that the PIC micelles
consisting of cationic DPs and PEG-b-PASA showed a higher stability against NaCl
concentrations than those of PLL,,—PEG-b-PASA up to 1500 mM, 10 times higher than the
physiological concentration. The authors explained this fact by the assumption that the PIC
from a rigid dendrimer may produce a smaller entropy gain upon dissociation than that from
a flexible PLL homopolymer. In addition, in the case of the PIC micelles consisting of cationic
DP-PEG-b-PASA or anionic DP-PEG-b-PLL, the complexation between DPs and block
copolymers might be accomplished by the formation of hydrogen bonds between carboxylic
acid and primary amine groups after proton transfer from the acid to amine [57].
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Figure I.2. (A) Chemical structures of dendrimers encapsulating porphyrin with ionic
peripheral groups (DPs); (B) Conventional photosensitizers form aggregates at a high
concentration, resulting in their self-quenching; (C) Formation of DP-incorporated polyion
complex (PIC) micelles through electrostatic interactions between anionic DPs and
poly(ethylene glycol)-block-poly(L-lysine) (PEG-b-PLL) copolymers. The dendritic structure
of DP can sterically prevent aggregation of the center porphyrin, thus there is no fluorescent
quenching of the center porphyrin. [57]

Moreover, the PIC micelles of anionic DP-PEG-b-PLL showed pH-dependent
structural changes. The hydrodynamic diameter and the apparent molecular weight of the
micelles remained constant in the pH range from 6.4 to 8.5. However, when the pH was
below 6.4, the PIC micelles showed a gradual increase in the diameter and apparent
molecular weight, and finally underwent precipitation at pH 5.6. Under acidic pH conditions,
the carboxylic acid groups of DP might be considerably protonated, leading to diminution of
the electrostatic interaction between anionic DP and PEG-b-PLL, thus the well-defined core—
shell structure may become more obscure and a merging of the micelles may take place. The
similar pH-dependent structural changes of the PIC micelles were also observed for the
system of cationic DP bearing 32 primary amino groups—PEG-b-PASA. Such a pH-responsive
behavior of the micelles allows their effective accumulation in solid tumors in response to a
low pH condition in the tumor tissue (~pH 6.5) or an intracellular acidic endosomal
compartment (~pH 5.0) while their stable circulation in the bloodstream is expected. The
PIC micelles of anionic DP-PEG-b-PLL also showed the enhancement of photocytotoxicity
and the capacity of cellular uptake. [57]

Riguera et al. reported (Figure I.3) supramolecular assembly of anionic PEG-—
dendritic block copolymers with PLL leading to spherical PIC micelles of ca. 25 nm, low
dispersity, and remarkable stability against dilution (5 times), and ionic strength (up to 0.5 M
NaCl). Freeze drying led to only a small reduction in size (to ca. 20 nm) by DLS, with no
effect on dispersity. Interestingly, the core—shell architecture of these PIC micelles, with a
segregated core (network of polyions) surrounded by a palisade of flexible and hydrophilic
PEG, was confirmed by :H NMR. Thus, the dendritic block signals in the micelles showed
only an intensity of about 20% [normalized to the terminal methoxy (PEG) signal] when
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compared to the free block copolymer, suggesting more dense packing and decreased
solvation within the core. The authors believed that the steric stabilization imparted by the
PEG corona, along with the size and narrow distribution of the PIC micelles, should result in
longer circulation times, improved biocompatibility, and enhanced ability to extravasate into

the disease sites [58].
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Figure 1.3. Supramolecular assembly of anionic PEG—dendritic block copolymers with PLL
[58].

Dendritic polymers can also complex with small ionic moieties such as fatty acid and
surfactant forming solid state assemblies that possess liquid crystal properties. This issue will
be discussed below (section liquid crystals).
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C. Stimuli-responsive core-shell dendritic polymers

During the past decades the stimuli-responsive polymers became a very important
field of research. Stimuli-responsive polymers are able to undergo significant property
changes as a reply to relatively small external or internal variations of the environmental
conditions (stimuli). The nature of the environmental stimulus can be classified into three
categories: physical, chemical and biomedical stimuli (Scheme 1.7). The response of the
material can have miscellaneous forms: a change in shape, dimension or organization of the
polymer material, altering its mechanical, optical or electrical properties as well as changes in
permeability [59] . Some examples of stimuli can be mentioned: temperature responsive, pH-
responsive, photo-responsive, redox-responsive and other types.

Scheme 1.7. Three categories: physical, chemical and biomedical stimuli

1. Temperature responsive materials

Temperature responsiveness is one of the most studied stimuli in literature. Three
different families of polymer based on dendritic structures (i.e, solution of polymer, gel
networks, liquid crystalline materials) presenting structural change as a function of
temperature can be distinguished and will be described in the next sections. Table 1.5 gives
an overview of some of the systems described in literature.
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Table I.5. Examples for temperature responsive core-shell polymers

Diluted solution

Core Shell Synthesis way Ref
Multi-HPBPEA : 2-((2- Grafting from
bromopropionyl)oxy)ethyl PNIPAM ATRP 8 [60]
acrylate (BPEA)

. P(DEAEMA-b-PVCL- | Triple RAFT
HBPoly(B-cyclodextrin) b-PDMAEMA) Grafting from [61]
Boltorn H40 P(PDEA-PDMA) RAFT Grafting [62]

from
Boltorn H40 P(PNIPAM-PDMA) EﬁiT Grafting [63]
Hyperbranched polyglycerol Crosslinked PDMA- DCC activation [64]
(HPG) PNIPAM coupling 4
Hydrogels
Core Shell Synthesis way Ref
PEG star PNIPAM Core-first, anionic |
polymerization
PDMA star block PDEGMA Core-first, ATRP [66]
B-cyclodextrin (PNIPAM-b-PDMA) Core-first RAFT [67]
Multi block
m(PDMA,-PNIPAM.) PNIPAM RAFT [68]
Liquid crystals
Core Shell Synthesis way Ref
methylated hyperbranched mesogen-containing Ionic interaction [60]
PEI carboxylic acid ?
PAMAM or PPI or PEI or aromatic-based Ionic interaction [70]
methylated PEI carboxylic acid 7
PAMAM, PPI alkanoic acids Ionic interaction [71]
hyperbranched polylysine . - .
(HBPL) sodium alkyl sulfate Ionic interaction [72]
PAMAM fatty acid Ionic interaction [73]
a. Solution of thermoresponsive polymers

Table 1.6 shows some examples of polymers showing a thermo-responsiveness in
water. The most common of these is poly(N-isopropylacrylamide) (PNIPAM). PNIPAM has a
low critical solution temperature, LCST of around 32 °C, a very useful temperature for
biomedical applications since it is close to the body temperature (37 °C). The low critical
solution temperature-type phase transition of PNIPAM in aqueous solutions is a very well-
known phenomenon that has been widely reported in the literature. At low temperature,
PNIPAM chains are soluble in water and take a coiled conformation in order to maximize
their hydrogen bonds with water molecules. Crossing the transition temperature, the chains
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start to undergo a sharp coil-to-globule transition in water, changing from hydrophilic state
to hydrophobic one. Adjustment of the LCST of PNIPAM has been achieved by
copolymerizing with hydrophilic or hydrophobic monomers rendering the overall
hydrophilicity of the polymer higher or lower respectively.

The LCST of a polymer is the critical temperature below which the polymer is miscible
with the solvent for all compositions. Determining LCST of a polymer in a solvent requires a
phase diagram. In the literature, the term LCST is often used confusedly with the term cloud
point temperature (T.). At one defined concentration, crossing the T. makes the polymer
become immiscible with the solvent.

Table 1.6. Polymers showing a low critical solution temperature (LCST) in water [74]

Polymer T. (°C)
Poly(N-isopropylacrylamide), PNIPAM ~ 32
Poly(vinyl methyl ether), PVME ~ 40
Poly(ethylene glycol), PEG ~ 120
Poly(propylene glycol), PPG ~ 50
Poly(methacrylic acid), PMAA ~ 75
Poly(vinyl alcohol), PVA ~ 125
Poly(vinyl pyrrolidone), PVP ~ 160
Poly(silamine) ~ 37
Poly(N-vinylcaprolactam), PVCL ~ 30

Hence different thermoresponsive polymers were used to obtain stimuli-responsive
core-shell polymers (SRCSPs). These ones have gain more and more interest over the last
decades due to their unique properties compared to their linear copolymer counterparts. The
branched structure for instance has influence on the responsive behavior of these polymers
such as changing the cloud point (T.) [20].

Plummer and coworker’s have studied the effect of polymer architecture and the
presence of end groups derived from RAFT agent on four-arm star PNIPAM compared the
the linear one. The four-arm star polymer was prepared by core-first approach using
hydrophobic RAFT agent which bearing four trithiocarbonate reactive groups. The T.
transitions of star PNIPAM were significantly depressed by the presence of the hydrophobic
star core and possibly the benzyl end groups. The star polymers exhibited increasing chain
density with increasing molecular weight above the T., while the opposite trend was observed
for linear PNIPAM and indicates that the star polymers are able to collapse to form a denser
globule as a result of the star architecture. A significant decrease in Ry was observed below
the T. for star and linear PNIPAM using pulsed field gradient NMR (PFG-NMR) and was
attributed to the formation of n-clusters. The star polymers showed increasing n-cluster
contributions with increasing molecular weight, while the linear PNIPAM showed the
opposite trend. Successful application of a scaling law to the linear PNIPAM data indicated
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that the average size of the clusters was n = 6. Star polymer data did not obey a scaling law;
the hydrophobic star core may inhibit n-cluster formation in the lowest-molecular-weight
stars. [75]

Cai and Liu [60] reported a novel amphiphilic core—shell unimolecular nanoparticles
synthesized from inimer 2-((2-bromopropionyl)oxy)ethyl acrylate BPEA via ATRP in three
steps as depicted in Figure I.4. Firstly, a hyperbranched hydrophobic core (HPBPEA) was
synthesized by self-condensing vinyl polymerization (SCVP) of BPEA. Then HPBPEA were
crosslinked using ethylene dimethacrylate (EGDMA) as crosslinking agent giving multi-
HPBPEA. Lastly multi-HPBPEA-g-PNIPAM was synthesized by multi-HPBPEA core
initiating ATRP of NIPAM. The SEC-MALLS measurements showed that the molar mass of
the HPBPEA, the cross-linked multi-HPBPEA core and the grafted core-shell structure multi-
HPBPEA-g-PNIPAm increased from 4700 to 201 000 and 410 000 g.mol. The transition
temperature of PNIPAm shell for multi-HPBPEA-g-PNIPAm was found equal to 27.6 °C from
DSC measurement. Fluorescent spectra of 8-anilino-1-naphthalenesulfonic acid /multi-
HPBPEA-g-PNIPAm evidenced that the core of multi-HPBPEA-g-PNIPAm could
encapsulate hydrophobic guest molecules. Moreover, it is found that multi-HPBPEA-g-
PNIPAm can efficiently encapsulate and release a hydrophobic drug such as nifedipine.
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Figure I.4. Synthesis scheme of Multi-HPBPEA- g-PNIPAm by ATRP, adapted from ref [60]

The combination of two polymers with different T. behaviors (can lead to the
formation of dendritic unimolecular micelles that exhibit two-stage thermally induced
collapse with increasing temperature [62] [63]. Hence, as illustrated in Figure 1.5, the
synthesis of such structures was obtained from a Boltorn H40-based macro-RAFT agent,
PNIPAM as an inner shell and poly(2-(dimethylamino)ethyl methacrylate (PDMA) as an
outer shell.[63] T. of these polymers are 23 and 40°C respectively.
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Figure 1.5. Schematic illustration of the thermally induced collapse of H40-PNIPAm-PDMA
upon heating through the cloud points of PNIPAM and PDMA [63]

b. Gels

Gels are three-dimensional polymeric networks. Two main categories of gels can be
distinguished: physical gels and covalently linked gels. The latter, as the name suggests, are
based on polymer chains that are linked together through covalent bonds at points that are
called crosslinks. That is why this type of gels may also be referred to as crosslinked gels or
covalently linked networks [76]. Physical gels, on the other hand, are formed by the physical
entanglement of polymer chains and/or micelle ordering in solution and not from covalently
linked polymer chains [77]. Both of these gels, crosslinked or physical, have the ability to
swell in a solvent depending on their compatibility with the solvent. However when a physical
gel is in the appropriate solvent and it is given enough time and space it will dissolve in the
solvent, whereas crosslinked gels will not. Hydrogels are polymer networks that can bind a
large amount of water or biological fluids.

Stimuli responsive gels have been extensively study due to their ability to dramatically
change one of their properties (volume, hydrophobicity, rheological properties...) as a
function temperature, pH... Hence, in the case of thermo-responsive polymers, covalently
linked networks exhibit a change in their degree of swelling in response to temperature,
whereas physical gels show a sol-gel transition [78]: Sol phase is defined as a flowing fluid,
whereas gel phase is non-flowing on an experimental time scale. Moreover, the gel phase
appears above a critical gel concentration of the polymer. This one is commonly inversely
related to the molecular weight of the polymer employed. The development of physical
junctions in the system is regarded as one of the prerequisites in determining gelation, which
must be sufficiently strong with respect to the entropically driven dissolving forces of the
solvent. The determination of the boundary between the sol and gel phases depends on the
experimental method. A simple test-tube inverting method was employed to roughly
determine the phase boundary [79]. When a test tube containing a solution is tilted, it is
defined as a sol phase if the solution deforms by flow, or a gel phase if there is no flow. The
flow is a function of time, tilting rate, amount of solution, and the diameter of the test tube.
Considering the time—temperature superposition principle in polymer deformation, the test
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parameters should be fixed before determining the sol-gel boundary. When gelation is
induced by temperature, the endothermic peak during heating obtained from differential
scanning calorimetry (DSC) determines the transition temperature as well as the enthalpy of
gelation. Recently, a dynamic mechanical analysis was used to determine the sol-gel
transition in a more reproducible manner. An abrupt change in the storage modulus or
viscosity reflects the sol—gel transition.

Physical gel typically consists generally of block copolymers where the stimuli
responsive blocks are used to form the temporary crosslinking points, i.e., the responsive
block is switched insoluble by increasing its hydrophobic interactions. It is noted that
physical gels can be formed by low molecular weight gelators too; however these systems are
not within the scope of this thesis, thus will not be discussed herein.

Diblock and star-shaped block copolymers AB, A(B)., A(B),, and A(B)s, where A is the
central hydrophilic star-shaped PEG block (molecular weight (Mw) per arm 2000-2460
g.mol") and B is the temperature-responsive NIPAM oligomer block (Mw 1900—2400
g.mol?), have been synthesized Figure 1.6. These were reported to form a somewhat
viscoelastic gel upon heating (gelation temperature 26—33 °C) when the typical polymer
concentration was > 20 wt%, and the resulting gels showed no syneresis. This process was
reversible without hysteresis. Based on differential scanning calorimetry (DSC) and dynamic
mechanical analysis, the gelation mechanism was observed to be micellar aggregation for the
AB diblock copolymer. It was found to be a strong associative network formation for the
other polymer architectures via hydrophobic interactions of collapsed NIPAM oligomer
blocks. The polymer architecture influenced the resulting gel strengths and A(B), showed the
highest gel strength of 860 Pa yield stress. [65]
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Figure 1.6. 1) Schematic structure of PEG-(PNIPAM)x, x= 1, 2, 4, 8; 2).Endotherme of 20 wt
% aqueous solutions of PNIPAM, (PNIPAM)x-PEG. 3) material images at 25 and 37°C [65].
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A series of smart hydrogels based on dual stimuli responsive star-block copolymers
responding to pH and temperature were prepared via ATRP employing the core-first method
(Figure 1.7). This four-branch star copolymer consists of poly(2-(dimethylamino)ethyl
methacrylate) (PDMA) inner blocks and outer blocks comprised of poly(di(ethylene glycol)
methyl ether methacrylate) (PDEGMA) (Figure 1.7).
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Figure 1.7. Aggregation and network formation of dual temperature and pH responsive star-
block copolymers in dependence on concentration. Temperature-dependent storage and loss
moduli for (DMA,;,DEGMA,,0)s in (a) a 10 wt% solution at pH 7.8, (b) a 15 wt% solution at
pH 8.0, and (c) a 20 wt% solution at pH 8.2 and (d) isothermal frequency sweep at 50 °C for
the 10 wt% sample. Insets depict digital photographs of tube-inversion experiments of the
respective samples at 50 °C. [66]

The gelation behavior of these block copolymer stars is analyzed by rheology in
dependence on block length, arm number (4 or 6) and polymer concentration. At pHS8, tube
inversion revealed that all stars formed free-standing hydrogels from 15%wt except the one
with le lowest PDEGME fraction. The star with the highest PDEGMA fraction forms free-
standing gels even at concentration 10%wt. Study of temperature dependent gelation by
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rheology shows that with increasing temperature both moduli increase and at 30°C, the
transition temperature of PDGEMA, the solution crosses into the gel state. G’ exceeds G” and
reaches a plateau with G’ > 1kPa, indicating a strong gel. The gel strength is influenced by
both molar fraction of DEGMA units (f(DEGMA)) and the arm number of the star. The arm
number determines the number of the possible crosslinking points so that a higher arm
number means more crosslinking and thus a stronger gel. The effect of the arm number is
more pronounced, as 6-arm star with the lowest f(DEGMA) forms stronger gel than the 4-
arm star with a higher f{(DEGMA) at all concentration measured. This suggests that the
concentration of crosslingling points is more important than the strength of the hydrophobic
interactions. However, when the gels are prepared at pH = 9 they exhibit significantly
reduced gel strength and thus a drop of the moduli upon heating over the transition
temperature of PDMA can be observed. At pH 9, the PDMA chains are less stretched because
the PDMA blocks are less protonated leading to a decrease of the effective volume fraction of
the stars, making the gels at high pH softer compared to the gels at lower pH values. To
further prove the versatility of the system, the inner PDMA blocks were quaternized to form a
strong polycation. Further advantages of a quaternized block are the possibilities to
incorporate nanoparticles or to introduce a light sensitivity through multivalent counterions.
During the quaternization the temperature and pH responsiveness of the inner block is lost
but so are the restrictions on the solution pH value. The increased effective volume fraction
of the quaternized diblock stars leads to a significant decrease in the critical gelation
concentration. [66]
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sample 8 10
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Figure 1.8. 1) f-CD-g-(PNIPAM-b-PDMA)x, x=1 or 3. 2) Gelation behaviors of f-CD-based
star-shaped and linear copolymers in aqueous solution at 25 and 37 °C. 3) Storage modulus
(G”") and loss modulus (G”) for 15 and 18 wt% aqueous solution of star-shaped copolymer as a
function of temperature. 4) Reversible sol—gel transitions cycled by alternative heating and
cooling. [67]
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Temperature responsiveness was introduced in a hydrogel system composed of a star
copolymer p-CD-g-(PNIPAM-b-PDMA); with a biocompatible S-Cyclodextrin (8-CD) core
(Figure 1.8). The star polymer was synthesized via RAFT polymerization. By simply heating
and cooling, the star polymer exhibited robust sol-gel and gel-sol transitions. Above the
cloud point, the gelation of the star-shaped polymer was ascribed to two reasons: the
collapsed PNIPAM chains and the star-shape architecture. For the linear counterpart,
gelation did not occur because there was only one-arm PDMA block in the copolymer, which
was inadequate to ensure the occurrence of intermicelle bridging. [67]

c. Liquid crystalline materials
i) Main characteristics of liquid crystalline materials

The liquid crystalline state, also referred as mesophase, is the fourth state of mater
that intermediates between that of a solid and a liquid. Liquid crystalline materials are
generally classified into two categories, thermotropic and lyotropic mesophases (Figure 1.9).

Crystal Liquid Crystal Liquid Gas

t

f >T

| Liotroéic iAcE | | Thermotropic (AT) |

Calamitic Discotic Sanidic
w b - Fg

Figure 1.9. The liquid crystal state as the fourth state of matter. The liquid crystal state is
classified into two groups; the lyotropic phase which is solvent-dependant and the
thermotropic phase which depends solely on temperature. The latter can be further classified
according to the molecular shape: calamitic, discotic and sanidic. [80]

For mesomorphism to occur, molecules should constitute high geometrical anisotropy
such as rods or discs. Depending on this geometry, the system passes through one or multiple
mesophases as it transits from the highly ordered crystalline state with long range

30



Chapter 1. Literature review

orientational and positional order to the disordered isotropic liquid state (or vice versa).
Transitions through these mesophase can occur via two processes. The first is the case of
thermotropic liquid crystal phases, which are brought by a change in temperature, while the
second is the lyotropic phase, which occurs in the presence of a suitable solvent. The latter is
also affected by a change in concentration. The fundamental unit of a liquid crystal is called a
mesogen. At this point it is also important to mention that some mesogens can exhibit both
lyotropic and thermotropic phases, known as amphotropic. Since this thesis project concerns
only thermotropic liquid crystals, we will focus our attention on this subject.

Thermotropic liquid crystals can be further subdivided according to the molecular
shape of the constituent molecule. Figure 1.10 shows the three sub-divisions; calamitic (rod-
like), discotic (disk-like) and sanidic (board-like) mesogens. In Figure 1.11 we show some
examples of the three types of thermotropic-phase-forming LCs. Calamitic mesogens are
often composed of a rigid aromatic-based core and one or two flexible alkyl or alkoxy chains.
Commonly reported disk-like mesogens, are generally made of six flexible chains attached to
a rigid core. Sanidic mesogens can be composed of either rod-like or disk-like mesogens that
adapt a board-like structure. Other molecular anisotropies such as bent-core geometries [81]
can also be found in literature but will not be discussed within this text.

Calamitic Discotic Sanidic

m " R - — )
— N [ ’ ' ) R

Figure 1.10. Some selected examples of calamitic, discotic and sanidic mesogens.

A large number of thermotropic liquid crystals are composed of rod-like molecules.
They can be simply classified into three groups; nematic, cholesteric and smectic (Figure
I.11). The nematic phase (V) is characterized by a high degree of long-range orientational
order, but no long-range translational order. This phase differs from the isotropic in that all
mesogens spontaneously orient along a common direction characterized by the director n
[82]. The preferred direction usually varies throughout a nematic liquid crystal but when
uniformly aligned the LC is said to be optically uniaxial, positive and strongly birefringent.

N N* SmA SmC

Figure I.11. Schematic representation of the structural order in the main thermotropic LC
phases formed by rod-like mesogens. From left to right; the nematic (uniaxial) N, chiral
nematic N*, smectic-A SmA and smectic-C SmC.
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The twisted version of the nematic phase is known as chiral nematic (N¥). A
spontaneous twist in the structure of the nematic phase is brought about by the presence of
optically active molecules that spontaneously results in a continuous helical distortion, about
an axis normal to the director n. The orientation of the twist may be left- or right-handed
depending on the molecular conformation. Elongated rod-like molecules commonly form the
smectic liquid crystalline phase. From a structural point of view, the most prominent
difference to nematics, smectic phases exhibit a stratified structure. This gives the system a
degree of positional order of the molecules’ center of mass. The arrangement of molecules
within a layer can be different leading to the two most important smectic modifications. In
the first case the mesogens are aligned with their longer molecular axes perpendicular to the
layer plane; the smectic-A phase (SmA). While the second type is the smectic-C (SmC) which
is essentially, a tilted form of the smectic-A, i.e. the molecules are inclined with respect to the
layer normal. Although some smectic phases (e.g. SmA) can have fluidic properties, they are
much more viscous than nematics. There are several different other types of smectic phases
including chiral versions and ones with additional positional ordering, however they will not
be discussed herein. For further reading refer to the Handbook of Liquid Crystals: Vol.1.,
Fundamentals [83] .

The organization of disk-like structure mesogens (or discogens) generally fall under
one of two main distinct categories, the nematic and the columnar (Figure 1.12). The former
is formed by disc-like molecules which have an orientational order but no long-range
translational order (Np). Whereas the columnar, is made up of stacked discogens in an
aperiodic fashion that form columns in a two-dimensional lattice (e.g. Nco or Coly). The
discotic nematic phase is however optically negative (for definition see annex), unlike the
classical nematic exhibited by calamitic mesogens.

N, Neo Col,

Figure 1.12. Schematic representation of some different thermotropic LC phases formed by
discotic-like mesogens; discotic nematic Np, columnar nematic Nco and hexagonal columnar
COlh.

ii) Branched Polymeric liquid crystals

Research on polymers forming liquid crystal phases has been an important field of
polymer science for several decades. The most common structures forming such LC materials
are given in Figure 1.13. The monomer units consist of low molar mass calamitic or discotic
mesogens which either form part of the main chain in the polymer backbone or attached as
side groups. The nature of the mesophase is largely dependent on various factors, the most
important being the type of mesogen, the spacers and the backbone itself. In the case of
repeating calamitic units, nematic-, smectic- or cholesteric-like mesophases are generally
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observed [84]. For polymers containing discotic liquid crystal units, different kinds of
mesophases can be formed including the hexagonal columnar, sanidic nematic and columnar
nematic. Although the first reports on LC dendrimers date back to the 9os [85], [86], more
important developments in this area only commenced in the second half of the last decade
[87], [88]. Therefore liquid crystal dendritic structures have recently found an important
place within this research area. This modern and promising field has led us to the
investigation of liquid crystalline hyperbranched polymers (LCHBPs).

A C

Figure 1.13. Structures for the most common liquid crystal polymers. The mesogens can be of
a rod-like (calamitic) or disc-like nature. These units can be attached to the polymer
backbone (A and C) or as side groups (B and D).

Figure I.14. Schematic representation of the two general classes of liquid crystal
hyperbranched polymers; main-chain (A) and side-chain (B).

As for the traditional LC polymers discussed above, the structural features of LCHBPs
are also classified into two groups; main-chain and side-chain (Figure I.14). The mesogenic
units in the former are introduced during the polymerization process and forms part of the
branching units, whereas for side-chain LCHBPs, mesogenic units are found at the terminal
zones of the structure. The attachment of mesogens can occur via covalent or non-covalent
interactions. According to the literature, the first examples of LCHBPs were reported by
Percec et al. with the formation of “willow-like” dendrimers consisting of aligned mesogenic
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units that form the nematic phase [89], [90]. Shortly after, Bauer and co-workers reported on
the synthesis of hyperbranched polymers with terminal chiral groups exhibiting cholesteric
and smectic phases [91]. Hyperbranched polyglycerols with LC properties induced by
mesogenic end groups was published by Sunder et al. The latter claim that complete mesogen
functionalization of the end groups is not necessary for LC phase formation and broad
nematic phases with low viscosities can be easily achieved using such LCHBPs [92].
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Figure 1.15. The synthetic route to ionic dendritic complexes containing carboxylic acid-
containing mesogens together with the structures for the dendrimers and HBPs used.

Reprinted from Marco et al. [70]
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The synthesis of LCHBPs by attachment of mesogenic entities via non-covalent
interactions was recently demonstrated by Chen and co-workers [69]. Complexation of
methylated hyperbranched PEI with carboxylic acid -containing mesogens was achieved by
proton transfer forming the first ionic LCHBP with a nematic order. Authors claim that the
nematic phases are rather unusual for LC polymers and have the potential in opto-
electronical applications. Developments in this field was recently reported by Serrano et al.
where the synthesis of ionic LC complexes was made possible by self-assembly of dendrimers
or HBPs with an aromatic-based carboxylic acid (Figure I.15) [70]. The straightforward
synthesis and photosensitive properties makes these dendritic complexes attractive for
various optical applications.
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Figure 1.16. 1) Ionic dendrimers, 2) Molecular model for the ionic dendrimers with a
columnar mesomorphism, and schematic representation of the molecular organization in a
columnar mesophase: (a) hexagonal; (b) tetragonal, 3) Evolution of the six consecutive DSC
heating scans of PAMAM-(C18)16. [71]

Shortly latter, Serrano and co-workers [71] described a simple non-covalent
dendrimer system which exhibit thermotropic liquid crystal behavior (Figure 1.16). This
system is achieved by converting the dendrimer surface from hydrophilic (-NH.) to
hydrophobic (alkyl chains). The method is based on the formation of ion pairs between n-
alkanoic acids and the terminal amine groups of PAMAM and PPI dendrimers. The ionic
dendrimers obtained do not have aromatic (pre)mesogenic groups in their structure, which
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indicates that the ionic interaction plays a key role in the formation of a thermotropic
lamellar mesophase and the enhancement of the thermal stability. The results reported
indicate that these systems tend to assemble in smectic LC phases, as happened for covalent
LC dendrimers. The exception to this trend is found for PPI-derived dendrimers of the fifth
generation, which self-assemble into a columnar supramolecular structure.

Canilho and coworkers [72] describes solid-state structure of polyelectrolyte
complexes generated from hyperbranched polylysine (HBPL) and various anionic, sodium
alkyl sulfate surfactants (Figure 1.17). HBPL-surfactant complexes were found to form liquid
crystalline phases, whose thermal stability and structure depended both on the molecular
weight of the HBPL as well as on the nature of the anionic surfactant. Depending on the
surfactant alkyl chain length, liquid crystalline phases with short range liquid-like order,
columnar hexagonal packing or lamellar ordering were observed. By combination of small-
angle X-ray scattering (SAXS), differential scanning calorimetry (DSC), and cross-polarized
light optical microscopy (POM), the exact structure of the LC phases, as well as their region
of thermal stability, could be identified. HBPL-sodium dodecyl sulfate LC phases showed
thermotropic behavior and underwent two transitions with increasing temperature. First, at
lower temperatures, an order—-nematic transition was observed. Upon further temperature
increase, a second transition from a nematic to an isotropic phase was observed. Structural
models for these different LC phases are proposed.

Figure 1.17. Molecular structure of the HBPL-surfactant complex, schematic structure of
hexagonal and lamellar phases [72]

Most recently Serrano describes ionic liquid-crystal PAMAM dendrimers by
functionalization of the amine groups (inner and outer) of generations 0 to 4 functionalized
with fatty acids of different length (Figure 1.18). These amphiphilic dendrimers are capable to
self-assemble both in bulk, generating mesomorphic materials, and in water. On the one
hand, segregation between different nature moieties, namely, the hydrophilic PAMAM matrix
and the hydrophobic fatty acid chains, is responsible for the supramolecular organization of
these materials in the liquid crystal state. Smectic A mesomorphism was found for all of the
compounds and rectangular columnar mesophase is displayed for the highest generation
compound at low temperature. [73]
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Figure 1.18. 1) Schematic synthetic route, chemical structure of PAMAM (Gi-4) and
nomenclature for the ionic dendrimers. In the table: [a] generation, [b] number of carbon
atoms of the acid, [c] terminal primary amine groups (in green) and [d] inner tertiary amine
groups (in red). The subscript (2 n -2) points out that acid has been added to theoretically
functionalize all amine groups of the dendrimeric core. 2) SAXS pattern and POM images of
LC phase, 3) Representative TEM images of samples stained with uranyl acetate. [73]

Together with the mentioned literature above, a few other examples of hyperbranched
liquid crystals can be found in literature. However, the domain is quite recent and the
development for such materials geared towards important applications is an exciting
challenge. For further reading, the tutorial review from Serrano and co-workers [93] was
published regarding specifically about liquid crystal dendritic structures.
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2, PH responsive materials

In the case of pH-sensitive polymers, the key element of the system is the presence of
ionizable weak acidic or basic moieties. Upon ionization, the coiled chains extend
dramatically responding to the electrostatic repulsions of the generated charges (anions or
cations). However, complete ionization on polyelectrolytes is more difficult due to
electrostatic effects exerted by other adjacent ionized groups especially when considering
adsorbed polymer systems. As a result, the hydrodynamic volume of the polymer drastically
increases. This transition between tightly coiled and expanded state is influenced by any
condition that modifies electrostatic repulsion, such as ionic strength and type of
counterions. The transition from collapsed state to expanded state has been explained by
changes in the osmotic pressure exerted by mobile counterions neutralizing the network
charges. The pH value at which this transition occurs could be tuned either by choosing the
chemical nature of the polymer or by incorporating hydrophobic moieties in a controlled way.
When ionizable groups become neutral — non-ionized — and electrostatic repulsion forces
disappear within the polymer network, hydrophobic interactions dominate. The introduction
of more hydrophobic moieties can offer a more compact conformation in the uncharged state
and a sharper phase transition. pH-responsive polymers contain either weakly acidic (e.g.,
carboxylic acid) or basic (e.g., amine) groups, these either release protons or accept free
protons, respectively, in response to environmental pH. For example, poly(acrylic acid)
(PAA) has a dissociation constant pKa of 4.25 and above this pH the carboxylic group
becomes ionized (Figure 1.19). This leads to electrostatic repulsion between the chains that
can then associate with water to cause swelling. In addition, other polymers show an inverse
behavior. The cationic polyelectrolyte poly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA) shows ionized behavior at low pH values. Charge status in these materials is
readily reversed by returning the pH of the solution.
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Figure 1.19. Structures of pH-responsive polyelectrolytes (a) PAA and (b) PDMAEMA.

The most commonly used polymers with anionic groups are poly(acrylic acid) (PAA)
[94] or poly(methacrylic acid) (PMAA) [95] and polysulfonamides (derivatives of p-benzene
sulfonamide) [96]. The latter present a pK, that narrowly varies from 3 to 11, depending on
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the electron removing nature of the substituent on the nitrogen. An opposite behavior is
shown by cationic polyelectrolytes, for example poly(2-aminoethyl methacrylamide)
(PAEMAM), poly(2-aminoethyl acrylamide) (PAEAM), poly[N,N-dialkyl aminoethyl
(meth)acrylates] (PDMAEMA and PDMAEA) [97], poly(lysine) (PL) [98], [99],
poly(ethylenimine) PEI [100], [101] have also been used.

Some of the dendritic structures based on these pH responsiveness polymers are
reported in Table 1.7.

Table I.7. Examples for pH responsive core-shell polymers

Core Shell Synthesis way Application Ref.

Hyperbranched | Amino ligand or | Click chemistry Copper ions [102]

Polyglycerols PEG and Coupling onto carriers [103]

(HPG) Amino ligand
or Aminoligand-
b-PEG

Hyperbranched | Polylysine-PEG | 1, ROP Encapsulation of | [104]

polyethyleneimi 2, grafting from insulin

ne (HPEI)

HPEI poly(l-glutamic | -Grafting from Encapsulation of | [105]
acid) (PLG) PLG crystal violet, [106]
inner shell, and | polymerization, hydrochloride
a poly(ethylene | then, coupling onto | doxorubicin
glycol) (PEG) PEG
outer shell

HPEI covalently | PS Coupling onto [107]

derived with
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Nowag et al. present core-shell structures comprising hyperbranched polyglycerol
(hPG) as cores (Figure 1.20). The shells comprise a tri-or-dimethylethylene diamine ligand as
inner shells following by PEG outer shells (CMS). Alternatively, the ligand and PEG chains
are both anchored directly to the HPG core (CRS) by click chemistry. These polymers have a
high binding affinity for copper ions and were able to release these ions at low pH. It is
demonstrate that the exact architecture of the core—shell system is a paramount parameter to
control the maximum loading, the strength of complexation, and the release profile of copper
into the solution. The CMS structure proved to be the most promising structure for Cu2*
complexation and release. [103].

Figure I.20. Schematic structure of hyperbranched polyglycerol-ligand-PEG core-shell
structure. [103]
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Tian et al. reported triple-shell architectures consisting of poly[(V,N-
diethylaminoethyl-methacrylate)-block-(N-vinylcaprolactam)-block-(IN,N-
dimethylaminoethyl methacrylate)] triblock copolymers, obtained by sequential reversible
addition—fragmentation chain transfer polymerizations, using a terminal-modified
hyperbranched poly(B-cyclodextrin) core as a macro chain transfer agent (Figure 1.21).[25]
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Figure I.21. Synthesis scheme of triple-shell architectures by sequential RAFT
polymerizationss. Adapted from ref [61].

Firstly, the HBP(A2+B’Bx)—DTBA carrying dithiobenzoyl groups as a macro CTA was
synthesized based on the Michael addition reaction between the sulthydryl groups of DTBA
and the double bonds from allyl groups. Then, three sequential RAFT polymerizations were
carried on using this macroinitiator. Polymers with increasing molar mass polymers were
synthesized as confirmed from SEC-MALLS measurement (molar masses were estimated to
94000, 169000 and 226000 g.mol*). Furthermore, the triple-shell architectures possess one
pH-responsive from the PDEAEMA block at pH 12.5 aqueous solution under room
temperature, followed by a double-temperature-response based on P(VCL-b-DMAEMA)
block copolymers between 33 and 36 °C at pH 12.5. Furthermore, this kind of triple-shell
structure is more stable than that of a single or double-shell structure during the process of
phase transition. The above results can be further confirmed by investigating the controlled
release behaviors of metronidazole as a model drug from the hyperbranched poly(p -CD)
core—triple-shell architectures under different pH and temperature conditions. DLS and
TEM characterizations were not performed to characterize the size and the shape of the
obtained core-multishell structure.
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3. Light and redox responsive materials

In drug delivery, researchers have begun to focus on incorporating redox-responsive
degradable linkages to such as disulfide bonds into the macromolecular vehicles where core-
shell structures were largely employed. The cleavage of disulfide bond in the delivery vehicles
could be mediated by thiol/disulfide exchange reactions with small redox molecules like
glutathione, either alone or with the help of redox enzymes.

Pang et al. reported a bioreducible amphiphilic multiarm hyperbranched copolymer
based on H40 core, PLA inner-shell and PEG outer-shell with disulfide-linkages between the
hydrophobic and hydrophilic moieties as unimolecular micelle for intracellular drug release
triggered by glutathione in tumor cells (Figure 1.22). The synthesis process was carried out by
ring-opening polymerization (ROP) of LA using H40 as a macroinitiator and Sn(Oct)2 as a
catalyst, and then following by coupling mPEG-SS-COOH to H4o0-star-PLA-OH by DCC
activated coupling reaction. Doxorubicin (DOX) was encapsulated into these reductive
unimolecular micelles. In vitro release studies revealed that under the reduction-stimulus,
the detachment of PEG outer-shell in DOX-loaded micelles resulted in a rapid drug release.

[114]

Figure I.22. Detailed synthetic route and illustration of unimolecular micelle structure of
H4o0-star-PLA-SS-PEG. [114]

You et al. present the approach for preparing the dually responsive core—shell
nanostructure: Michael-addition polymerization of triamine (B, 1-(2-aminoethyl)piperazine,
AEPZ) with double molar bisacrylamide (A, N,N’-cystamine bisacrylamide, CBA) forms
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hyperbranched polymer with redox-sensitive disulfide bonds in the backbone and vinyl
terminals, then the amino-ended poly(IN-isopropylacryamide) (PNIPAM-NH,) was directly
added into the above polymerization mixture, the vinyl terminals further reacted with
PNIPAM-NH. via Michael-addition reaction, thereby linking temperature-responsive shell to
the redox-sensitive hyperbranched core (Figure 1.23). Consequently the dual stimuli-
responsive core—shell nanostructure (the core is responsive to redox agent and the shell is
responsive to temperature) was obtained simply via one-pot approach [115].

Figure 1.23. One-pot synthesis for preparing a redox-responsive HBP core PNIPAM
shell structure. [115]

Figure 1.24. Optical fluorescence microscope images of aqueous solutions of HPAA (A) and
HPAA-PEG188 (B) in a capillary (from left-to-right, the first, no filter was used, and then the
light filters used are BFP (380 nm), CFP (435 nm) and GFP (489 nm)); absorption spectra of
HPAA and HPAA-PEG188(C); and fluorescence excitation and emission spectra of HPAA
and HPAA-PEG188(D). [116]
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Concerning photosensitive core-shell polymers, Di Wang et al. have reported that
hyperbranched poly(amido amine)s (HPAA) show weak photoluminescence, however, they
have shown strong emission after short polyethylene glycol (PEG) chains have been linked
onto HPAA macromolecule via Michael addition reaction (Figure 1.24). The authors claimed
that the PEG shell around HPAA change the microenvironment and surface charge density of
HPAA in solution, hence highly intensify the photoluminescence. [116]

4. Conclusions

Through this section, we have reviewed the stimuli-responsive core-shell polymers
based on dendritic core by core-first, coupling to and ionic interaction approaches. We can
see that the core-shell architecture have an important impact on the stimuli responsiveness
of the systems in solution. Futhermore, wide range of self-assembly structure (liquid crystals,
micelles or unimolecular micelles, hydrogels ... ) can be generated from dendritic based core-
shell structures. Their internal structures can be modulated by changing architectures and
chemical compositions of the stating polymers. These self-assembled structures can be
induced by external stimulus such as temperature, pH, light, redox potential. Most of the
reported application of those systems concerns their use as drug carrier whose release
response to an external stimulus. Those systems were also taken into account to have access
to stimuli responsive inorganic/organic hybrid materials. This interesting subject will be
explored in the flowing sections.

II. Nano-hybrid materials from polymeric nanostructured
soft-template

In recent years, there has been a considerable interest in the development of metal-
and semiconductor-based nanomaterials, in part for their unique optical, electronic and
catalytic properties and also because nanometer-size structures are appropriate for
interfacing with biomacromolecules (proteins, DNA, and so forth) and probing intracellular
environments [20], [117], [118]. Dendritic polymers have high molecular weights, globular
structures, intramolecular cavities and a large number of chemical functions showing superb
capability for the synthesis and stabilization of monodispersed nanoparticles [119]. In this
section, we will discuss the different approaches for the stabilization and the in situ
formation of nanoparticles from branched polymer structures presented in the first part of
this chapter.
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A. Nano-hybrid materials

1. Nanoparticles: some generalities
a. Introduction

Physicists predicted that nanoparticles in the diameter range 1—-10 nm (intermediate
between the size of small molecules and that of bulk metal) would display electronic
structures, reflecting the electronic band structure of the nanoparticles, owing to quantum-
mechanical rules. The resulting physical properties are neither those of bulk metal nor those
of molecular compounds, but they strongly depend on the particle size, interparticle distance,
nature of the protecting organic shell, and shape of the nanoparticles.

In recent years, there has been a considerable interest in the development of metal-
and semiconductor-based nanomaterials, in part for their unique optical, electronic and
catalytic properties and also because nanometer-size structures are appropriate for
interfacing with biomacromolecules (proteins, DNA, and so forth) and probing intracellular
environments (Figure II.1). The chemical methods have conspicuous advantages in
controlling the size and shape of NCs, which would seriously influence the properties. On the
other hand, NCs show aggregation tendency because of strong interactions between each
other owing to colossal surface energy, resulting in poor change of performance. Thus,
besides the size and shape, dispersibility and stability of NCs are also crucial for their
performance, functions, and real applications.

Because the sizes of nanomaterials are comparable to the sizes of biomolecules such
as proteins, they can be designed for biomedical applications such as devices for diagnosis,
drug delivery, and therapy.

Atom Cell Man Earth Solar system

10712 10° 10 103 100 103 108 10° 1012

\ g

Nanoparticle

Figure II.1. Characteristic size of nanoparticles.
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b. Gold nanoparticles
i) Properties of gold nanoparticles

Gold nanoparticles (AuNPs) are the most stable metal nanoparticles, and they present
fascinating aspects such as their assembly of multiple types involving material sciences, the
behavior of the individual particles, size-related electronic, magnetic and optical properties
(quantum size effect), and their applications to catalysis and biology. Their promises are in
these fields as well as in the bottom-up approach of nanotechnology, and they will be key
materials and building block in the 215t century.

Michael Faraday first observed that the colloidal gold solutions have properties that
differ from the bulk gold [120]. Hence the colloidal solution is either an intense red color (for
particles less than 100 nm) or a dirty yellowish color (for larger particles) [120]. These
interesting optical properties of these gold nanoparticles are due to their unique interaction
with light [121]. In the presence of the oscillating electromagnetic field of the light, the free
electrons of the metal nanoparticles undergo an oscillation with respect to the metal lattice.
This process is resonant at a particular frequency of the light and is termed the localized
surface plasmon resonance (LSPR) (Figure II.2). After absorption, the surface plasmon
decays radiatively resulting in light scattering or nonradiatively by converting the absorbed
light into heat. Thus for gold nanospheres with particle size around 10 nm in diameter have a
strong absorption maximum around 520 nm in aqueous solution due to their LSPR (Figure
I1.3). These nanospheres show a Stokes shift with an increase in the nanosphere size due to
the electromagnetic retardation in larger particles.

Figure II.2. Surface plasmon oscillations in spherical gold nanoparticles (AuNPs) and gold
nanorods (AuNRs). [122]
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Figure I1.3. (a) TEM image (scale bar = 100 nm) and size distribution histogram (Inset)
showing an average diameter of 14.35+1.97 nm. (b) UV-Vis spectrum of the synthesized gold
nanoparticles with a characteristic surface plasmon resonance band at 519 nm and a
representative photograph of the same nanoparticles (inset). [123]

Moreover, the properties and applications of colloidal gold nanoparticles also depend
upon its shape. Figure II.4 shows that the difference in color of the particle solutions is more
dramatic for rods than for spheres [124]. For example, the rod-shaped nanoparticles have
two resonances: one due to plasmon oscillation along the nanorod short axis and another due
to plasmon oscillation along the long axis, which depends strongly on the nanorod aspect
ratio, that is, length-to-width ratio. When the nanorod aspect ratio is increased, the long-axis
LSPR wavelength position red shifts from the visible to the near infrared (NIR) and also
progressively increases in oscillator strength. For example, rodlike particles have both
transverse and longitudinal absorption peak, and anisotropy of the shape affects their self-
assembly. Due to these unique optical properties, gold nanoparticles are the subject of
substantial research, with enormous applications including biological imaging, electronics,
and materials science. Thus to develop gold nanoparticles for specific applications, reliable
and high-yielding methods including those with spherical and non spherical shapes have
been developed over the period of years. [125]
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Figure I1.4. Photographs of aqueous solutions of gold nanospheres (upper panels) and gold
nanorods (lower panels) as a function of increasing dimensions. Corresponding transmission
electron microscopy images of the nanoparticles are shown (all scale bars 100 nm). The
difference in color of the particle solutions is more dramatic for rods than for spheres. This is
due to the nature of plasmon bands (one for spheres and two for rods) that are more sensitive
to size for rods compared with spheres. For spheres, the size varies from 4 to 40 nm (TEMs a-
e), whereas for rods, the aspect ratio varies from 1.3 to 5 for short rods (TEMs f-j) and 20
nm(TEM k) for long rods. [124]

ii) Synthesis methods of AuNPs

The synthesis of gold nanoparticles has been developed using either physical methods
(thermolysis, photochemistry, sonolysis, radiolysis ...) or chemical ones. We will focus on the
latter ones in the following.

The most popular way to produce AuNPs is the reduction of metal salts. Among all
available methods, the most commonly used are Turkevich and Brust methods [126] [127].
Citrate and cetyl trimethylammonium bromide (CTAB) were used respectively in those
methods. These methods also necessitate the use of stabilizing agents that enable to control
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the NPs growth and ensure stability of the colloidal system. Besides those most popular
methods, others have also been used to produce gold nanoparticles in a reproducible way.
[128]

Gold NPs can be obtained in a reproducible way from the reduction HAuCl4 solution
by NaBH4 without using any additional stabilizers.[129] To insure the success of the
synthesis, the pH of the solution and the concentration of gold precursor before reduction
should be carefully adjusted before reduction (Figure I1.5).The reaction is instantaneous
indicating by the change of color from pale yellow to deep red. Obtained NPs have spherical
shape and their sizes comprise from 5 to 10 nm with narrow polydispersity. They are stable
for several weeks. However, they have tendency to coalesce: in several months the solution
became purple. Furthermore, any change of pH or ionic strength leads to irreversible
aggregation. These nanoparticles can be stabilized by adding stabilizers such as:
hyperbranched polymers [130] or thermoresponsive polymers [131] and bolaamphiphiles
surfactants [129] and so on...

HClor NaOH NaBH,
HAuCl, .3H,0 - _

Figure I1.5. Synthesis of gold nanoparticles by NaBH4 reductant without using any stabilizers
[129].

Dihydrogen can also be used as reductant for many metals but examples for gold NPs
are rare. Chaudret et al. reported the synthesis of 10 + 3 nm spherical AuNPs by using a
gold(I) amine precursor and dihydrogen as reductant [132].

Control over the gold NPs shape was generally obtained through the use of weak
reducing agents, often combined with the use of specific stabilizing agent allowing templating
effects. [133] Hence D-glucosamine was used as both a reducing agent and stabilizer to
obtain branched gold nanoparticles [134], [135]. As shown in Figure I1.6 D-glucosamine
reduce Au(III) to Au(o) and produce D-glucosaminic acid. Both D-glucosamine reagent and
forming D-glucosaminic acid might absorb on nanocrystal surfaces and act as structure-
directing agents. However mechanism of the formation of branched nanoparticles by
glucosamine reduction is still unclear [136]. The reaction time scale is several minutes to
several hours. [136].

OH OH
o OH
OH
NH, NH, 'OH
glucosamine glucosaminic acid

Figure I1.6. Redox reaction of HAuCl4 by D-glucosamine.HCl in aqueous solution.

Although the synthesis of gold AuNPs with control in size, shape and dispersion is one
of the most investigated subjects in the last century, it is still a today’s attracted topic
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especially in the context of emerging nanoscience and nanotechnology with nanoparticles
which leads to an exponentially increasing number of publications. This thesis project has
devoted to this research topic through exploring a relatively new approach: the use of various
polymeric assembly systems as soft template for the synthesis of AuNPs and gold
nanohybrids. In the following sections, I will focus my attention on the literature of this topic.
When needed nanohybrids issued from different inorganic parts (Pt, Ag, ...) will be also
discussed.

2. Synthesis of nano-hybrid materials

The nanoparticles (NPs) are usually coated with an organic or inorganic layer that
provides solubility, long-term colloidal stability and functionalization. Nanohybrids adopt
some characteristics from the components that compose it; synergistic effects can also
produce properties not present in any of the parts. In general, two methodologies have been
adopted for the synthesis of nanohybrid materials: in situ synthesis of NPs or post-
modification of preformed NPs (Figure I1.7). Polymeric self-assembled structures appear as
fascinated candidates for these subjects.

+ QB _ a

Metal ion \

{@?%

Self-assembled Nanoparticle Nanohybrids
structure

Figure II.7. Two methodologies of nanohybrid synthesis: a) in situ synthesis of NPs, b) post-
modification of preformed NPs (ex situ method)

B. Nanoparticles stabilization in polymeric aqueous solution

1. Introduction

Dendritic polymers possess excellent attributes of three-dimensional topology, low
viscosity, good solubility, and plenty of modifiable terminal groups. The combination of
nanocrystals NCs and dendritic polymers (DPs) to form nanohybrids cannot only endow NCs
with multifunctionality, uniform dispersibility, and splendid solubility but also can impact
extra properties to dendritic polymers. Nanohybrids (NHBs) can be obtained by three
approaches: in situ synthesis of NCs with the present of dendritic polymers, grafting from
(i.e., DPs grow from the surface of as-prepared NCs), and grafting to (the original ligand of
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NCs is replaced with DPs). Various DPs including hyperbranched poly(amidoamine),
polyethylenimine, polyglycerol, polyester, polyamide, polyurethane, and poly(3-ethyl-3-
hydroxymethyloxetane), as well as sorts of NCs such as metals (e.g., Ag, Au, Pd, Pt, and Rh),
quantum dots (e.g., ZnO, CdS, CdTe, CdSe, and Sn0O.), magnetic oxides (e.g., Fe;0,), rare
earth compounds, and so forth, have been used to obtain NHBs. Here, we mainly focus our
attention on the synthesis of nanohybrids composed of DPs and gold NPs. Highlighted
examples of dendritic/gold nanohybrids were reported in Table II.1.

Table II.1. Selected examples for synthesis of gold-dendritic polymer nanohybrid by grafting
to and in situ method

Grafting to method
Hyperbranched | End groups | My (¥*103 | Synthesis AuNPs T synthesis Reaction Ref
polymers or shell g.mol) method size (nm) | (°C) time
Plo 1cy(Ele thylene trithiocarbo | 25.8, 53.7, | Grafting to Room
rgn};thac Jate) nate and 34.4, (ligand 17-18 temperatu | 12h [137]
(PE GM% alkyne 153.2 exchange) re (R.T).
Hyperbranched L 1.6 Grafting to
polyglycerols OH, NH2 Z ’1 1' ’ (lignad 13.5 R.T. 48h [138]
(HPGs) 3-1,14-5 exchange)
Hyperbranched " Grafting to
polyglycerol NIPAM 2'29’ 4 (ligand 12 R.T. [139]
HPG 5 exchange)
In situ method

* i A
Hyperbranched | End groups | M, (*103 Reductants A'uNPS T synthesis Reactlon Ref
polymers or shell g.mol?) size (nm) | (°C) time
Hyperbranched methyl without .

. .| ester Spherical Several
poly(amidoamin terminals 3.3 external 40 R.T. davs [140]
e)s HPAMAMs COOCH reductant 4 ¥

3

Hyperbranched Mono- without Spherical o

olyglycidol pyrenne 3.2 external 4.5-35.5 60°C 6h [141]
P and OH reductant ’ ’
Hyperbranched L 6
polyester OH 7> 39, hydrazine 1.8-420 |R.T. 24h [142]
Boltorn G2, 3, 4 73
Hyperbranched
poly(amine- OH 266’ 37 D-glucose 54? 18.3, R.T. [143]
ester) ’ 3
Hyperbranched | palmitamid 18 10.0
polyethylenimin | e (C16) 2' ’0 " | NaBH4 R.T. 10 min [144]
e chains 5
HPAMAMs OH 16.5,20.8 | NaBH4 5 R.T. 2 days [145]
Hyperbranched | NH2 13.6, 30.3 | NaBH4 4 R.T.
poly(amidoamin | Gluconami [146]
e) (HYPAM) de 116.2 NaBH4 4 R.T.
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2. In situ synthesis of nanoparticles

The three-dimensional structure of hyperbranched polymers (HBP) provides large
amount of nanocavities both intra- and inter-molecule, which can be used as boxlike
container to encapsulate metal ions. In the presence of HBPs and metallic cations, metal and
metal-contained nanocrystals (NC) could be obtained by the addition of a reducing agent.
Furthermore, HBP possess abundance of functional groups, and some of them can complex
with metal ions and then stabilize resulting NC wvia multivalence mode of interactions.
Various HBP have been used as templates to prepare series of NC. In the case of gold
nanoparticles, control the size of the in situ synthesized AuNPs when changing the molecular
weight of the HBP or changing the ratio between the [HBP]/[Aul, as well as the interaction of
metal precursor with the HBP.

Li et al. reported the utilization of a mono-pyrene terminated hyperbranched
polyglycidol (mPTHP) as a building block to fabricate one dimension (1D) mPTHP and
mPTHP/Au NP nanostructures by one-pot reactions in aqueous environments with no
additional reducing agents, surfactants and organic solvents (Figure I1.8). Upon simply
mixing Au(III) ions and mPTHP at room temperature, mPTHP nanofibers and nanotubes
were fabricated via Au(III) induced self-assembly processes. By simply elevating the reaction
temperature from room temperature to 60 °C, Au NPs were in situ generated within mPTHP
assemblies through an analogous polyol process. The involvement of NaBr provided an
alternative way to obtain mPTHP/Au NP nanotubes with Au NP belts centered around their
inner surfaces and mPTHP/Au NP pseudo-nanotubes with double-line Au NP chains linearly
aligned along their inner surfaces. Moreover, the size of the resultant Au NPs could be
controlled from 4.5 to 35.5 nm, depending on the Au(III) concentration. [141]

Figure II.8. Schematic illustration for the generation of 1D mPTHP self-assemblies and
mPTHP/Au NP hybrid nanostructures with tunable spatial distribution of Au NPs. Ref [141]

Shi et al. reported a methyl ester-terminated hyperbranched polyamidoamine
(HPAMAM-COOCHj;) as nanoreactors and reductants to prepare Au NPs with small particle
size (Figure I1.9). The authors suggested that HPAMAM-COOCH; bound AuCl,- through
their internal amines, whereas the external methyl ester groups prevented the aggregation of
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polymers, thus non-aggregated AuNPs around 4nm sequestered by HPAMAM-COOCH; were
obtained. Benefiting from the repulsive interactions among the ester groups, HPAMAM-
COOCH; nanoreactors were proved to be effective in controlling the size of Au and Ag NPs.
[140]

1) 2)

3)

Figure I1.9. 1) Schematic illustration for (a,b) the synthesis of HPAMAM-COOCH; and (b,c)
the preparation of Au NPs using HPAMAM-COOCH; nanoreactors and reductants. 2) TEM
image of Au NPs prepared within HPAMAM-COOCH;, 3) UV-Vis spectrum of Au NPs
prepared within HPAMAM-COOCH; nanoreactors and reductants. [140]

Sekowski et al. described a comprehensive investigation on the synthesis and
characterisation of hybrid materials based on gold nanoparticles assisted with pseudo G2, G3
and G4 generations of hyperbranched polyesters (HBP) (Boltorn H20, H30, H40).
Nanoparticles (NPs) were obtained via a wet chemical method by mixing HBP polymers and
a gold precursor in N,N’-Dimethylformamide (DMF) followed by reduction by hydrazine
(Figure I1.10). The system has been evaluated with two HBP:Au molar ratios 1:1 and 1:10.
Well-defined and novel HBP-AuNPs hybrid materials were obtained mainly as a result of the
interaction between the peripheral hydroxyl groups of HBP and the gold nanoparticles. In the
hybrid nanomaterials synthesis process, volcano-nanorings structures were obtained on solid
substrate during the reaction of HBP-G4-OHs, (Boltorn H40) with gold nanoparticles. These
novel nanostructured hybrid materials could be used in medicine as specific nano-containers
for different drug molecules. [142]
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Figure II.10. 1) Mechanism of fabrication of hybrid materials based on hyperbranched
polyester HBP polymers and gold nanoparticles, 2) Diameters () of synthesized HBP-
AuNPs hybrid nanoparticles, 3) “Volcano-rings” structures of HBP-G4-OHe,-AuNPs (molar
ratio 1:10). [142]

Zhang et al. reported a series of different generation hyperbranched poly(amine-ester)
with hydroxyl as terminal group as protectants to in situ synthesize gold nanoparticles using
D-glucose as reducing agent (Figure II.11). The results of UV-Vis absorption spectroscopy,
TEM and SEM images showed that the mean diameter were 24.3 + 2.6 nm, 18.2 + 2.1 nm,
and 13.6 + 1.5 nm corresponding to the different generation hyperbranched poly(amine-
ester), and the synthesized gold nanoparticles were almost monodisperse with a narrow size
distribution. This study show the control over size of AuNPs by changing the molar weight of
the hyperbranched template [143].
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Figure II.11. UV-Vis spectra of gold nanoparticles encapsulated with G3 HPAE (526 nm,
curve a), G4 HPAE (523 nm, curve b), and G5 HPAE (519 nm, curve c), respectively. Bottom:
TEM images of gold nanoparticles encapsulated with G3 HPAE (a), G4 HPAE (b), and G5
HPAE (c), respectively. [143]

Hu et al. showed that amphiphilic palmitic acid modified hyperbranched and linear
polyethyleneimine (HPEI and LPEI) polymers could be successfully used as stabilizers in
preparing organo-soluble AuNPs with spherical shape. Increasing the feed ratio of polymer to
HAuCl, and using the capping polymers with higher C16 density were two effective methods
to get the smaller AuNPs with relatively lower polydispersity (Figure II.12).

nHAuCI,
s

NaBH,

360 400 430 SO0 BD  GDO BB oD TED  BODN
()

Figure II.12. Illustration of the preparation of organo-soluble AuNPs using amphiphilic
hyperbranched polymers as the stabilizers. The typical TEM images of the AuNPs stabilized
by (B) the amphiphilic hyperbranched polymer (HPEI25K-C160.73, [N]/[Au]= 10); (D) the
amphiphilic linear polymer (LPEI15K-C160.73, [N]/[Au]=10). [144]
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When the molecular weight of the used amphiphilic polymers reached a certain limit,
the molecular weight and the morphology of the amphiphilic polymers had almost no effect
on the size of the formed AuNPs. All the organo-soluble AuNPs could be used as the efficient
catalysts for the biphasic catalytic reduction of 4-nitrophenol by NaBH,. The k., of the
composites had well correlation with the molecular weight of used amphiphilic polymers, and
was less relevant to the morphology of the polymers. The organo-soluble AuNPs could be
conveniently recovered and reused many times. The structure of the capping polymers had
obvious effect on the lifetime of the AuNPs catalysts in the catalytic reduction of 4-
nitrophenol. [144]

Jiang et al showed that hyperbranched poly(amidoamine)s with high density tertiary
nitrogen coated gold nanoparticles greatly enhanced photoluminescence than the HBP alone
(Figure I1.13). The hyperbranched polymers with a flexible nature have a non-rigid plane,
while the existence of gold nanodots in the interior of the hyperbranched polymer make its
non-rigid plane become rigid, which causes the fluorescence intensity of HPAMAMs-OH to
be raised and the red shift of emission peak. The other reason for the enhancement of
fluorescence intensity of HPAMAMs-OH may be on account of the nanogold. Some literature
reports that fluorescence occurs only when the size of the metal nanoclusters is sufficiently
small (<5 nm). The luminescence maximum moves to lower energy or disappears with
increased core size, and only the smaller nanodots were observed to luminesce. The
luminescence from gold nanodots is thought to arise from transitions between the filled d
band and sp conduction bands. Because two components (HPAMAMs-OH and nano gold)
have a good biocompatibility, and the complex with nano gold encapsulated in the interior of
the HPAMAMs-OH provides better stability as a composite photoluminescence nano-
material. [145]

Figure I1.13. The structural representation of HPAMAMSs-OH encapsulated with nano gold
(NG). [145]

Pérignon et al. synthesized, in a single step reaction hyperbranched polymers
poly(amidoamine) HYPAM, they were then used to prepare water stable gold nanoparticles
(Figure I1.14). The open architecture of the HYPAM hyperbranched polymers facilitates the
interactions between metal ions and polymer functional groups. Nevertheless, it maintains a
control on the gold nanoparticles formed after reduction by sodium borohydride.
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Nanoparticles of ca. 4 nm were indeed obtained and stabilized in solution by the
hyperbranched polymer. The average size of the nanoparticles could be easily adjusted by
changing the [HAuCl,]/[polymer] or [NaBH,]/[HAuCl,] ratios. The stability of the
nanoparticles in water was mainly influenced by the molecular weight of the polymer core
and the pH of the solutions. HYPAM functionalized by D-gluconolactone influences rather
the stability of the nanoparticles than their size. Indeed, the presence of D-gluconolactone
prevents the aggregation promotion by salts in aqueous solution. [146]

Figure II.14. In situ synthesis of gold nanoparticles in presence of hyperbranched
polyamidoamine (HYPAM) using NaBH4 as reductant with corresponding TEM images.
[146]

3. Stabilization of preformed nanoparticles

a. Grafting from

Compared with the “in situ” strategy, “grafting from” allows to prepare nanocrystals
(NCs) with the traditional methods, affording more uniform dispersibility. Then, the
properties of NCs such as solubility, biocompatibility, and surface functionality can be tuned
by surface modification with desired dendritic polymers (DPs). In this regard, in situ growth
of DP onto quantum dot (QD) surfaces is of particular interest and significance. The obtained
NCs via the “grafting from” strategy normally show uniform dispersibility and high grafting
density of HPs. However, the intrinsic properties of the resulting NC would change more or
less due to the harsh chemical reaction. In some cases, for example, the fluorescence of QD
will be quenched during the polymerization. Besides, the DPs that can be used to grow in situ
from NCs are quite limited, which is unfavorable for tailoring the structure and properties of
resulting nanohybrids.
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b. Grafting to

“Grafting to” strategy broadens the scope of optional DPs, at the same time retains the
advantages of “grafting from” method. I will give some examples from the literature
concerning the synthesis of gold NPs by “grafting to” method.

Dey et al. reported chemically identical polymers tailored by RAFT polymerization to
have multiple branches ranging from 1 to 9, thereby having 2—-18 end groups that exhibit a
strong affinity for gold (Figure II.15). Each of these linkers was capable of mediating the
assembly process of gold NPs. This report explores the role of the polymeric linker
architecture, specifically the degree of branching of the tailored polymer in determining the
formation, morphology, and properties of the hybrid nanoassemblies. The degree of
branching of the linker polymer, in addition to the concentration and number of anchoring
groups, strongly affected the self-assembly process. The assembly morphology shifts
primarily from 1D-like chains to 2D plates and finally to 3D-like globular structures, with
increase in degree of branching of the macromolecular linker. The hot-spot density, and thus
the surface-enhanced Raman scattering (SERS) enhancements increased as a function of
morphology, from 1D chains to 2D-like plates and finally be highest with 3D globular
structures. [137]

Figure I1.15. (A) SERS spectra of linker polymer of the assemblies of (a) P1 hybrids, (b) P4
hybrids, (c) P5 hybrids, (d) P9 hybrids, and (e) RAFT agent. (B) Chemical structure of RAFT
agent. (C) Chemical structure of linker polymer n = o for P1, n = 3 for P4, n = 4 for P5, and n
= 8 for P9 polymer. Bottom: Typical TEM micrographs of row-wise: (A) citrate-stabilized
gold NPs, (B) P1 regime II nanoassemblies, (C) P4 regime II nanoassemblies, (D) P5 regime
IT nanoassemblies, and (E) P9 regime II nanoassemblies. [137]

Zill et al. reported the preparation of an alkyne-containing hyper-branched
polyglycerols (Figure 11.16). Thus, these clickable HPGs were covalently linked to a broad
range of compounds and materials using standard click chemistry. Especially, amine
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functionalized HPG by click chemistry was used to coat 13.5 + 1.1 nm diameter, citrate-
capped gold NPs. Functionalization of the NPs was confirmed by an increase of
hydrodynamic diameter of 2.7 nm and a change in surface effective charge (zeta potential)
from -30.2 + 0.6 mV to —0.01 + 4 mV for HPG-capped NPs. NPs exhibited enhanced
stability to salt-induced aggregation compared to citrate-capped NPs, this enhanced stability
likely involves a steric protection of the NP surface that is independent of solution ionic
strength, thus mimicking the classic PEG NP coating. [138]
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Figure I1.16. a) amine functionalized HPG, b) synthesis of HPG coated gold nanoparticles, d)
UV-vis spectra of citrate capped gold NPs (solid line) and HBG capped nanoparticles (dashed
line), e) TEM images of citrate capped gold NPs, f) TEM images of HPG capped gold NPs, g)
Zeta potential and hydrodyamic diameter value of citrate capped gold NPs and HPG capped
gold NPs. [138]

4. Stimuli-responsive nanohybrid

Thermoresponsive gold nanoparticles can be obtained by coating NPs with
thermoresponsive polymers or in situ synthesis in thermoresponsive polymer solution. The
thermoresponsive characteristic of the polymers can be impacted by interaction with NPs.
Inversely, interaction with the polymers along with the thermoresponsive properties can
change the optical properties of the nanoparticles. The paragraph below is meant to give
some of the few examples described in literature concerning the synthesis of gold
nanoparticles hybrids based on thermoresponsive hyperbranched polymers as stabilizers or
soft-template medium.

Thermosensitive Au nanoparticles with tunable lower critical solution temperature
have been prepared by coating the nanoparticles with a thermo- and pH-responsive
hyperbranched polyelectrolyte (Figure I1.17). The obtained values of transition temperatures
of HPG-NIPAM show a strong dependence on molecular weight and pH since the HPG-
NIPAM polymers possess tertiary amine groups in their structures so the pH of the solutions
can affect the hydrophilic-hydrophobic balance in the polymers by changing their charge
density. The HPG-NIPAM-coated nanoparticles became highly stable in concentrated salt
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solutions (e.g., 1.0 M NaCl) compared to the original nanoparticles. Similar to HPG-NIPAM,
the transition temperatures of the coated nanoparticles are also dependent on solution pH
and temperature. Upon increasing of the temperature to 35 °C, the surface plasmon band of
the coated gold nanoparticles became broader and further red-shifted by 50 nm with a
concomitant change in solution color from clear red to opaque purple. Figure I.17.2.d
demonstrates that aggregation of these nanoparticles caused either by temperature or pH
variation is completely reversible over multiple cycles, thus revealing the robust nature of this
hyperbranched polymer coating. The transition temperatures of the polymer-encapsulated
nanoparticles are slightly lower (3—9 °C) than that of the pure polymer. This finding could
result from the significant reduction in conformational freedom of the HPG-NIPAM
polymers after immobilization on the gold nanoparticle surfaces because binding on the
nanoparticles imposes an additional boundary for the polymers to collapse, towards the
nanoparticle core. [139]
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Figure II.17. 1) Chemical structure of HPG-PNIPAM, 2) TEM micrographs of gold
nanoparticles before (a) and after (b) coating with HPG,-NIPAM. c) UV/Vis absorption
spectra of the original gold nanoparticles (solid line), gold nanoparticles coated with HPG -
NIPAM at 20.0 °C (dashed line), gold nanoparticles coated with HPG,s-NIPAM at 40.0 °C
(dotted line); inset: photographs of aqueous solutions (pH 9.0) of HPG,s-NIPAM-coated gold
nanoparticles at 20 °C and after heating up to 40.0 °C. d) Changes of transmittance during
both pH variation cycles between pH 5 and 11 and heating—cooling cycles between 20.0 and
40.0 °C, 3) Illustration of effects of pH and temperature on dual-responsive Au nanoparticles
coated with HPG-NIPAM. [139]
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Figure I1.18. 1) Thermoresponsive AuNPs capped with hyperbranched polyethylenimine
terminated with isobutyric amide groups, 2) transition temperatures of thermoresponsive
AuNPs modulated by changing the molecular weight of the HPEI core and the degree of
substitution (DS) of the capping HPEI-IBAm, 3) Typical UV-vis absorbance spectra of the
composite of AuNPs with HPEI-IBAm polymers (HPEI10K-IBAm,, was used here) in
function of temperature with corresponding solution images, 4) The Ay variation of the
AuNP-HPEI1.2K-IBAm,,; composite in the presence of 0.034 M NaCl versus pH at 39 °C, 5)
The Apeax variation of the AuNP-HPEI1.2K-IBAm,,; composite at pH = 9.8 versus NaCl
concentration at 38 °C, 6) illustration of stimuli-responsive AuNPs. [147], [148]

Liu et al reported thermoresponsive AuNPs with transition temperatures conveniently
adjustable over a broad range through the non-covalent interaction between
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thermoresponsive HPEI-IBAm polymers and the citrate-protected 14 nm diameter AuNPs.
Upon raising the temperature above the transition temperature the surface plasmon
resonance (SPR) peaks of the obtained thermoresponsive AuNPs red-shifted sharply in a
narrow temperature range, accompanied by a color transition from transparent red to
transparent purple—red until turbid red, which made them suitable to be used as sensitive
colorimetric sensors for detecting environmental temperature variation. The solutions of the
thermoresponsive AuNPs were very stable during many heating—cooling cycles. Moreover,
the temperature range of sensitivity of the obtained thermoresponsive AuNPs could be tuned
by modulating the molecular weight of core or degree of substitution of the thermoresponsive
polymers employed or lowering the pH of the solution (Figure II.18). Furthermore, the
solution colors of the thermoresponsive AuNPs were also sensitive to pH and NaCl
concentration variation, as a result of which they could also be used as colorimetric sensors
for detecting the variation of pH and salt concentration [147], [148].

The obtained thermoresponsive AuNPs could be used as recyclable responsive
catalysts for the reduction reaction of 4-nitrophenol by NaBH,. As far as the
thermoresponsive catalysts were concerned, reducing the molecular weight of the HPEI core,
lowering the DS values and increasing the concentrations of the capping HPEI-IBAm
polymers or the gold resulted in the acceleration of the reaction. By choosing the right
capping HPEI-IBAm polymers, the reaction was faster than that catalyzed by AuNPs without
capping polymers. The reaction rate was accelerated by elevating the reaction temperature at
first, but reached a plateau or decelerated upon raising the temperature close to the T. of the
thermoresponsive AuNPs catalysts. Moreover, the obtained thermoresponsive AuNP
catalysts could be recovered by heating the temperature above their transition temperatures
and be recycled at least six times with more than 95% conversion. [147], [148]

5. Conclusions

Through this review, we can see that hyperbranched polymers and their derivatives
show huge capacity to encapsulate and stabilize gold nanoparticles by three approaches: in
situ synthesis and ex situ : grafting to and grafting from. Every coin has two sides, the
“grafting to” strategy also has some disadvantages such as the incomplete removal of original
ligands, change of NC properties during an exchange reaction, and so on. So, each of the
above three strategies has its own merits and demerits requiring careful choice for the most
proper one to synthesize the desired NCs in actual experiments and applications.
Thermoresponsive Au NPs with tunable transition temperature have been prepared by in situ
and ex situ methods. Hyperbranched polymers appear as efficient candidates for the
synthesis of thermoresponsive nanohybrids. Up to date, ends groups modified
hyperbranched polymers were used for the stabilization of gold NPS, but core-shell structure
seems to be rarely exploited for this purpose.

C. Nanoparticles within gel structures

1. Introduction

Natural characteristics, such as soft, flexible, elastic and wet nature, make hydrogels
an indispensable engineering material for many advanced material designs. The combination
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of the hydrophilic nature and stabilizing effects of polymeric chains on the metal
nanoparticles make hydrogels an excellent candidate as a soft template for both metal
nanoparticle preparation and as a reactor in the catalysis of various reactions. Hydrogels are
favorite for the in situ synthesis and encapsulating of metal nanoparticles and as a reaction
vessel. Both in situ and ex situ synthesis approach will be given in this section. Furthermore,
some examples of thermoresponsive gel nanohybrids will also be given in this section. As
only few examples of hyperbranched related systems are described in the literature and in
order to describe the main features of those hydrogels, the examples which are given also
concern more conventional linear polymer.

2. Ex situ synthesis of gel nanoparticles hybrids

Wang et al reported the synthesized of gold nanoparticles using agarose as a reducing
agent with a good dispersion of metal nanoparticles throughout the support. AuNP sizes were
about 20-40 nm by adjusting the quantity of HAuCl4 compared to agarose. The hybrid
material was then used as template for the formation of Au-TiO2 nanohybrids (Figure II.19).

[149]

1)

2)

3)

Figure I11.19. Schematic of the Au/TiO2 method A synthesis procedure, 2) SEM images of (a)
the critical point dried agarose gel; (b) the Au nanoparticle/agarose hybrid from method B
(0.50 mM initial Au concentration), inset at higher magnification; (d) the final Au
nanoparticle/TiO2 structure from method B (0.50 mM initial Au concentration). UV-vis
spectra of method A (0.25 mM initial Au concentration) as a function of time, TEM images of
(a) the Au/agarose hybrid, and (b) the Au/TiO2 composites [149]
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Vemula and John reported the use of urea based gelators as reductants for the
formation of AuNPs, as the gelation occurred , the nanohybrid gels were obtained. Formation
of gels in presence of AuNPs did not change the basic morphology of the gel (Minimum
gelation concentrations, Tgel). More interestingly, the edges of all gel platelets were
decorated with GNPs as we can see in a) and b) of Figure I1.20.

Figure I1.20. SEM image of xerogels prepared from gels of a) 2 in water and sheets with
GNPs. TEM image of b) hydrogel of 1 with GNPs (inset magnified range), ¢) UV-vis spectra of
GNPs embedded hydrogel of 3, d) Possible molecular arrangement of hydrogels, ) gelators
with different alkyl chains [150]

3. In situ synthesis of nanoparticles

Similarly, Faoucher et al. reported the synthesis of gold nanoparticles by reduction of
HauClg within agarose hydrogel using NaBH4 as reducing agent where they form percolating
networks upon partial dehydration and shrinkage of the gel. [151]

Mohan et al. reported hydrogel networks based on N-isopropylacrylamide (NIPAM)
and sodium acrylate (SA) prepared by redox-polymerization in the presence of N,N" -
methylenebisacrylamide (MBA) (Figure II.21). Highly stable and uniformly distributed silver
nanoparticles have been prepared using these hydrogel networks as a carrier via in situ
reduction of silver nitrate in the presence of sodium borohydride as a reducing agent. The
hydrogel network facilitate the narrow dispersion of silver NPs and the network chains also
assist in digestive ripening of such particles without aggregation. It was shown that the MBA
cross-linker concentration in the preparation hydrogel networks determines the size of the
Ag NPS. The size of the Ag NPs decreased from 21 nm to 3 nm when cross-linker
concentration increased from 4.5mM to 13mM. The hydrogel hybrid with different sizes of
silver nanoparticles (3 nm) can be effectively employed as antibacterial material. [152]
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2)

Figure II.21. Schematic representation for the Ag nanoparticles formation in the hydrogel
network, 2) a) UV spectra of (A) hydrogel, (B) AgNO3 and (C) hydrogel Ag nanoparticle
hybrids, b) SEM of pure hydrogel and (c) Ag nanoparticle grown in 4.50 mM MBA-
crosslinked hydrogel network nanoreactor. [152]

Table II.2. Highlighted examples of nanohybrid gel-nanoparticles

Gelators Reductant NPs Size (nm) Ref

PNIPAM crosslinked | Ex situ (seed-growth, Au 0 12 18 [153]

gel citrate reductant) 75135 53
In situ [149]

agarose Polysaccharide Au 20 -40 49
agarose

agarose In situ NaBH4 Au 5-8nm [151]

Pnipam-co-PSA .

(Sodium acrylate) In situ NaBH4 Ag 21.1, 6.6, 4.4, 2.7 | [152]

Urea based hydrogel | In situ (amino group) | Au 11-15 [150]

4. Stimuli-responsive gel nanohybrid

Embedding AuNPs in thermoresponsive hydrogels should enable to create “smart”
material systems through the advantages of both thermoresponsive materials and metal
nanoparticles. Cross-linked hydrogels have been used to produce thermoresponsive
nanohybrids. In this case thermoresponsive characteristic consists the swelling and
deswelling of the cross-linked gels. To the best of our knowledge, physical hydrogels have not
been applied for this subject. This section is meant to give some brief examples of both
chemical and physical thermoresponsive hydrogel nanohybrids.
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Kazimierska et al. reported: Gold NPs of various sizes in the range from 2.7 to 18 nm
in diameter were synthesized and introduced to crosslinked poly-N-isopropylacrylamide
(NIPA) polymeric gels during the polymerization process (Figure II.22). The presence of
polymeric matrix does not affect the size and the shape of gold particles. However, surface
plasmon resonance for gold in NIPA gels is slightly shifted toward longer wavelengths
comparing to the neat colloidal suspension. The temperature of the volume phase transition
for neat and gold modified NIPA gels was the same: 32.0+ 0.6°C. [153]
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Figure II.22. Schematic synthesis of poly-N-isopropylacrylamide cross-linked with N,N’-
methylenebisacrylamide, 2) UV-vis spectra of colloidal gold particles incorporated into NIPA
gel (spectra collected before drying). Au particles size: 0) neat NIPA gel without gold, (1) 2.7
nm, (2) 13 nm, (3) 18 nm, 3) TEM image and size distribution of 13 nm Au particles in the
NIPA gel. [153]

Pong et al. reported the changes in the structure and thermoresponsive behavior of
poly(IN-isopropylacrylamide) (PNIPAm) hydrogels when gold nanostructures were
synthesized in situ within the hydrogel matrix. Firstly, crosslinked PNIPAm hydrogels were
synthesized using NIPAm and 0.00-3.50% (w/w versus NIPAm) of N,N*-
methylenebisacrylamide (MBAm) and/or N,N‘-cystaminebisacrylamide (CBAm) as cross-
linking agents. The hydrogels were soaked in potassium tetrachloroaurate to introduce gold
ions. The hydrogels containing Aus* were then immersed in a sodium borohydride solution to
reduce the gold ions. Infrared spectroscopy, UV-visible spectroscopy, and equilibrium
swelling were used to examine the structural/physical differences between gels of different
compositions; UV-visible spectroscopy and mass measurements were used to observe the
kinetics and thermodynamics of the hydrogel volume phase transition. These studies
revealed several differences in the physical characteristics and thermoresponsive behavior of
hydrogels based on cross-linker identity and the presence or absence of gold nanostructures.
Hydrogels with gold nanostructures and high CBAm and low MBAm content have
equilibrium swelling masses 3-20 times their native analogues. In comparison, gold-
containing hydrogels with high MBAm and low CBAm content have swelling masses that are
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equal to their native analogues. Additionally, the gold-containing PNIPAm hydrogels cross-
linked with only CBAm have a deswelling temperature of --40 °C, --8 °C above the samples
cross-linked with only MBAm. Varying the CBAm content and introducing gold enables
tuning of the deswelling temperature. [154]
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Figure II.23. 1) Structures of (a) N-isopropylacrylamide, (b) N,N-methylenebisacrylamide,
and (c¢) N,N’-cystaminebisacrylamide. 2) Temperature-dependent UV-visible spectra of
3.50M/3.50°C hydrogels. Spectra of (a) native hydrogels were recorded at 25, 30, 32, 34, 36,
38, 40, and 50 °C and (b) gold-containing hydrogels were recorded at 25, 30, 35, 37, 39, 41,
43, 45, 47, 49, and 51 °C. Absorbance values for each hydrogel type increase with
temperature, and several spectra have been labeled. 3) Fractional mass change of (a) native

and (b) gold-containing 3.50M/0.00°C (*), 1.75M/1.75°C (°), 0.00M/3.50°C (+), and
3.50M/3.50°C (x) hydrogels over the temperature range of 25-60 °C. Error bars on data
represent the standard deviation from a minimum of three separate hydrogel samples. [154]

5. Conclusions

The combination of metal nanoparticles with host hydrogels of different
characteristics is a strategically significant way of creating novel composite materials with
extraordinary properties. The utilization of environmentally benign hydrogel networks for
metal nanoparticle preparation provides two advantages: firstly as a template, the hydrogel
network prevents nanoparticle aggregation, and secondly, provides an adapted media as
flexible reactor for catalysis or various reactions. Thermoresponsive hydrogels has been used
for preparing metal nanocomposites however physical hydrogels remain largely unexplored
for such application.
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D. Nanoparticles and polymeric liquid crystals

1. Introduction

Liquid crystals (LCs) have been extensively exploited in display technologies
throughout the past decades. However, they play also an important role in numerous sectors
including organic transistors, sensory, light modulators, bio-medical applications and more.
By no surprise, due to their organization at the molecular level, LCs have also found an
important place in nanosciences. In recent years, intimate mixtures of LCs and
nanostructures have aroused great interest in the scientific community in order to obtain
materials that manifest simultaneous nanoparticle-related properties and liquid crystalline
behaviour. [82], [155]

First studies have involved the doping of LC materials with preformed nanoparticles.
As trivial as it may sound, a homogeneous material involving nanoparticles (NPs) and LCs is
not in any way straightforward to obtain. Indeed, the insertion of NPs can disrupt the LC
order and can generate various types of defects e.g., hyperbolic hedgehogs, Saturn rings or
boojums.... Those defects were taken in good account to generate anisotropic colloidal
structures. The incorporation in a homogeneous way of NPs within a LC medium often
requires surface modification of the former. For this reason, many studies have proposed the
coating of NPs with LC ligands, by using for instance ligand exchange processes. Doping of
LCs with NPs was found to improve the physical properties of LCs and can give rise to
applications in various technologies such as highly-sensitive LC-based sensors. In addition,
liquid crystals exhibit a certain amount of order by nature, which can be exploited either to
organize NPs in two- or three- dimensions or as templating agents. [82], [155]

Alternatively to this ex situ strategies to obtain NPs embedded in LCs media, direct
growth of NPs within a LC phase was also reported. This pathway requires the doping of a LC
by an adequate precursor that will be in situ modified (reduction, oxidation, hydrolysis...) to
obtain NPs. This strategy presents also several issues concerning the compatibility of a
chosen precursor with a LC phase and the way the precursor can be directly modified in situ
without disrupting LC order. These issues have been circumvented by the use of lyotropic LC
mesophases which have been used to obtain nanostructured silica materials useful in a wide
range of applications. In contrast, thermotropic materials have been scarcely reported [82],

[155].

This section will focus on the use of liquid crystalline polymers in order to obtain
intimate structures of NPs and LCs. We will first describe the doping of NPs in LC media and
in a second section, the direct growth within a LC matrix. This overview is meant to give an
insight into hybrids incorporating different types of nanoparticles, e.g. metallic or metallic
oxides, and different types of liquid crystals.
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2, Stabilization of preformed nanoparticles

The ex situ procedure to get hybrid liquid crystalline polymer-nanoparticle
composites is usually preferred when monodispersed nanoparticles with definite shape and
dimensions are necessary for precise practical applications, i.e. solar cells or optical sensing
devices or actuation, which can take advantage from the collective behavior of ordered NPs.

One of the most delicate points of this approach is the homogeneity of the dispersion.
Above all when high NPs weight fractions are necessary, it is very important that
nanoparticle-nanoparticle interactions are somewhat balanced by nanoparticle-polymer
interactions. For this reason, in order to obtain a more intimate mixture, the most used
strategy is to make inorganic nanoparticle more compatible to the liquid crystalline polymer
matrix. This can be achieved by using mesogens which are functional groups able to interact
with NPs or surrounding the NPs with liquid crystalline ligands. This is true whichever the
NPs used. The NP choice usually depends on the wished application. The liquid crystal
polymer is then accordingly tailored.

Shandryuk et al. reported about the dispersion inside a side-chain liquid crystal
polymer of CdSe spherical quantum dots (QDs) [156] and CdS nanorods [157], which share
with LCs the anisotropic character. In both cases they chose a poly[4-(n-
acryloyloxyalkoxy)]benzoic acid with a smectic C-type phase as the presence of alkoxybenzoic
acid functionalities should insure the interaction with the inorganic fillers. In the case of
CdSe, the interaction between the QDs and the polymer is clearly shown by infrared analysis:
upon increasing concentration of CdSe, the intensities of bands related to the carbonyl group
(vCO) decreased while new bands relative to carboxylate anions appeared. X-ray scattering
spectra showed a change of the interlayer spacing due to the presence of CdSe NPs, so the
authors suggested a composite nanostructure where polymer layers alternate with QDs highly
packed layers (Figure I1.24). The LC polymer-nanoparticle interactions were also proved by
the change in the thermal behavior of the LC in the composite. Till 20 wt% QDs the LC-
Isotropic transition temperature dropped by some degrees and the associated transition
enthalpy decreased. At 40 wt% QD content the LC transition disappeared. The quantity of
NPs in a LC matrix is a limiting factor, so it must be carefully chosen in order to preserve the
liquid crystalline properties of the final materials. The optical properties of these materials
were characterized [158] and confirmed the good insertion of the NPs inside the liquid crystal
matrix.
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Figure I1.24 Schematic representation of a) a side-chain LC polymer stabilizing CdSe NPs via
alkoxy benzoic functionalities and b) the localization of CdSe between polymer nanolayers
[156]. ¢) TEM images and d) X-ray pattern (right) of uniaxially oriented films of the liquid
crystal polymer with CdS nanorods [157].

The case of the CdS nanorods described by the same authors is less straightforward
[157]. The IR spectra of the composite showed no sign of the presence of the
trioctylphosphine oxide (TOPO) ligands used in the nanorods synthesis, suggesting that they
have been replaced by the functional groups in the polymer. As for the spherical NPs, when
nanorods were incorporated in the polymer matrix, the number of H-bonded dimers in the
composite decreased. The X-ray analysis showed only a change of 0.5 nm in the interlayer
spacing, which is quite small. Moreover, the LC thermal behavior was just slightly influenced
by the presence of the nanorods. The authors then concluded for weak interactions between
the nanorods and the LC matrix. Nevertheless, they exist and TEM images showed 100-200
nm low density domains of nanorods evenly distributed in the matrix. They compared the LC
matrix with an amorphous one made up of norbornene-methyl methacrylate copolymer
without functional groups. They found a significant phase separation with bigger and much
denser domains. Interestingly, the uniaxial stretching of the composite films caused the
formation of wire-like structures oriented as the LC groups in the sense of the deformation
(Figure I1.24), thus confirming an interaction between the nanorods and the mesogens. This
same interaction was responsible for the optical properties of the composites: CdS nanorods
emission peak in the LC matrix and a homogeneous solution were nearly the same, whereas it
was red-shifted in the amorphous matrix.

In the examples reviewed above the liquid crystal character is exploited in order to
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organize the inorganic filler: the NP localization and organization is a key factor for sensing
and authors care about their good dispersion and they underline the importance of a specific
interaction for the successful mixture. The necessity to adapt the NP content is also
discussed. In the same way, when doped liquid crystalline block copolymers are proposed for
hybrid photovoltaic devices [159], [160], the NP concentration, location and order must be
cared with as they directly influence the performances of the device. More precisely, in this
kind of application the main issue is to obtain highly ordered nanostructures and big
interfacial area where the semiconductor NPs are ideally located. Liquid crystalline block-
polymers are ideally suited to favor oriented ordered domains and the LC matrix-
nanoparticle interface is crucial. Besides, a quite important NP content is necessary in order
to guarantee sufficiently high current density but at the same time it is limited by the
disruption of the liquid crystalline order. In these examples a good compatibility is even more
essential.

7ZnO QDs were dispersed in a liquid crystal donor-acceptor copolymer poly[3-(6-
(cyanobiphenyoxy)thiophene)-alt-4,7-(benzothiadiazole)], P3HbpT-BTD [159] (Figure
II.25.a). The composite films were prepared with high dopant content, 1:3 wt% P3HbpT-
BTD: QDs, by spin-coating highly concentrated dichlorobenzene solutions and annealing
them at different conditions. The authors observed a relation between the annealing
conditions, the composite film microstructure and the device performances. In particular,
films annealed in the mesomorphous state achieved power conversion efficiencies
comparable to the better values in the literature (ca. 2%). X-ray diffraction and TEM images
showed highly ordered ZnO domains and well developed interpenetrating network if
annealing was conducted in the liquid crystal state; on the contrary films annealed in the
crystalline or isotropic state were characterized by extensive ZnO aggregation. In this way,
the enhanced charge separation and transport efficiency could be attributed to the well-
ordered percolated network.

Figure II.25. Chemical formula of the a) polythiophene-b-poly{3-[10-(4’-cyanobiphenyloxy)-
decyl]thiophene} (P3HT-b-PTcbp) [160] and b) poly[3-(6-(cyanobiphenyoxy)thiophene)-alt-
4,7-(benzothiadiazole)], P3HbpT-BTD [159] used in the active layer of a hybrid solar cell
device schematized in c) [159].
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The performances of such kind of device were improved by the same authors by
allowing a more intimate mixture of the liquid crystalline polymer and inorganic NPs [160].
As already said, in order to have good charge separation, the NPs must ideally be located at
the heterojunction. This situation is more likely achieved if the polymer possesses groups
allowing cooperative interactions with the QDs. At this purpose, the authors compared the
power conversion efficiencies of hybrid solar cells formed by conjugated rod-rod diblock
copolymers containing cyanobiphenyl mesogenic pendants, polythiophene-b-poly{3-[10-(4'-
cyanobiphenyloxy)-decyl]thiophene} (P3HT-b-PTcbp) (Figure II.26.b), as electron donors
and by ZnO or CdS QDs as electron acceptors. They fabricated devices where the QDs
surfaces were modified or not with liquid crystalline ligands, 4’-hydroxy-[1,1’-biphenyl]-4-
carbonitrile (cbp). The role of the liquid crystalline ligands is to guarantee a better miscibility
with the polymer thanks to the intermolecular interactions arising from their similar
structure. All the devices containing liquid crystalline ligands on the QDs possessed better
power energy conversion. The authors attributed the improved performances to the
improved order of the active layer due to the presence of liquid crystalline moieties on the
conducting polymer and to the better nanoparticle dispersion, showed by TEM images, when
liquid crystalline cbp are present on QDs surface (Figure I1.26).

Figure II.26. TEM images of a) P3HT-b-PTcbp/ZnO, and b) P3HT-b-PTcbp/cbp@ZnO. c)
HRTEM images of the self-assembly of cbp@ZnO in the corresponding areas of P3HT-b-
PTcbp/cbp@ZnO. The polymers concentration was 10 mg/mL, the polymer:ZnO ratio 1:2.
[160]

3. In situ synthesis of nanoparticles

As previously mentioned, successful hybridization of NPs within a liquid crystalline
medium depends on several factors including NP size/concentration, chemical compatibility,
topological defects and so on. For this reason, research groups in this field started focusing
on the possibility of growing NPs directly within the LC instead of using preformed particles.
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Nevertheless, the direct synthesis of NPs in LCs generally presents several difficulties:

i) The first one concerns the retention of the liquid crystalline phase upon addition
of the NP precursor that could disrupt the LC phase.
ii) The second one concerns the development of an in situ procedure to generate NPs

within a LC medium. For this, in order to avoid the diffusion of additional
reactants within the LC medium, most studies involve the in situ reduction of
metal precursors via oxidation of the LC medium in order to obtain the desired
NPs. In other cases, sputtering or electrodeposition techniques were used.
Alternatively the diffusion of small molecules in a gas phase (water, dihydrogen)
has been also reported.

iii) Lastly, if the interactions between the formed NPs and the LC phase are poor,
segregation of the formed NPs may occur.

Another advantage of this in situ synthesis is that the LC anisotropic medium may
induce a morphology-controlled growth of NPs, i.e. control over size and shape. Whereas this
last approach has been often reported in the case of lyotropic liquid crystals, the use of
thermotropic liquid crystals is seldom found in literature. For this specific purpose, the use of
LC polymers has demonstrated its better efficiency than the use of small LC molecules. That
will be discussed in the following.

a. Solvent mediated in situ formation of NPs/LC hybrids

In order to get homogeneous dispersions of inorganic NPs in liquid crystalline
polymer matrixes, another possibility is the in situ synthesis of the NPs. Zadoina et al.
adapted the synthesis of Co NPs starting from bis(bis(trimethylsilyl)amido)cobalt(II),
Co[N(SiMes)]., in the presence of long chain carboxylic acid and amine ligands [161]. They
successfully obtained spherical and/or rod-like Co NPs inside a silicone based liquid
crystalline polymer. The precursor decomposition was carried under 3 bar H. in toluene
solution varying the ratio between the Co precursor, the carboxylic acid side-chain groups on
the polymer and the hexadecyl amine. For low content of the acid ligand, anisotropic NPs
started to form, and a majority of nanorods formed when hexadecyl amine was added in the
solution at Co: acid ligand:amine ligand ratio 1:0.16:1. All the obtained NPs were well
dispersed inside the matrix which retained its mesomorphous character; the ferromagnetic
properties of Co NPs were also verified. By using a similar strategy, Domracheva et al [162]
have prepared superparamagnetic y-Fe,O; nanoparticles from oxidation of a second
generation polypropylene imine LC dendrimer — iron (II) complex in THF solution. NPs with
an average diameter of about 2.5 nm encapsulated within the LC dendrimer were obtained.
After removal of the solvent, those particles presents a liquid crystalline columnar as
identified from X-ray diffractometry measurements. The electron magnetic resonance
spectra of those NPs within the LC phase were then compared to the one of bulk y-Fe,O;.
Electron magnetic resonance spectra demonstrated that, in contrast to bulk y-Fe.O3, LC NPs
possessed enhanced effective magnetic and uniaxial anisotropy induced by the particle
surface and shape effect.

b. Solvent-firee in situ formation of NPs/LC hybrids

Lee and Jin [163] have first reported the growth of metallic NPs inside a thermotropic
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LC based on polymeric materials. A polyester matrix polymer consisting of hydrophilic PEG
branches attached to a hydrophobic aromatic polyester backbone was used for his purpose
(Figure II.27.A). This structure tends to organize in smectic like domains with the PEG
branches occupying the inter-layer domains. Gold nanoparticles were obtained in a two-step
procedure: first an aqueous solution of HAuCl, was allowed to diffuse into hydrophilic
domains. Then, these gold ions were reduced to Au NPs upon the addition of a hydrazine
solution as shown on TEM micrographs in Figure 11.27.B. Mesomorphic properties of the
LC/NP hybrid were not discussed.

A O} CHy
ot |
. 7
o | o i
to-— w Ao
Hycko—-_\0 ®
7
H; H
C bc-c' G-C
100-x o o x
H,C H

R = CN/OGH;

R

Figure II.27. Structure of DiPEG-BP LC polymer (A) and TEM micrograph of Ag NPs within
(B) (Adapted from ref [163]). Molecular structure of side chain LC polymer used by Barmatov
et al. [164] incorporating cyanobiphenyl or methoxybiphenyl mesogens (C) and TEM
micrograph of Ag NPs synthesized within (D).

The procedure used to form the NPs necessitates the addition of a limited quantity of
water to the liquid crystal materials in order to introduce the NP precursor and the reducing
agent. Therefore a partial disruption of the mesomorphic order at localized sites during the
nanocomposite preparation could occur. To avoid this, Barmatov et al. [164] used a different
strategy that involved direct reduction of metal precursor within the LC matrix. LC polymer
with cyano- or methoxy- biphenylmesogenic side-fragments was used in this study (Figure
I1.28.C and Table 1). A silver-olefin complex is first mixed with a solution of polymer in THF
and the solvent is then evaporated. After heating, Ag* ions are reduced by olefin ligands
inducing the formation of isotropic Ag NPs with average sizes in the range 5-30 nm (Figure
I1.27.D). As NPs presented large size distribution the control over the NP morphology is
somehow limited. Moreover the presence of NPs has a strong and negative influence on the
mesophase stability: the composites based on cyanobiphenyl mesogens presented no more
mesomorphic properties above 2 wt% silver content whereas the ones based on
methoxybiphenyl entities remained relatively stable up to 15 wt% of silver NPs. The drastic
decrease of mesophase stability in the first case is thought to be related to the strong
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interactions between terminal cyano groups and silver surfaces disturbing significantly the
packing of the mesogenic groups and resulting in the rapid loss of LC behavior.

c. Effect of LC organization and structure on nanoparticle growth

Until now, the examples we have discussed generally focused on the incorporation of
NPs in LCs to form LC nanocomposites. However, not much attention was given to the
control of NP morphology using the LC as a template. First attempts have involved the use of
mixture of ionic liquids and NPs precursors presenting mesomorphic properties leading after
reduction to gold, copper or silver nanoparticles [165], [166]. In both cases particle size and
thickness can be tuned by varying the reaction temperature: while nanospheres were
obtained in isotropic conditions, anisotropic structures (copper platelets, leaf-like Au
nanostructures) were obtained in LC state. However, none of those examples have shown a
direct relation between the LC structure and the morphology of the synthesized NPs as rather
large NPs were obtained. A clear correlation between LC phase and NP size and shape can be
found in a recent paper of Mallia et al. [167]. The system involves amphiphilic low-molecular-
weight mesogens, which are capable of reducing the metallic salt without the need of external
reducing agent. The gold ions interact with ammonium groups in the liquid crystal molecule.
The control of size and shape was obtained by either varying the concentration of the gold
chloride precursor or by the LC phase.

Figure I1.28. TEM micrographs and corresponding histograms illustrating the particle size
distribution of gold NPs embedded in composites formed in a polydomain (up) or
monodomain (bottom) smectic phase [168].

Gascon et al. [168] have demonstrated that not only the liquid crystalline nature can
have a strong influence on the nanoparticle size but also the local organization of a given
mesophase. For this, liquid crystalline elastomer based on side chain polysiloxane (Table
I1.3) with the same chemical structure but different macroscopic organizations (polydomain
and monodomain) were synthesized. Whereas in the smectic phase of a monodomain
polymer, Au NPs of 3 nm were obtained, larger Au NPs of 50 nm were obtained when the
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same experiment was realized in the isotropic state (see Figure I1.28). The discrepancies
observed might be related to the formation of NPs within the structure defects of the LC,
polydomain samples presenting due to their intrinsic nature more defects than monodomain
materials.

More recently D. Dasgupta et al. [169] have synthesized nanoporous smectic liquid
crystalline polymer networks and used them as template for the photochemical synthesis of
silver nanoparticles. They have shown that the diameter of the NPs is controlled by the length
of the cross linking agent used during synthesis. Indeed this length allowed controlling the
periodicity of the layered morphology and therefore of the in situ generated silver
nanoparticles. Those materials have been used to fabricate patternable organic/inorganic
hybrid materials.

A new strategy to improve a control over NP growth within the LC mesophase have
been published by S. Saliba et al [170], [171]. This approach involves the in situ hydrolysis of
dicyclohexylzinc, [Zn(Cy.)] leading to ZnO NPs with volatile cyclohexane as the unique side
product. The use of LC compounds having an oligomeric or a polymeric structure that
contain various amine and amide chemical functions favour interactions between the L.C and
[Zn(Cy.)] /ZnO NPs. Those interactions were evidenced both by experiments in solution and
by solid state 3C-NMR studies in LC state and limit disruption of the LC organization and
increase the templating effect of the LC phase. Two different types of LCs which differ by
their type of backbone were investigated (see Figure I1.29).

Figure II.29. TEM micrographs of ZnO NPs synthesized under various conditions: in
branched LC at 30°C (scale: 200 nm) or in hyperbranched LC at 45°C (scale: 50 nm).
Adapted from ref [170], [171].

Both targeted LCs exhibited a mesophase (i.e. nematic phase) close to- or at ambient

temperatures. In isotropic conditions, hydrolysis of the [Zn(Cy).] precursor led to isotropic
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NPs. At these given temperatures, growth control could be achieved: the average size of the

NPs is around 5.4+0.7 nm and 2.7+0.3 nm, respectively.

When the experiments were performed in the nematic phase state of the LC
compound (i.e. at lower temperatures), anisotropic ZnO structures, were obtained. As shown
in Figure II.29 either nano-worm-like or nano-wires structures were grown in branched LC
and hyperbranched LC. They have an average width of 2.5+0.2 nm and 2.7+0.4 nm,
respectively. Polydispersed lengths vary from a few nanometers up to around 100 nm when
the branched LC was used, while lengths from around 10 to 200 nm were obtained when the
hyperbranched LC was used. Thus, a direct correlation between the structural characteristics
of the LC and the morphology of the nanostructures was demonstrated. The new LC/NPs
composites present, at the same time, LC properties and optical properties originating from
ZnO. This new in situ strategy paves the way for new LC/NP composites of controllable and
stable properties.

Therefore in order to tailor the NP morphology using a LC phase, different criteria
should be fulfilled. Primarily, the chemical reaction leading to the NPs should not disrupt the
LC organization. Thus, the LC molecules should not play the role of reactants (side products
should be avoided as much as possible throughout the NP formation). Next in order,
interactions between the LC molecules, the NP precursor and eventually the synthesized NPs,
should favour the templating effect of the LC phase. Finally, the use of relatively high
viscosity LCs should prevent a fast disruption of the organization during the NP formation.
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Table I1.3. Highlighted example of thermotropic LCs used for direct synthesis of NPs.
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4. Conclusion:

NPs/LC hybrids have been the subject of many reports in the last few years. Such
materials can be obtained either by ex situ or in situ strategies. The former is often the most
appropriated strategy, when monodisperse NPs are needed for a chosen applications.
Nevertheless it can necessitate tedious synthetic steps to render NPs compatible with a LC
medium. In that context LC polymers can incorporate specific moieties in their structure that
can render them suitable to interact with the preformed NPs and allow increasing colloidal
stability within a LC medium. The mesophases obtained from such polymer can then be
taken in good account to organize NPs within the LC structure in a precise and controlled
fashion which is required when dealing with optical properties of those assemblies for
instance. In situ strategy has also been used with such polymers. In that case the main issues
concern the difficulties to perform chemistry in a LC medium without disrupting the LC
order. Those difficulties have been circumvented either by using physical methods, by using
LC as a reactant or by diffusion of reactants in a gas phase within the LC structure. Up to date
most studies have focused on the use of lamellar and nematic mesophases obtained from
such LC polymers. Therefore LC polymers that induces different mesophases (cubic,
columnar, ...) could be materials of choice to induce specific growth mechanism and induce
specific arrangement of NPs within those hybrids. In that context hyperbranched structures
could be of special interest.
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III. Objectives of the projects

The two main objectives of this thesis project were: 1) The investigation of the
capability of dendritic based core-shell polymers to induce the formation of different
systems: lyotropic aggregates, gel phases or liquid crystal polymers responsive to external
stimuli. For this we have chosen to use 3 different dendritic polymers: dendrimer,
hyperbranched and dendrigraft and also used covalent and no-covalent modification to
obtain core-shell structures. These systems with interesting structural order could be used to
generate nanohybrid materials.

2) The use of these self-assembled systems as soft-template to stabilize as well as to in
situ synthesis of metal nanoparticles. We have chosen gold nanoparticles due to its optical
properties. It could allow us to gain insight in the interaction between the soft-template and
the nanoparticles themselves. The objective was not only the synthesis and stabilization of Au
NPs within host structures but also to study the effect of Au NPs incorporation on the
properties of the hybrid materials. For such a task, we envisaged using different strategies in
situ approach or ex situ approach.

Throughout this project we will pursuit the understanding of the nanomaterial’s
iteration with the polymer self-assembled structures. Several different systems will be
investigated based on dendritic core-shell structures including (lyotropic aggregates, gels,
liquid crystals).

For this purpose, polymeric core-shell structures were prepared by both covalent and
non-covalent modification of dendritic polymers owing to three different families.

Amine terminated Dendrimer olyamidomamine (PAMAM) purchased from Aldrich,
PAMAM dendrimers consist of alkyl-diamine core and tertiary amine branches and a lot of
primary amine groups on the surface.
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Figure III.1. Chemical structure of dendrimer polyamidoamine (PAMAM) generation 2
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Hyperbranched polyamidoamine (HYPAM) with analogous structure to PAMAM
dendrimer, which is synthesized in our laboratory, it contains of tertiary amine branches and
primary amine groups on the surface. Their structure and synthesis is already published
[146], [172] and will be discussed with details in a later state in this thesis.
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Figure I11.2. Hyperbranched polyamidoamine (HYPAM)

Dendrigraft polylysine (DGL) consisting of branched polylysines and numerous of
amine (ammonium) groups are supplied by Colcom company.
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Figure II1.3. Polylysine dendrigraft (DGL) of generation 2
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1. Introduction

Stimuli-responsive materials have benefited from significant advances in polymer
science which open the way on the implementation of new smart materials such as
organic/inorganic stimuli-responsive nanohybrids. The latter adopt some characteristics
from the components that compose it such as thermoresponsiveness of the polymer part and
physical, mechanical properties from the organic part. Synergistic effects can also create
properties not present in any of the parts.

When a thermoresponsive polymer is physically or chemically attached to the surface
of a gold NP, not only a steric stability is acquired for the NPs, but also the properties of the
NPs can be controlled to some extent in response to any change in temperature [1], [2].
Hence, coating of Au NPs using different families of polymers have been extensively
described in literature as we have shown in chapter 1. Among them poly(N-
isopropylacrylamide) (PNIPAM) is by far the most commonly described but other families
such as polyvinylcaprolactame [1], poly(oligo(ethylene glycol) methacrylate) [3], have also
been used. Those nanohybrids can be obtained either by a “grafting from” or a “grafting to”
approach, or by direct growth of the NPs within polymer [4].

Hyperbranched polymers and their derivatives show huge capacity to encapsulate and
stabilize metal nanoparticles due to their unique topologies. Up to date, ends groups
modified hyperbranched polymers were used for the synthesis of nanohybrids, but dendritic
core-shell structures seem to be rarely exploited for this purpose.

In this chapter we aim at understanding the effect of macromolecular architecture, i.e.
average molecular weight of the core and molar mass of the grafting moiety, on the properties
of those nanohybrids. For this purpose, the synthesis and characterization of a new family of
dendritic polymers comprising a hyperbranched polyamidoamine core and a PNIPAM shell is
described. This allowed assessing the key macromolecular parameters that will control i) the
growth mechanism of in situ synthesized gold NPs, ii) the colloidal stability and iii) the
thermoresponsive properties of the obtained nanohybrids.
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II. Synthesis and characterization of the hyperbranched
polymers consisting of the PNIPAM shell and hyperbranched
polyamidoamine core

A. Hyperbranched poly(amidoamine)

1. Synthesis

The synthesis of the hyperbranched poly(amidoamine) polymers (HYPAM) is outlined
in Scheme I1.1. HYPAM cores with a structure similar to the one of PAMAM dendrimers were
synthesized following a previously published procedure adapted from Dvornic et al [5].- The
hexaester, tris(2-di(methylacrylate)aminoethyl)amine was first synthetized by Michael
addition of tris(2-aminoethyl)amine and methyl acrylate. Its formation was monitored by 'H
NMR spectroscopy through the disappereance of proton signals corresponding to ethylene
groups. Simple evaporation of solvent was performed to obtain final product (yield >95%).
Then one step polycondensation reaction between tris(2-aminoethyl)amine (TREN) and the
hexaester tris(2-di(methylacrylate)aminoethyl)amine led to hyperbranched structures in
large quantities. Molar weights of the polymers were easily adjusted by changing the ratio
between the reactants. TREN on hexaester molar ratios close to 12:1, 10:1, or 8:1 led to
polymers with molecular weight close to those of PAMAM of the third, fourth, and fifth
generation were therefore noted H3, H4 or H5 respectively. The main drawback of this
synthesis is however, the formation of polymers with broad molecular weight distributions.

COOCH
NH N ’~~ 3
nENH) 3 7 (/\N'\—COOCHS)s
TREN Hexaester

75°C [TREN/hexaester]
solvent free molar ratio
48h 12:1(H3); 10:1(HYg); 8:1(H5z)

NH HYPAM vNH H
N«
H3, H4 or H5 O \\\

J‘N’\’N\/\NJ‘LI ')LN’\/N
~ N NeAA~Av~UN N\/\ I/\NN

g H,N

H,N

2

H,N

Scheme II.1. Synthesis of hyperbranched poly(amidoamine)
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2. Characterization
a. NMR

The hyperbranched polymers were firstly analyzed by *H NMR spectroscopy. A typical
spectrum for hyperbranched H4 polymer was given in Figure II.1. Two-dimension NMR
(COSY, HSQC, HMBC) experiments were also performed in order to obtain the attribution of
the peaks (Figure II.2.). Complete assignation is reported in the experimental section.

A)

D20

S S
> & f 55 5 S & § § 8
S ¢ ¢
® g i g § 5589 &
& j dﬁ/ j/ ﬁ/ 55}7 sfo ’i 57 5}7 %,5% éj@/
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() [ ]

N-CH2-CH2-CO

‘ C }N-CIIQ-CHz-CO
B \ €H2-NH-

'\ CH2-NH2

N-CH2-CH2-CO

Q N-CH2-CH2-CO
N —
A) B) ( ) N-CH2-CH2-N

Figure II.2. A) COSY-NMR of H4 (300 MHz, D20, 308K) and B) HSQC-NMR of H4 (300
MHz, D20, 308K)

b. Quantification of number primary amine groups

In order to compare the structure of the HYPAM hyperbranched polymers with the
one of PAMAM dendrimers, titration of the amine groups for the polymers was carried out by
quantitative 13C NMR using Tetramethylammonium hydroxide pentahydrate (Me,NOH .
5H,0) as an internal standard (IS). A typical spectrum is reported in Figure I1.3 with
attributions of carbon atoms.
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The quantity of primary amine groups was obtained by comparison of the CH2-NH2
peak at 37.47 ppm to the Me4NOH peak at 55.82 ppm (enlargement Figure I1.3.B) The
quantity of primary amine (in mmol.g* of polymer) is then calculated using the Equation II.1
and reported in Table II.1.

Mg
181.23 < 4

(mol.g™1)

Nyp, = i
IS
mPolymer INH
2

Equation IIL.1. Quantification of number primary amine group of HYPAM, IS: Internal
standard, Irs: Intensity of CH3 group of internal standard, Inu- : Intensity of carbon atom in
alpha of NH2 group of the polymer, mis: weight of internal standard; mpolymer: weight of
polymer in grams; 181.23 g.mol* : molar mass of Me,NOH . 5H,0.

The quantity of tertiary amine and amide groups were calculated in the same manner
by comparison of the integration of CO-NH signal at 174 ppm and the summary of carbon
signals of tertiary amine groups (56, 50, 51.4, 52,5 and 49.3 ppm) to the Me4NOH peak at
55.82 ppm. (Figure 11.3.A)

For PAMAM4, this method gave a value of 3.8 mmol primary amine per gram, which
is relatively close to the theoretical one (4.5 mmol per gram). Table 11.3 shows that the
quantity of primary amine groups was found slightly higher for the other polymers used in
this study. Comparing HYPAM and PAMAM polymers at more or less constant molecular
weight (i.e, H4 with PAMAM4, etc...), the number of primary and tertiary amines was close
regardless of the structure (see Table II.2). The largest difference between those two types of
polymers was the quantity of amide groups within the polymer: by construction, these values
are largely reduced in the hyperbranched structure compared to dendrimers.

Table II.1. Number of primary amine of polymers

Sample Primary amines [mmol.g']  Sample Primary amines [mmol.g]
H3 5.0 PAMAM3 4.6

Hy 6.2 PAMAM4 (3.8)4.5¢

Hs 4.2 PAMAM5 4.4¢

aValues obtained from molecular structure
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Figure II.3. A) BC NMR quantitative spectrum of H4 (500 MHz, D20, 308K) A)
enlargements.

Table II.2. Comparison of chemical structures between H4 and PAMAM

Primary amines Tertiary amines Amide groups
Sample (mmol.g) (mmol.g7) (mmol.g?)
Hy* 6.2 5.1 3.4
PAMAM4* 3.8 3.9 7.1
PAMAM4** 4.5 4.4 8.7

* Values obtained from quantitative :3C NMR experiments. ** Values obtained

from molecular structure.
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c. Determination of average molecular weights

The average molecular weights of the hyperbranched polymers were evaluated by size
exclusion chromatography (SEC) in carbonate buffer at pH 10 (Na2CO3 0.1M and NaHCO3
0.1M)) equipped with refractive index and light scattering detectors. A typical chromatogram
is presented in Figure II.4. Calculated weight average molar weights and polydispersity
indexes are summarized in Table II.3 and compared to the one obtained from the well
defined PAMAM dendritic polymers. Weight Average Molar weights of the three cores H3,
H4, H5 were evaluated at 5200, 13000 and 27000 g-mol* respectively, these values are very
close to the ones of PAMAM 3, 4 and 5 dendrimers. The refractive index increments for
PAMAM dendrimers were measured in the same eluent at ambient temperature and was
found equal to dn/dc = 0.175 (mL.g?). The values for the hyperbranched polyamides were
assumed to be identical. Considering the fact that these polymers have been observed to trap
some solvent, even after prolonged drying under vacuum, the accuracy for the molecular
weight measurement is estimated around 20%.

PAMAMS —RI

70

5 30 3 40 45 50 55 60 65 70
Time (min)
Figure I1.4. SEC chromatograms of PAMAM5 (top) and H5 (bottom) in carbonate buffer at

pH10: 5-10 mg/mL polymer concentration, flow rate, 1 mL-min-1, refractive index (RI, solid
line) and light scattering (LS, dot line) detectors signals.
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Table II1.3: Characteristics of Polymer Samples: Weight Average Molar weight (M,,),
Polydispersity index (PDI) and Primary Amine Content

Triamine/hexaester __
Sample . M, @ PDI @ Ry[nm]?
ratio
H3 12 5200 1.4 14
PAMAM3 - 6900 n.d. n.d.
H. 10 13000 2.0
4 3 2.7
PAMAM4 - 14000 1.1
n.d.
Hs 8 27000 2.3
3.2
PAMAM5 - 28000 1.1

a Molecular weight and dispersity index determined by LS-SEC. P Values obtained from SANS fits.

Abbreviations: n.d.: not determined.

d. SANS measurements

Moreover, small-angle neutron scattering (SANS) measurements were carried out to
quantitatively analyze the size and conformation of the H3, H4 and Hj5 cores in D,O solution
at 20°C. Figure II.5 shows the scattering vector q dependence of the measured neutron
scattering intensity I(q) for H3, H4 and H5 solutions in D,O (1wt %). The scattering intensity
reached a plateau at low q which demonstrates that entities with defined molar mass are
present. These traces can be fitted using the Guinier model which provides an estimate of the
gyration radius (Ry) of these hyperbranched polymers. As expected, the R, values increase
with the polymer generation i.e. 1.4, 2.7, and 3.2 nm for H3, H4 and Hj5 respectively. Further
structural information is obtained from the dependence of the radius of gyration on the
weight average molecular mass (Figure II.5, inset). The double-logarithmic plot of Ry vs Mw
show a linear dependence which proofs the fractal behavior of the HPs (Figure IL.5, inset),
with a power law, R, = 0.0878 M{>°. The slope of this linear plot is 0.356 and thus is very
close to 1/3, which is usually found for spheres. This indicates H3, H4 and H5 hyperbranched
polymers are collapsed in compact spherical objects, as already observed in others
hyperbranched polymers [6]. The sizes are similar of those of theorical radius of PAMAM (1.8
nm, 2.25 nm and 2.7 nm for generation 3, 4 and 5 respectively) which is in accordance with
unimolecular objects.
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Figure I1.5. Scattering intensity I(q) vs scattering vector q for the hyperbranched hypam (H3, H4
and H5) in D,O (1wt %). Lines are best fits obtained from Guinier law from which radii of
gyration R; of polymers are deduced. In the inset, the double-logarithmic plot of R, versus
the weight average molecular weight (determined by SEC) of hyperbranched polymers.

B. Hyperbranched core-shell polymers

1.  Synthesis by CDI activated coupling

Poly(N-isopropyl acrylamide) (PNIPAM) with three different molar weights M,, of
2000, 5000 or 7000 g.mol* (P2, P5, P7) were grafted to the amino-terminated cores (TREN,
H4, H5) chains by an amide coupling reaction as shown in Scheme II.2.

First, carboxylic acid terminated PNIPAM is reacted with 1,1’-carbonyldiimidazole
(CDI) in dried DMSO to form carbonyldiimidazolide-terminated PNIPAMs. Then activated
PNIPAMs were reacted with the amino-terminated HYPAM cores to form the core-shell
architectures. The obtained compounds, noted TP2, 5 or 7 and HxP2, 5 or 7 with x = 4 or 5,
were purified by dialysis and analyzed to evaluate grafting efficiency of this reaction.
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Scheme II.2. Synthesis of core-shell polymers based on hyperbranched polymer HYPAM or
three-branched molecular TREN.

2. Characterization of core-shell polymers
a. Evaluation of grafting efficiency
i) SEC
The successful grafting of PNIPAM chains onto branched core was first evidenced by

size exclusion chromatography in DMF as eluant with 1 g/L. LiCl. For example, Figure 11.6
showed SEC traces for P2, TP2, H4P2 and H5P2.
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Figure I1.6. Superimposition of normalized SEC chromatograms (Refractive index I (top) and
Light scattering (bottom) detection in DMF with 1 g/L LiCl) of P2, TP2, H4P2 and H5P2.

Grafting of P2 to the hyperbranched core (TREN or HYPAM) led as expected to
shortened elution times. Whereas the first two polymers present rather thin peaks,
hyperbranched based polymers present larger elution profile, as expected from the large
dispersity of the pristine HYPAM polymers used as a core. The use of light scattering detector
together with a refractometric one, provides an evaluation of the molecular weight of the
polymers and of the polydispersity (PDI). In DMF, the experimental molecular weight values
were Mw P2: 2800 g/mol (PDI=1.2); TP2: 5600 g/mol (PDI=1.3); H4P2: 30600 g/mol (PDI:
1.9), H5P2: 31200 g/mol (PDI=2.0). Nevertheless, due to the hyperbranched nature of the
polymers those values could not be determined accurately. Moreover, for wide distributions,
the difference of sensitivity of light scattering between high and low molecular masses leads
to an underestimated polydispersity index [7]. Lastly, these polymers (as well as PAMAM
dendrimers) have been observed to trap solvent molecules even after prolonged drying. Thus,
the measured molecular weights should be considered only as indicative values. Therefore in
Table I1.4 were also given obtained experimental values (M., and PDI).
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Table II.4. Macromolecular characteristics of PNIPAM chains and core-shell polymers

Compounds | My SEC (PDI) | My heo (9/mol) Wt. % PNIPAM heo PNJET;E\Zegh%ns T, (°C)
P2 2800 (1.2) 2000 100% / 112.3
Ps5 4300(2.1) 5000 100% / 130.1
Py 7900(2.2) 7000 100% / 133.3
TP2 5600 (1.3) 5300 97% 2.6 119.1
TP5 10100(2.1) 13000 99% 2.6 130.7
TP7 15400(2.1) 17000 99% 2.4 136.4

H4P2 30600(1.8) 56000 88% 24.7 122.6

H4P5 41000(2.0) 135000 95% 25.7 130.2

H4P7 51200(1.7) 192000 97% 26.5 135.0

Hs5P2 31200(2.3) 73000 84% 30.6 85.8

H5P5 35000(2.0) 182000 94% 34.1 127.6

Hs5P7 35000(2.0) 253000 95% 34.5 138.7
i) NMR

The amide coupling between TREN or HYPAM cores and the carboxylic acid
terminated Poly(N-isopropyl acrylamide) was evidenced by 'H NMR experiments as
illustrated in Figure I1.7 and Figure I1.8. An additional peak at 3.23 ppm assigned to proton
in o position of the forming amide groups was clearly identified on *H NMR of TP2 (Figure
IL.7). In the case of hyperbranched cores, the proton in a position of the amide groups
coming from coupling reaction coincide with the one that is already present in the structure
of the core (noted d in Figure I1.8).
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Figure I1.7. 'H-NMR spectra for TREN, P2, and TP2 in D.O.
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Figure I1.8. *H-NMR spectra for H4, P2, and H4P2 in D.O.

Moreover, successful grafting of PNIPAM chains was further evidenced by pulsed
gradient spin-echo (PGSE) NMR spectroscopy (Figure I1.9) allows to determine a self-
diffusion coefficient, D, for grafted polymer lower than for the corresponding PNIPAM
homopolymer: thus in the case of H4P5 d= 0.4.10° m2/s whereas it is twice lower in the case
of P5 (d= 0.8.10-10 m2/s).
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P5
D =0.8x1010 [m2.s1]
H4P5
D =0.4x1010 [m2.s7]

Figure 11.9. PGSE-NMR spectra of P5 and H4P5 core-shell polymer after grafting P5 chains
on H4 core in D,O at 298K with evaluated diffusion coefficients.

iii) FT-IR

The amide coupling between TREN or HYPAM cores and the carboxylic acid
terminated Poly(N-isopropyl acrylamide) was further evidenced by ATR-FTIR experiments
on dialyzed samples as illustrated in Figure II.10. In ATR-FTIR the disappearance of C=0
asymmetric stretching band of carboxylic function at 1712 cm™ corresponding to carboxylic
acid terminated poly(N-isopropylacrylamide) was accompanied with the appearance of a new
absorbance band at 2934 cm™ characteristic of methyl moieties.

In figure I1.10 amide I and amide II bands are attributed to the stretching motion of
the C=0 groups and the bending motion of the N-H coupled to C-N stretching.
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Figure I1.10. ATR-FTIR spectra of H4, P2 and H4P2

iv) Glass transition temperature of bulk polymers

Differential scanning calorimetry (DSC) analyses were performed on all crude
polymers (Figure II.11). A glass transition temperature (Tg) was evidenced for all polymers as
reported in Figure I1.11. This one arises from PNIPAM polymer. As expected shorter PNIPAM
chains led to a significant decrease of Tg value whatever the core of the considered polymer.
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Figure I1.11. DSC thermograms recorded at 20°C/min on heating of solid state of P2, TP2,
H4P2 and H4P2.

Along with this first transition temperature, a second one is barely visible around -
20°C arising from HYPAM core. Indeed this one is only clearly seen in the case of HYPAM
core (Figure 11.12).

HYPAM,

20 0 20 40 60
T(°C)

Figure I1.12. Thermogram of H4 recorded with a heating rate of 20°C/min .

b. Evaluation of grafting ratios
1) Determination from FT-IR

Grafting ratios were determined by using a calibration curve established from
mechanical homogeneous mixtures of HYPAM and PNIPAM at different ratio (while
PNIPAM is kept constant). The homogenized mixtures of HYPAM or TREN core and
PNIPAM chain were prepared according to 1:1; 1:0.8; 1:0.6 and 1:0.33 [NH.]:[COOH] molar
ratio corresponding to 100%, 80%, 60%, 33.3% grafting ratios. The homogeneous solutions
were then freeze-dried and the obtained solids were analyzed by ATR-FTIR (Ex. for H4 and
P7 see Figure 11.13). The ratio between the intensity of the band at 1386 cm™ (characteristic
for the C-H deformation of CH; group for the PNIPAM chain) and the one at 1641 cm™
(stretching vibration of C=0 group, amide I) was measured for each mechanical mixture. The
calibration curve obtained for the physical mixture of H4 and P7 is given in Figure II.13. A
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calibration was 100% grafting degree means that all the NH. groups of the core were
anchored by PNIPAM chains.

100% 80% 60% 33.3%

33

y=0.0029x +2.9028
R>=0.9348

3.2 4

Relative Abs [A.U.]
Amide I / CH3 intensity ratio

1800 1700 1600 1500 1400 1300 1200 1100 10007W 0 20 40 60 80 100
Wavelength [cm] Functionalization degree [%]

Figure I1.13. On the left: FT-IR spectra of physical mixtures of H4 and P7 with 100, 80, 60,
33.3% grafting ratio. On the right: Calibration curve: ratio between intensity of band amide I
at 1641 cm™ and band CH; deformation at 1386 cm™ as a function of grafting ratio of
mechanical mixture of H4 and P7.

The intensity ratio between amide I band and CH; deformation band was then
measured for the grafted polymer. Grafting ratios for core-shell structure was then evaluated
thanks to the calibration curves. The grafting ratio values determined by this method were
reported in Table II.5.

Table I1.5. Determination of grafting ratio by NMR, FTIR and DSC methods

Compounds 1H NMR FTIR DSC
TP2 90.4 86% 87%
TP5 92.6 87% 89%
TP7 91.3 81% 83%

Hy4P2 n.d. 61% 49%
H4P5 n.d. 64% 72%
Hy4Py7 n.d. 66% 71%
HsP2 n.d. 62% 51%
HsP5 n.d. 69% 73%
Hs5P7 n.d. 70% 79%
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ii) Determination from DSC

Taken in account that grafted polymer solutions exhibit a cloud point which arises
from dehydration of PNIPAM shells, the grafting ratios were also evaluated from DSC
experiments using 0.5 wt.% polymer solutions. For this, the variation of enthalpy registered
for a given polymer was compared to the variation of enthalpy measured for pure PNIPAM at
the same concentration, assuming that grafting does not modify significantly energy involved
during the dehydration process (Example for P7, TP7 and H4P7 see Figure I1.14). Then
PNIPAM weight content in the core shell structures was calculated from this. Grafting ratios
(r) were then deduced from Equation II.2.

7 18.5+ 1.2 [I/g]

TREN-P5
o)
[+]
Q
v
o TREN-P7
= 184 +2.1 [V/g]
=
& )
g TP7
Q
= H4P5
<
T

17.9 £1.3 [J/g]
H4P7
/I\ €X0

T T T 1 T T T T 1
20 25 30 35 40 45 50 55 60

Temperature [°C]
Figure I1.14. DSC thermograms of 0.5 wt.% aqueous solutions of P7, TP7, H4P7, heating rate:

2°C.min".

wt.p %

(1 — Wt.p, %) X Nypy, X Mp_

r[%] = X 100

Equation II.2. Grafting ratio r[%], weight content of PNIPAM shells determined from
enthalpy variations: wt.,_% , amount of primary amines of the core nyy, [mol.g~'] , molar
weight of the PNIPAM shells Mp_.

All obtained results are summarized in Table II.5. Both degree of polymerization
estimated by those two techniques were in good agreement and were found in the 60-80 %
ranges which is a usual value found for this kind of materials. The only discrepancy observed
was for H4P2 and H5P2 where DSC experiments led to an under estimate of degree of grafted
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polymer chains. This may arise from slow dehydration phenomenon observed for those
structures.

From molecular weight of the core and estimated grafting ratios, average molecular
weight are calculated and given in Table II.3. Those values should be more accurate than the
one evaluated from SEC analysis.
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III. Properties of aqueous solutions of hyperbranched

polymers

1. Behavior in diluted solution

At 25°C, since water is a good solvent for the hyperbranched polymers, the grafted
polymers are easily dissolved in water for low concentration. As depicted in Table III.1, all
polymers present an average hydrodynamic diameter (<Dy>) around 10 nm suggesting the
presence of unimolecular object. As expected, for a given core (TREN, H4 or H5), Dy, tend to

slightly increase by increasing the molar mass of the PNIPAM moiety grafted.

Table III.1. Hydrodynamic diameters (in number distribution) of polymers in 0.1 wt.%

solution at 25°C.

Compounds DLS, <Dy> (nm) Compounds DLS, <Dyp> (nm)
P2 6+1 H4P2 10+1
Ps5 7+1 H4P5 13+2
Pz 7+1 H4P7 8+1
TP2 6+1 Hs5P2 7+1
TP5 7+2 H5P5 12+1
TP7 8+1 Hs5P7 1241
H5P2 H5P5 H5P7
40°C 40°C
40°C 25°C
25°C 25°C

Figure III.1. Correlograms of H5P2, H5P5 and H5P7 polymer solutions at 25°C and 40°C.

[polymer]=0.1%
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The behavior of those polymers was further analyzed by SANS measurements which is
presented in Figure III.2. Scattering of hyperbranched core-shell structures are much larger
than the ones of the cores (compare Figure I1.5 and Figure I11.2). At room temperature, all
the curves reveal large fluctuations at large distances (low q upturn) and small fluctuations
that have been characterized by a simple correlation length & deduced from fits at large q.
These correlation lengths, listed in Table I1.3, are slightly larger than the structure of cores as
expected after branching PNIPAM chains: & values are normally increasing with the
molecular weight of PNIPAM branches.

A) ) H4Px at 20°C B) H5Px at 20°C
10 | ’ 10 - 1
< o H5P7 *10
5 5
s 1 z 1 7
H5P5 *5
o 01 L H5P2 |
Y I 0.01 0.1
-1
q (A'1) q (A )

Figure III.2. I(q) vs q of A) H4 grafted polymers: H4P2, H4P5, H4P7; B) Hs grafted
polymers: H5P2, H5P5 and H5P7. T= 20°C, [polymer] = 1 wt. %.

Table IIL.2. Correlation length deduced from fit of SANS curves obtained at 20°C on
PNIPAM- based hyperbranched structures

Correlation length & (nm)
Cores\Shells P2 P5 P7
Hg4 3 3.7 39
Hs 31 3.7 4.3

TEM images of dried aqueous solutions show regular monodisperse spherical
nanoobjects (Figure III.3) with diameters larger than the one obtained from scattering
experiments. Therefore, as already observed in the case of PNIPAM, those polymers tend to
aggregate when dried probably due the tendency of PNIPAM to form nanogels structures at
high concentration through hydrogen bonds between amide functionalities in solution. This
tendency will be taken into account to allow the formation of gels in a latter chapter.

117

117




Chapter 2. Thermoresponsive Hyperbranched Polymers

Figure III.3. TEM micrographs of P2, P5, P7 and H4P2, H4P5, H4P7 0.1 wt.% solution
samples stained with uranyl acetate at 25°C, bare scale: 200 nm.

2. Thermoresponsive properties

When solutions of those hyperbranched structures were heated, a transition
temperature occurred that corresponds to the transition between the hydrated and
dehydrated form of PNIPAM polymer. This phenomenon is clearly evidenced by turbidimetry
measurements and scattering measurements as depicted in Figure I11.4.
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Figure III.4. Evolution of absorbance measured at 500 nm vs temperature for 0.1 wt. %
aqueous solution of PNIPAM and grafted polymers during heating (h) and cooling (c) from
20 to 45°C for 4 different heating/cooling rate, i.e. 4, 3, 2, 1, 0.5°C.min.

A hysteresis between the heating process and the cooling process could be observed
for all solutions, which was accentuated for higher heating/cooling rates (Figure III.4). Cloud
point temperatures (Tc) values were obtained from inflexion point extrapolated at 0°C/min
heating rate were reported in table III-2. This phenomenon can be explained by the fact that
the swelling of the compact aggregates formed at higher temperatures is relatively difficult
because of the interchain entanglement.
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Table II1.3. Thermoresponsive properties

Compounds T 1°Cl AH [J/g]
DLSa Ugvb DSCe DSCd

P2 33 30.9 32.1 20.5 £ 2.1

Ps5 34 32.3 32.7 19.0 £ 1.1

P7 32.5 31.2 33.4 18.5 £ 1.2
TP2 32.5 31.1 33.9 20.0 £ 0.9
TP5 34 31.3 34.1 18.8 £ 1.5
TP7 31.5 32.9 33.0 18.4 £ 2.1
H4P2 32 35.2 33.3 18.5 £ 0.6
H4P5 33.5 36.1 34.0 18.2+ 1.1
H4P7 30.4 32.2 33.4 17.9 £ 2.0
Hs5P2 30.9 34.9 33.8 18.0 £ 0.8
HsP5 33 35.8 34.4 17.9 £ 1.2
Hs5P7 31.5 31.9 33.6 17.8 £1.3

a DLS measurements were carried out on heating 20 to 45 °C, [polymer] = 0.1%, T.
values were taken at inflexion points; P UV measurement were carried out with 5
heating-cooling cycles from 20 to 45°C at 4, 3, 2, 1, 0.5°C.min", T, values were taken
at inflexion points and extrapolated to zero speed, ¢ DSC measurements were carried
out with 4 heating-cooling cycles at different rates; 10, 5, 2 and 1 °C.min!, transition
temperatures were taken at the top of the DSC peaks, and extrapolated to zero
speed. 4 The variation of enthalpy was average of 6 values.

Tc values were also determined by DSC experiments by extrapolating values at the
peak maximum to 0 °C/min. Those values are reported in Table II.2 as well as the
corresponding associated variation of enthalpy. Cloud point temperatures were all found
around 33.0 + 1 °C which is close to cloud point values of free PNIPAM. Therefore grafting of
PNIPAM to the HYPAM does not significantly modified characteristics temperatures
observed. Above T, diffusion experiments evidenced the formation of very large aggregates
with a hydrodynamic diameter above 300 nm (Figure III.5.B).
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Figure III.5. (A) Turbidimetry measurements (heating and cooling rate equal to 1°C/min);
(B) DLS measurements of H5P7 solution at 0.1wt. % in water.

As shown on TEM images (Figure III.6), those aggregates seem to have no defined
morphology or size. Neutron scattering experiments confirmed the formation of such large
aggregates (Figure I11.7).

Figure III.6. TEM micrographs of P2, P5, P7 and H4P2, H4P5, H4P7 0.1 wt.% solution
samples stained with uranyl acetate at 40°C, scale bare: 200 nm
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Figure II1.7. H4 and H4P2 at 20°C and 45°C. Dotted line on the curve at 20°C s the best fit
to a fractal aggregate model.

Neutron scattering experiments confirmed the formation of such large aggregates.
Indeed, above the cloud point of PNIPAM, huge increasing of the SANS intensities are
observed on the all the samples (see Figure III.7 for H4P2). The characteristic Porod’s law
(slope -4) observed at low q and the huge signal measured are indicating the presence of very
large scale fluctuations, well above 25 nm (1/qmin) with sharp interfaces with the solvent. No
specific size can be deduced from these curves due to the limited q small q values reached by
SANS experiments.

The kinetics of hydration/dehydration phenomena was then studied. This effect was
evaluated for each polymer from the transmission profile by evaluating the variation of
temperature needed to decrease down to 10% of transmitted signal (Figure I11.5.A, Figure
III.4). All results were reported in Figure III1.8. Whereas the grafting of PNIPAM onto TREN
does not modify significantly the speed rate of this phenomenon comparatively to the
ungrafted PNIPAM, its grafting on HYPAM core induced a slower process: AT is thus
increased from 2°C for P2 and TP2 to 7°C for HxP2. Interestingly, increasing the size of
PNIPAM chain length for a given core tends to accelerate this rate. Thus, AT decreased from
7°C to 2°C for H5Px when increasing PNIPAM chain length from 2000 up to 7000 g/mol.
Therefore, hyperbranched structure seemed to slow down the hydration/dehydration process
only when small chains of PNIPAM were grafted onto them. This may originate from more
heterogeneous surroundings of PNIPAM for such small polymer chains that hinder the
modifications of conformation induced by the transition process.
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Figure I11.8. Variation of temperature needed to reach 10% of transmission when considering

the variation of transmission measured by UV spectroscopy at 500 nm ([polymer]=0.1 wt%
in water, heating rate = 1°C/min).

IV. Stabilization and in situ synthesis of gold nanocomposites

In order to understand the macromolecular parameters that will play a critical role on
the properties of gold nanohybrids obtained from them, two different strategies of synthesis
have been used (Scheme IV.1). For the ex situ strategy, Au NPs were synthesized separately
and subsequently mixed with the polymer by using a grafting from approach. Through this, a
direct comparison of the stabilization and thermoresponsive properties of different families
of polymer is made possible. In addition, this also prevents any chemical modification of the
polymers that could occur during NPs formation. Moreover to evaluate the effect of
macromolecular parameters on the growth of gold NPs an in situ strategy has also been used.

Ex-situ approach

\

HAuCl,

NaBH,

HAUC14

In-situ approach

Scheme IV.1. Stabilization of in situ and ex sifu formed nanoparticles in HxPy solutions.
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A. Ex situ synthesis and stabilization of gold nanoparticles

1. Preformed Au NPs

For the first ex situ method, preformed Au NPs synthesized by a method allowing the
use of small amount of stabilizing agent is preferred. Indeed, getting rid of these stabilizing
agents will require tedious step of purification after ligand exchange with the hyperbranched
structures to obtain purified nanohybrids. For this a synthetic protocol using a direct
reduction of HAuCl, by NaBH, was selected [8]. Whereas no additional stabilizing agent was
added, experimental conditions such as pH and gold precursor concentration have to be
chosen carefully to obtain well-controlled Au NPs with good stabilization properties. First,
the pH value of the HAuCl, needs to be adjusted around 8.0 before addition of NaBH,
solution: in such conditions HAuCl, was present mainly as Au(OH), in solution whose
reduction favored the formation of Au NPs as single colloids [9]. In addition, gold
concentration need to be kept below 5x104 mol-L* to avoid further aggregation of Au NPs
(Figure IV.1).

Figure IV.1. Au NPs solution formed at different [HAuCl4] concentrations 10 minutes after
reductant adding. [HAuCl4]/[NaBH4] = 1/1

The NPs dispersions obtained by this procedure exhibited a broad absorption band
around 516 nm, resulting in a pink-red color of the dispersions. TEM measurements showed
isolated Au NPs with an average diameter of approximately 5+ 2 nm (Figure IV.2). In
addition, their hydrodynamic radius measured by DLS was found at 7.3 + 0.7 nm, so they are
present mainly as single colloid in aqueous solutions. Those NPs are negatively charged (due
to the presence of chloride, hydroxide and borate derivatives ions at the surface of the NPs)
with a zeta potential around -30 + 2 mV. Moreover, these Au NPs are stable in water with no
significant change of optical properties over a month period (Figure IV.2).
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Figure IV.2. TEM image (left) and UV-vis spectra (right) of colloidal dispersions of Au NPs
synthesized by reduction of HAuCl, solutions (5x104 mol-L*) with one equivalent of NaBH,
obtained after 1 hour (solid line) and 1 month (dash line). The Au NPs sizes obtained by this
method vary from 5 to 10 nm. In our cases we obtain 5+1 nm NPs.

Those Au NPs are sensitive to any increase of the ionic strength or change in pH,
inducing charge neutralization and then aggregation. Thus, increasing ionic strength of the
Au NPs dispersion modified the color of the solution from red to purple. This corresponded
to a large change of the UV-visible spectrum of the solution: the surface plasmon band (SPB)
of the NPs initially at 520 nm (associated to well-dispersed Au NPs) decreased strongly and
was accompanied by an increase in absorbance at higher wavelength (suggesting aggregated
Au NPs).

2. Stabilization of Au NPs by PNIPAM based hyperbranched polymer
a. Synthesis of Au NPs nanocomposite

The effect of the polymer concentration and the macromolecular architecture on the
stability of the hybrids was subsequently studied by monitoring the surface plasmon band
(Figure IV.3). For this an adequate amount of polymer solution was added to Au NPs
solutions to reach the final desired polymer concentration (from 1x10° to 5x102wt.%).
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Figure IV.3. UV Spectrum of colloid solution of polymers coated Au NPs (solid line) and Au
NPs without polymers (dash line). [Au NPs]=2.5x10"4 mol-L* and [polymer]=0.05 wt.%.

When the polymer was introduced in the medium, the plasmon band shifted from 518
nm for bare particles to 522 nm up to 527 nm depending on the polymer nature and on the
polymer concentration. This bathochromic shift of the maximum wavelength is consistent
with the change of the dielectric constant around the particles and demonstrates the
efficiency of polymers to interact with the surface of Au NPs. This shift is observed for
polymer concentration above 104 wt.% (Figure IV.4). The polymer/gold hybrids resulting
from the addition of the different polymers were stable over several weeks. The role of the
polymer is of course predominant for NPs stability and we then decided to challenge it
against the addition of sodium chloride salt which is known to induce gold NPs aggregation.
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Figure IV.4. Amax value of UV spectra of Au NPs coated P2, TP2, H4P2 and H5P2, [Au
NPs]=2.5x104 mol-L* and [polymer]=0.05 wt.%. to 10 wt.%

b. Salt adding effect

Two different mechanisms are assumed to append when salts are introduced in the
medium. In the case of bare Au NPs, the surface charges are shielded thus promoting their
immediate aggregation. For polymer-coated-particles, a salting-out effect takes place,
increasing the hydrophobic interactions between the polymer chains, which also leads to
aggregation. In the present experiments, when poorly stabilized particles were in presence of
NaCl 1 mol-L, the solution turned immediately blue with a SPB shift up to 565 nm for bare

NPs (Figure IV.5). With this approach we clearly got access to the minimal polymer
concentration needed to efficiently stabilize the hybrids.
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Figure IV.5. UV-spectra of polymer/gold hybrids ([Polymer]=0.01 wt. %) A) before addition
of NaCl B) after addition of NaCl. UV-spectra of polymer/gold hybrid at [Polymer]=0.0001
wt. % C) before addition of NaCl, D) after addition of NaCl. In all cases [NaCl]fna=1M.

As evidenced on the 96-well plates experiments (Figure IV.6), depending on the
nature of the polymer, this minimum varies between 104 to 0.5 x 10 wt.%. Linear PNIPAM
structures were found to be the less efficient to stabilize NPs: only P5 and P7 at 0.05 wt.%
were able to successfully stabilize Au NPs. Linear PNIPAM polymers terminated by a
carboxylate moiety conferred to the NPs a lower stability in comparison with thio or thioester
end groups. This results are consistent with previous report were it was found that PNIPAM
needed to be end terminated by suitable anchoring group (such as thiol or thioester) to be
able to interact properly with the surface of Au NPs [10]. Other branched structures require
only concentration down to 104 wt% to avoid aggregation. Among them, TREN based
structures (TP2, TP5 and TP7) proved to be the most effective. Indeed for HYPAM based
structures an aggregation phenomenon is still observed for a concentration up to 0.5 x 102
wt.%. Lastly the effect of PNIPAM chain length appeared to be less important on stabilization
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properties as less significant differences were observed when comparing polymer with the
same hyperbranched core bearing P2, P5 or P7. It is to be noticed that in the case of H4P7
and H5P7 a strong tendency to aggregation was observed (more pronounced in the case of
H5P7). This could be ascribed to some difficulties of this polymer of high molecular mass to
interact efficiently with the NPs surface probably due to their specific conformation in
solution. Therefore these experiments tends to demonstrate in order to gain high colloidal
stability that i) a branched structure is more efficient than the corresponding linear one, ii)
an optimal size of the branched structures is required to be able to interact in an optimal way
with the NPs surface.
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Figure IV.6. Stabilization of preformed Au NPs without polymers (A) or by HxPy polymer
aqueous solution at different concentration (from 1x10° to 5x10* wt.%) before and after
addition of NaCl (final concentration of NaCl is 1 mol.L, [Au], is fixed at 2.5x104 mol.L1).
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Largest structure obtained through the use of large core (H4 or H5) or of a longer
PNIPAM chain will lead to less efficient stabilizing agent. By assuming a perfect reduction of
the gold salt and a NPs size of 5 nm, the minimum density of adsorbed polymer to obtain
good stabilization properties can be calculated from the minimal polymer concentration.
Values obtained were in the range of 3.104 ng/cm?2. This high value suggested that a large
excess of polymer is needed to obtain good stabilization properties in chosen conditions.
Indeed, TEM images obtained after negative staining of dispersions of PNIPAM-coated Au
NPs confirmed the formation of a thick layer of PNIPAM around NPs (Figure IV.7) [10]. On
TEM images the hybrid Au/polymer particles clearly showed to have a core-shell
morphology, the dark cores corresponding to the electron-dense Au atom embedded into a
more or less circular brighter polymer shell. The overall sizes of those composites were 8.5 +
2.6 nm. Numerous free polymer globules were also present in the case of copolymer coated
NPs when polymer concentration used is far beyond the capacity of Au NPs surfaces to
interact with polymer.

25
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N
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5
=
S 10
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0

Figure IV.7. TEM image and corresponding size histogram of H4P5@Au object. [Au NPs]=
2.5x104 mol-L* and [polymer]= 0.1 wt.%.

c. Thermoresponsive properties

When polymer concentrations were above 102 wt%, no significant variation of the
cloud point temperature of the nanohybrid solution was observed comparatively to pristine
polymer. Indeed most of the polymer remains free in solution and thus does not interact with
the surface of the NPs. Keeping the Au NPs solution above T. for several hours results in the
formation of a red precipitate that could be redispersed rapidly by cooling the solution below
T.. UV-vis measurements showed no change in their spectroscopic properties after several
heating-cooling cycles (Figure IV.8) and so confirmed the complete reversible nature of the
transition at T..
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Figure IV.8. Evolution of relative absorbance measured at 650 nm for gold nanohybrids
during heating/cooling cycles between 25 to 45 °C. [Au NPs]=2.5x104 mol-L* and
[H4P7]=0.05 wt.%.

In order to assess the effect of macromolecular architecture on the thermoresponsive
properties the changes in the surface plasmon band of Au NPs as a function of temperature
was followed as shown in Figure IV.gFigure IV.10Figure IV.11. This enables to get rid of the
excess of PNIPAM based polymer that could not interfere on the plasmonic properties of
those nanohybrids. The influence of turbidity of the solution on the value of absorbance was
removed by first subtracting the absorbance at 400 nm. Curves where then normalized so
that the absorbances vary from 1 to 0. Indeed, the surface plasmon band of Au NPs was
sensitive to many factors including the refractive index in the surroundings of the NPs. As
expected whereas, no modification in absorption spectrum occurs for pristine gold NPs (i.e.
in absence of thermoresponsive coating polymer, see Figure IV.9), significant changes were
observed for NPs coated with thermoresponsive polymers (Figure IV.10 and Figure IV.11).
The collapse of PNIPAM at LCST due to the dehydration of the polymer chains usually

induced a significant decrease of Imax and a slight modification of Amax [7].
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Figure IV.9. Absorption spectra of Au NPs colloid solution (without polymer coating) with
increasing temperature. [Au NPs]= 2.5x104 mol-L* and [polymer]= 0 wt.%.

Whereas this effect was clearly observed in the case of Au@P2 (Figure IV.10),
amplitude of those modifications increased significantly in the case of Au@TP2 and
Au@H4P2 (Figure IV.10 B and C). Such discrepancies could not be ascribed to an
aggregation phenomenon of nanohybrids induced by the increase of temperature: indeed
TEM images obtained from sample deposited above T. showed well dispersed individual NPs
with corona that does not differ significantly from the one observed below T. (Figure IV.10).
In addition, these changes in the surface plasmon band were observed to be reversible as the
temperature was lowered back to 25°C upon several heating-cooling cycles (Figure IV.8).
Therefore, such differences may be mainly ascribed from the molecular architecture of the
polymer in direct interaction with the surface of the NPs. Hyperbranched structures allowed
to obtain more densely packed inner layer around the NPs surface. This induces both higher
sensitivity to dehydration phenomenon and higher efficiency as stabilizing agent of metallic
NPs as demonstrated above.
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Figure IV.10. Changes in absorption spectra of Au@P2, Au@TP2 and Au@H4P2 with
increasing temperature and corresponding TEM images. The absorbance at 400 nm was
subtracted from the spectra, then normalized at 800 nm to remove scattering contribution
and multiplied by a factor in a way that absorbance vary from 0 to 1. [Au NPs]=2.5x10+4
mol-L* and [polymer]=0.05 wt.%.
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Figure IV.11. Changes in absorption spectra of Au@H4P2, Au@H4P5 and Au@H4P7 with
increasing temperature and corresponding TEM images. The absorbance at 400 nm was
subtracted from the spectra, then normalized at 800 nm to remove scattering contribution
and multiplied by a factor in a way that absorbance vary from 0 to 1. [Au NPs]=2.5x10+4

mol-L* and [polymer]=0.05 wt.%.

134



Chapter 2. Thermoresponsive Hyperbranched polymers
B. In situ synthesis of gold nanoparticles

1.  In situ synthesis of Au NPs by using NaBH, as reductant

The last and more striking evidence of the effects of molecular architecture was given
by the controlled growth of particles in the presence of polymer. For those experiments,
polymer concentration of 0.01 wt.% was chosen because an efficient stabilization is provided
in such conditions. The formation of NPs was followed by UV-Vis measurements and
transmission electron microscopy (TEM). After reduction, the color of the final solution,
which is related to the SPB wavelength and was obtained in few minutes, varied from red to
light orange depending on the polymer used (Figure IV.12.A). This clearly evidences the
formation of gold nanoparticles of different sizes. TEM images of the so-obtained hybrid NPs
confirmed that the macromolecular structure had a strong influence on the final size and
polydispersity of particles (Figure IV.12.B).

A) M P2 2:7:0.8 nm 3.4£0.8nm
P2 PS5 P7 AT

H4

H5

Figure IV.12. A) In situ synthesized Au NPs in HxPy polymer aqueous solutions using NaBH,
as reductant, [Au]/[NaBH,] = 1, [Au] = 2.5x104 mol.L-*), [polymer] = 0.01wt. %, B) TEM
images of in situ synthesized Au NPs. [Au NPs]=2.5x10"* mol-L" and [polymer]=0.01 wt.%

2. Architecture effect on the size of formed Au NPs

A summary of the results obtained is presented in Figure IV.13. As described above in
the absence of polymer, NPs with an average diameter of 5 + 2 nm were obtained. Addition of
polymer strongly modified this average size suggesting that they play a critical role on
nucleation-growth process.
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Figure IV.13. In situ synthesized AuNP sizes measured from TEM images. [Au NPs]=2.5x104
mol-L* and [polymer]=0.01 wt.%.

In the case of linear PNIPAM, the mean sizes of particles were 2.7 + 0.8, 3.1 £ 0.8 and
3.8 £ 1.2 nm for P2, P5 and P7 respectively. Thus increasing macromolecule length tends to
increase the average size of the obtained NPs. This trend was confirmed when PNIPAM
moiety was grafted on branched core. For a given PNIPAM chain length, increasing the size
of the core, i.e. increasing the final macromolecular masses, induces an increase of gold NPs
size: hence in the case of P2, the size of NPs increase to 3.4 + 0.8, 5.2 + 2.5 and 5.1 + 2.0 nm
respectively for TP2, H4P2 and H5P2. Similar trends were observed for other PNIPAM chain
length. Moreover in the case of branched structures a slower kinetics of formation of NPs is
evidenced as slight changes of color occurs with time within the first hours. This difference in
size can be correlated to different level of interaction during NPs growth mechanism. Small
polymers seem to interact strongly with NPs surface as they can diffuse and rearrange more
quickly onto these surface at the early stage of the NPs growth. For larger polymers, such
interaction is less efficient during the growing step as NPs presented size similar to the one of
the control experiment (i.e. without stabilizing agent). Nevertheless, as demonstrated in the
previous part, hyperbranched structures can interact efficiently with Au NPs as they act as
better stabilizing agent once the colloidal solutions are obtained. Even if those large
structures interact probably more slowly with NPs surface preventing them to be a good
growth control agent, their specific structure enables them to hinder more efficiently the NPs
surface and thus to avoid aggregation.

136



Chapter 2. Thermoresponsive Hyperbranched polymers 137

0.7 0.7 -
—P2 —TP2
0.6 - 0.6 -
0.5 - PS5 0.5 - Ps
S04 - —p7 S04 —TP7
2 0.4 ] 0.4
203 203
< <
0.2 - 0.2 -
0.1 a) 017 )
O T T T 0 T T T 1
400 500 600 700 800 400 500 600 700 800
Wavelength [nm] Wavelength [nm]
0.7 - 0.8 -
06 | ——H4P2 07 - —H5P2
05 1 —H4P5 0.6 —HS5P5
= ’_-'05 4
S04 ——H4P7 = — H5P7
< < |
= =04
v 03 B 7]
= 203
0.2 - 02 -
011 ¢) 0.1 | d)
0 T T T ! 0 T T T !
400 500 600 700 800 400 500 600 700 800

Wavelength [nm] Wavelength [nm]

Figure IV.14. UV spectra of in situ synthesized Au NPs in polymer solution a) Px, b) TPx, c)
H4Px, d) H5Px, x= 2, 5 or 7. [Au NPs]= 2.5x104 mol-L* and [polymer]= 0.01 wt.%
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Figure IV.15. UV spectra of in situ synthesized Au NPs in polymer solution a) P2 and P2
grafted polymers, b) P5 and P5 grafted polymers, c¢) P7 and P7 grafted polymers. [Au NPs]=
2.5%x104 mol-L* and [polymer]= 0.01 wt.%
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Figure IV.16. Amax value of UV spectra of polymer coated Au NPs, [Au NPs]= 2.5x104 mol-L
and [polymer]= 0.01 wt.%

V. Conclusions

PNIPAM-based hyperbranched structures were prepared from different branched
core and their properties were studied in aqueous solutions. Those experiments permit to
assess a relationship between macromolecular architecture and thermoresponsiveness of
those polymers. These polymers were then employed as stabilizers of Au NPs dispersions by
either a posteriori adsorption on Au NPs or in situ formation. Both approaches were
successful for stabilization and reversibility of the thermoresponsive precipitation process
was demonstrated. In in situ approach, we showed that, macromolecular architectures
greatly influence the growth mechanism of NPs formed and smaller linear polymers allow a
better control on NPs growth. In ex situ approach, macromolecular architectures also have an
impact on the colloidal stability of the obtained nanohybrids : branched structures proved to
be better stabilizing agent. Moreover, for this purpose, TREN based structures were found to
be more efficient than highly branched structures HYPAM. These strategies should be easily
applied to other type of metal NPs, and should lead to useful “smart” materials for a range of
applications including drug-delivery devices and catalyst.
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I. Introduction

Response to external stimuli is central to how biological systems work, especially at
the cellular level, with subsequent changes in properties and function from the molecular to
the macroscopic level. The observations of the various systems where such processes occur
allow designing hydrogels capable of responding to stimuli (i.e. temperature, pH, light...) in a
controllable and predictable fashion. In response to this external stimuli, these hydrogels
have the ability to change drastically their properties (i.e. dimensions, structures,
interactions, viscosity,...) and therefore have been applied as biomaterials, drug delivery
systems or as nanoreactors.[1], [2] In most case, their formation involved the use of polymer
which are physically or chemically crosslinked. This has been described earlier in literature
review chapter.

Of special interest are thermo responsive hydrogels: a small temperature changes
around a critical value induce the collapse or expansion of polymer chains as a response to
the new adjustments of the interactions between the polymeric chains and the aqueous
media. When the phase diagrams of polymer solutions appear as monophasic below a specific
temperature and biphasic above it exhibit a lower critical solution temperature (LCST).
Different families of polymer exhibiting such a property, have been described in literature
like  poly(N- isopropylacrylamide) (i.e.  PNIPAM), polyvinylcaprolactame,[3]
poly(oligo(ethylene glycol) methacrylate),[4] poly(methyl vinyl ether),[5] poly(N-acryloyl-N’-
propyl piperazine).[6] Among them, PNIPAM which presents a LCST around 32 °C in
aqueous solutions have been by far the most common used for the formation of hydrogel.[7]—
[13] In the transition regime, water becomes a poor solvent as polymer water H-bonds are
disrupted and PNIPAM undergoes conformational changes including both intrachain “coil-
to-globule” transitions and interchain self-association. Those PNIPAM based hydrogels have
been used for the formation of hybrid materials with tunable optical or catalytical properties,
of nanovectors for drug delivery or of smart hydrogels with striking mechanical properties.

[2], [14]

Depending on the preparation method and applications expected hydrogels with bulk,
micro and nano dimensions have been described in literature. Whatever their overall
dimensions are, properties of those hydrogels depend also strongly on their internal
structure. Therefore intensive efforts have been made to gain control over it at a nanoscale
level. Finely tuning this structure allow getting access to materials with improved
responsiveness in term of kinetics, change of dimension, etc ...[2]

In the previous chapter we studied the diluted solutions of different PNIPAM based
core-shell polymers. Herein we interest in the gel states of these polymers. We aim first to
understand how the internal structure of PNIPAM based hydrogels can be modified by
playing with the molecular architecture of the polymer. For this purpose we chose to compare
the behavior of linear polymer of PNIPAM with the one of three branched structure and the
hyperbranched one. We chose a family derived from PNIPAM with an average molar mass
equal to 7000 g.mol* for this study namely PNIPAM 7000 g.mol* (P7), TREN grafted
PNIPAM (TP7) and Hyperbranched polyamidoamine grafted PNIPAM (H4P7). We study the
transition rates and rheological behavior of such hydrogels. Moreover those materials can act
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as reactor to mediate the formation of gold nanoparticles (NPs). Their effects on the internal
structure and on the properties of the gels were evaluated.
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and characterization of thermogels of

hyperbranched polyamidoamine and Poly(N-

isopropylacrylamide) core-shell polymers

A. Synthesis of the thermoresponsive hydrogels

1.  Synthesis of polymers

The synthesis and characterization of polymers which were used in this study was described
in details in chapter 3. The PNIPAM 7000 g.mol* grafted polymer family was chosen for the
study of gelation transition. As described in chapter 3, at diluted concentration, the
thermoresponsive properties of those polymers were affected by branching degree and the
core nature. Nevertheless, all transition temperatures values remain in the same range
(between 31 and 33°C). Synthesis scheme is reported in Scheme II.1, main characteristics of
P7, TP7 and H4P7 polymers were given in Table I1.1

H4
TREN
| “NH,
or HoN 7 N~ NH,
P7 Ho"\-r'-""' 1 CDl activation
0 I DMSO, 48h, R.T.
HA4P7 7
or "}NM

Scheme II.1. Synthesis of TREN and HYPAM-based hyperbranched polymers with a PNIPAM
thermoresponsive shell.

Table II.1. Characterization of P77, TP7 and H4P7 polymers

Compounds |M, 2 [g/mol] Grafting ratio [%] by IR / by DSC
P7 7000 -

TP7 17000 81/ 83

H4P7 192000 66 / 71

a estimated by synthesis method
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2. Synthesis of thermoresponsive hydrogels

Solutions of the different PNIPAM based polymers were studied at different
concentration ranging from 0.5% to 20%. The polymer solutions were placed at 40°C for 10
minutes and simple tube inversion experiment revealed the concentration from which sol-gel
transformation can take place (Figure II.1). Below the transition temperatures, aqueous
solutions of P7, TP7 and H4P7 look like free flowing liquids whatever the concentration. As
the solutions are heated above the transition temperature, the solutions became rapidly white
and turbid. The formation of gel was only observed for the highest concentration of polymer
used (i.e. 20%wt) in the case of P7: in this case the solution became gel-like structure and was
not flowable by tube inversion experiment. For the two other polymers, gel formation
occurred at lower concentration (15%). In all cases, those gelation concentrations were found
well above entanglement concentration which can be evaluated around 3 %wt in the case of
P7.[15] Therefore this allows to discard the effect of molar mass upon gelation properties. To
confirm this, PNIPAM with a molar mass similar to the one of TP7 was studied (ie : 20000
g.mol?): as expected its behavior in solution is similar to the one of Py, gelation only occurs at
20 wt%. In the following, in order to compare the effects of molar mass, substitution level
and architecture on the thermogel formation only the highest concentration (i.e. 20%wt) will
be considered.

20°C 40°C

Figure II.1. Tube inversion experiment: 20 wt.% of H4P7 solution at 20 and 40°C.

B. Characterization of the hydrogels

To understand how the internal structure of PNIPAM hydrogel can be modified by
playing with the molecular architecture of the polymer we performed different experiments
to characterize the sol-gel transition, the strength as well as the structure of the formed gels.

1.  Sol-gel transition

Cloud point temperatures (T.) and related enthalpy variations for 20 % wt. aqueous
solutions of P7, TP7 and H4P7 were evaluated by using DSC measurements. DSC
thermograms were recorded at heating and cooling process in a range of temperature 20°C to
45 °C, at the rate of 1°C.min. Typical thermogram of 20%wt. solution of H4P7 is shown in
Figure II.2. We investigate at the temperature changing rate of 1°C.min"* to avoid syneresis
effects at lower heating/cooling rate and hence gain accurate comparison between polymers.
T. values for all samples were taken at the top of the peak of the transition and were reported
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in Table II.2. The associated enthalpy variation normalized on PNIPAM content are given in

the same table.
M "exo

Tc=30.9°C, AH=8 J.g"!

Temperature [°C]

25 30 35 40 45

Te=32.4°C, AH=8.5 J.g"!

heating

Figure II.2. DSC thermogram for 20 wt.% solution of H4P7 recorded at 1°C.min* on heating
(red line) and cooling (blue line).

Table I1.2. DSC characteristics of the hydrogels

DSC
Compounds Te (°C) on2 AH [J/g]®

heating cooling AT heating cooling ~ A(AH)
P7 20.3 28.7 0.6 30.9 2.4 28.5
TP7 31 28.8 2.2 14.6 3.6 11
H4P7 32.4 30.9 1.5 8.5 8.0 0.5

ameasurements of temperature transitions at heating or cooling rate of 1°C/min for polymer solution
at 20 wt.%. » normalized on PNIPAM content

Obviously, there are differences between the curves on heating and on cooling. There
is hysteresis on cooling process revealed in a shift of the transitions to lower temperatures.
This phenomenal is more remarkable for branched polymers TP7 (AT= 2.2°C) and H4P7
(AT= 1.5°C) than the linear P7 (AT= 0.6°C). This can be explained firstly by looking at the
molecular shape of the molecules. They are all macromolecular molecules but difference
architectures. For macromolecular molecules, the probability that the molecules are oriented
the way they need to be in order to build a phase of a certain order is much lower than in the
case of a small flexible molecule. Due to this fact it takes more time and therefore cooling to
lower temperatures than in the heating curve, where molecular ordering is broken up. On the
other hands, syneresis phenomenon is more pronounced for hydrogels of PNIPAM or other
polymers where intramolecular and intermolecular NH -- O=C hydrogen bonding
interactions occur upon heating process above cloud point temperature. These additional
interactions hinder the rehydration of PNIPAM on cooling process leading to the observed
hysteresis [16].

P7 is linear polymer while TP7 has three branched and H4P7 is composed of a highly
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polydisperse hyperbranched core and a lot of P7 chains. We suggest that the linear molecule
are oriented in a less entangled way than branched polymers when building a gel phase hence
the difference in transition temperature on heating and on cooling (hysteresis) is more
remarkable for branched polymers.

Considering the heating process, first observation shows that T. slightly increased
with the degree of branching from 29.3 to 32.4°C (Figure II.3.left, Table II.2). As already
observed in the case of block copolymer, this might result from the incorporation of some
hydrophilic content (TREN and HYPAM core) within the polymer.[17] Interestingly
associated enthalpy variation normalized on PNIPAM content showed a strong decreased
when the degree of branching increased (Figure II.3.right). As such a decrease is not
observed in dilute conditions, this tends to demonstrate a clear difference between the
different polymers concerning the polymer/polymer and polymer/solvent interactions in gel
solution that strongly modified the dehydration process for the hydrogels.

If we measured the difference on the variation of enthalpy issued from heating or
cooling processes (Figure II.3 right, Table II.2), we clearly see that this difference is more
pronounced compared with hyperbranched structures TP7 and H4P7. This can be resulted
from a marked syneresis effect on P7 sample or form kinetics effects.
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Figure II.3. Transition temperatures on heating and cooling at 1°C/min of polymer gel P7,
TP7, H4P7 at 20wt% (left). Energies involved in sol-gel transition on heating and cooling at
1°C/min of polymer gel P7, TP7, H4P7 at 20wt% (right).

2. Structure of the gels by cryo-SEM

To get an insight in the network structure of the hydrogels, freeze-dried samples were
analyzed by scanning electron microscopy (SEM, Figure II.4). Microstructures of the three
freeze-dried hydrogels show honeycomb-like structure with nearly dense cell walls.
Nevertheless, their average size differs strongly decreasing from 2.8 pm down to 1.4 pym and
0.5 um for P7, TP7 and H4P7 respectively (Table II.3). Moreover, as depicted in Figure 1.4
some dendritic structures appear in the case of the TP7 intermediate branched structure.
Therefore a clear relationship between molecular architecture and microstructures is
evidenced. This result is in agree with the suggestion made in the former subsection.
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H4P7

N

Figure II.4. Images obtained from cryo-SEM of gel structure at 40°C of P7, TP7, H4P7, bare
scale: 2um.

Table I1.3. Gel pore sizes measured from SEM images.

Compounds Gel pore sizes [um]
P7 2.8+0.9

TP7 1.4+ 0.5

H4P7 0.5+0.3

3. Rheological measurements

To get further insight on the consequence of such modifications at a macroscopic level
during sol-gel transition we studied the mechanical properties of these different gels.
Rheological measurements provided a quantitative characterization of the mechanical
changes during sol-gel transition.

The elastic modulus G' and the viscous modulus G" were monitored from 25 to 40°C,
heating at 1°C/min, at 1Hz and an oscillatory stress amplitude at 1 Pa. Figure II.5 shows the
variation of G' and G" with temperature for P, TP7 and H4P7 solutions at 20 wt% in water.
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Figure II.5. Temperature-dependent storage and loss moduli of P7 (green), TP7 (red), H4P7
(blue) in 20wt% solution on heating and cooling at 1°C/min.
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First observation shows that P7 and TP7 display a quite similar behavior, both
showing a sol-gel transition at the PNIPAM transition at 32.5°C. The introduction of the
TREN core tends to increase a bit the stiffness of the gel, illustrated by the change of G' from
20 Pa in P7 to 80 Pa in TP7. A more important change is displayed by the hyperbranched
polymer H4P7, for which the transition temperature decrease from 32.5 to 30°C and a
maximal elastic modulus G' is observed at 1000 Pa. A good correlation is observed between
this increasing G' modulus and the density of entanglements in the gels, as can be seen on the
SEM images.

4. UV following of thermoreversibility

The thermoreversibility of these hydrogels was studied by monitoring the transition to
the liquid state. For this, the turbidity of gels, preformed at 40°C and then placed at 25°C,
was recorded as a function of time by following the transmittance at 720 nm (Figure I1.6).
This wavelength was chosen in order to have suitable comparison with the nanocomposite
gels (see next section). Branched structures required a longer time to return back to the
initial clear hydrated system (8 min, 11 min and 22 min respectively for P7, TP7 and H4P7)
(Figure II1.6.right). Both the rheological and the transition rate results correlate with the
density of entanglements (of cells) observed by cryo-SEM: gels become stiffer and with
slower sol-gel transition as the branching degree increases.
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Figure II.6. Time-dependent turbidity of gels of TP7 at 20wt%, preformed at 40°C, and
placed at 25°C.%. Time necessary for the 40°C preformed gels placed at 25°C to return to
90% of their maximum transmittance (right).
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II1I. In situ synthesis of gold nanoparticles in the gels

A. In situ synthesis of AuNPs

These hydrogels can act as nanoreactor to mediate the in situ formation of
nanoparticles. Hyperbranched structures based on polyamidoamine compounds (PAMAM or
HYPAM) have demonstrated their ability to interact in solution with AuCl, ions to mediate
the synthesis of gold NPs. [18], [19] This interaction was taken into account to obtain
homogeneous solution of gold ions within the hydrogels prior to reduction to gold NPs. The
high viscosity of gel medium discards the possibility of using fast reducing agent as sodium
borohydride. Therefore glucosamine was chosen to act as a slow reducing agent. It is mixed
to the hydrogel below T. then temperature is subsequently increased to reach the gel
state.[20]

Successful reduction was first evidenced by a change of color of the solutions from yellow to
red due to the characteristic plasmon band of Au NPs (Figure III.1)

Abs

e H4P7

485 535 585 635 685
Wavelength [nm]

Figure I11.1. UV spectrum of Au NPs formed in gel structures of P7, TP7, H4P7 at 20wt%.

It is noted that we have also investigated the ability of these hydrogels to stabilize
preformed Au NPs. In this case, preformed Au NPs colloids were introduced in concentrated
polymer solutions in order to have the final concentration of polymer around 20 wt.%. It is
observed that Au NPs were precipitated giving a black color in the bottom of the test tube.
Preformed Au NPs cannot well disperse in concentrated solution to give homogeneous
nanocomposites.

In order to investigate sizes and shapes of in situ formed Au NPs, the nanocomposites
were cooled to ambient temperature, diluted 10 times with water and hence deposited on
TEM grids. TEM images evidenced the formation of such particles whose sizes decreased
with the level of branching: thus P7 led to the formation of NPs with an average diameter of
13.7 £ 5.5 nm, whereas TP7 and H4P7 induced the formation of NPs with an average
diameter of 10.5 + 2.4 nm and 5.9 + 2.1 nm respectively (Figure II1.2). Explanation for this
can be the affinity between AuCl4- and the hyperbranched core and hence the better
interaction of gold precursor and the gel phase resulted in small AuNPs of 6 nm. The same
reduction performed in the fluid state only, below T, led to the formation of slightly brown
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solutions corresponding to Au NPs with characteristic sizes below 5 nm. The smaller size
than the one observed within hydrogel is a good evidence of the effect of gel structure during
the growth of gold nanoparticles.

Figure III.2. TEM images of gold nanoparticles formed in gel structures of Py, TP7, H4P7 at
20wt%, with corresponding size distribution.

In return, the introduction of the gold nanoparticles in the structure affects different
features of the gel which will be discussed in the next section.

B. Effect of AuNPs on the properties of the hybrid gels

1.  Structure of the gels

The presence of Au NPs within the gel structure induces strong modifications of
microstructures observed by SEM (Figure II1.3) when compared to the free Au NPs
hydrogels. Hence, P7@Au gel switched from a compartmented gel structure to a filamentous-
like structure. For TP7 and H4P7, the average pore size decreased from 1.4 to 0.6 and from
0.5 to 0.1 um um respectively (Table III.1). The increase is quite low for TP7, and much
stronger for H4P7, which shows a much more pronounced increase in density of the network.
In the case of P7@Au, the moduli increased also a bit despite the transition to the
filamentous structure. Inset in Figure III.3 shows the homogeneous inclusion of gold NPs
within the gels.
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H4PT@Au

Figure III.3. Images obtained from cryo-SEM of gel structure at 40°C gels with in situ
synthesized gold nanoparticles. Bare scale: 2um, zoom scale: 200nm.

Table I11.1. TEM and SEM result for the hydrogels and corresponding nanocomposites

SEM TEM
Compounds
Gel pore sizes [um] AuNPs Diameter [nm]
P7 2.8+0.9 -
TP7 1.4+£0.5 -
H4P7 0.5+ 0.3 -
P7@Au n.d. 13.7+ 5.5
TP7@Au 0.6+ 0.4 10.5 + 2.4
H4P7@Au 0.11 £ 0.08 5.9+ 2.1

2. Sol-gel transition
a. DSC

The nanocomposites sol-gel transition was firstly studied by DSC. The same
experiment condition performed in the case of gel without NPs was applied for the
nanocomposite ones (heating and cooling rate: 1°C/min), thermograms were shown in Figure
II1.4. Figure II1.5 shows transition temperature as well as energies involved on heating and
cooling processes of Au embedded gels. First observation shows a similar trend than the one
observed for the gels without NPs: branched structures display higher transition
temperatures. Nevertheless, the incorporation of Au NPs within the gel doesn’t affect greatly
the sol-gel transition temperatures. However, as shown in Table III.2, the variation of
enthalpies involved in these transitions decreased when Au NPs were inserted in the gel
structures (except for H4P7 when compared to free Au NPs hydrogels).
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Figure I11.4. DSC thermograms for Au embedded P7, TP7 and H4P7 gels recorded at
1°C.min™ on heating (dashed line) and cooling (plain line). [polymer] = 20 wt.%

33 - 30

5) B heating M cooling B heating M cooling
= 32 - 25 -
5
= ! 20 -
g 30 - o
£ S 15 -
= 29 - s
< 10 -
g -
= )
£ 27 - 5
L
= 26 1 | 1 1 0 - ! ! 1
PT@Au TP7@Au H4P7T@Au P7@Au  TP7@Au H4PT@Au

Figure I11.5. Transition temperatures on heating and cooling at 1°C/min of polymer gels P7,
TP7, H4P7 at 20wt% with in situ synthesized gold nanoparticles (left). Energies involved in
sol-gel transition on heating and cooling at 1°C/min of polymer gel P7, TP7, H4P7 at 20wt%
with in situ synthesized Au NPs (right).
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Table III.2. DSC results of the hydrogels and corresponding nanocomposites

DSC (1°C/min, [polymer] = 20wt. %)

Compounds AH [J/g] Te (°C)

heating cooling A(AH) heating cooling AT
P7 30.9 2.4 28.5 20.3 28.7 0.6
TPy 14.6 3.6 11 31 28.8 2.2
H4P7 8.5 8.0 0.5 32.4 30.9 1.5
P7@Au 25.7 11 14.7 30.8 29.9 0.9
TP7@Au 11.4 2.6 8.8 31.5 28.7 2.8
H4P7@Au 10.6 9.2 1.4 32.3 31.0 1.3

b. Rheological measurements

Sol-gel transitions temperatures of these polymer-nanoparticles composites, extracted
either from DSC or rheological measurements are found very similar from both techniques
(Table I11.2, Figure II1.6). More pronounced differences have been previously observed from
the two techniques for hydrogels without embedded NPs. These differences can reach up to
2.7°C (nearly 3°C) in the case of P7, both on heating or cooling cycles. A more efficient heat
transfer thanks to the inclusion of NPs might be responsible for that lower discrepancy
between the two techniques. Nevertheless, a strong hysteresis between heating and cooling
transition (especially for TP7@Au) was still observed that depend once again on the
microstructures of the considered hydrogels.
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Figure III.6. Temperature- dependent storage and loss moduli of P7@Au (left), TP7@Au
(middle), H4P7@Au (right) in 20wt% solution on heating (h) and cooling (c) at 1°C/min.
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3. Gelstrength

Gel strengths of hybrid gels were evaluated by rheological measurements. Higher moduli
were observed for TP7@Au and H4P7@Au compared to the corresponding gels ( Table III.2).
This observation is consistent with SEM experiments. The increase is quite low for TP7, and
much stronger for H4P7 (Figure 111.6), which shows a much more pronounced increase in
density of the network. From SEM images of P7@Au, showing a kind of filamenteous
destructuration of the gel, we would expect a moduli decrease upon nanoparticles addition
what is not the case, since the moduli increased also a bit. In all cases NPs acts as
crosslinking agent and improved the stiffness of the gels as already observed in
literature.[21], [22]
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Figure IIL.7. Temperature-dependent storage and loss moduli of P7@Au (left), TP7@Au
(middle), H4P7@Au (right) in 20wt% solution on heating and cooling at 1°C/min.

Table II1.3. Rheology results of the hydrogels and corresponding nanocomposites

Rheology (1°C/min, [polymer] = 20wt. %)
Te (°C)

Compounds G'[Pa] 40°Con |G”[Pa] 40°C

heating heating heating  |cooling
P7 14 30 32 31
TP7 54 88 33 31
H4P7 78 135 30 29
P7@Au 60 117 31 31
TP7@Au 79 150 33 29
H4P7@Au 1050 1595 33 31
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4. UV following of thermoreversibility

The thermoreversibility of the hybrid hydrogels was studied by monitoring the
transition to the liquid state. For this, the turbidity of gels, preformed at 40°C and then
placed at 25°C, was recorded as a function of time by following the transmittance at 720 nm
(Figure I11.8). This wavelength was chosen in order to avoid absorbance of Au NPs embedded
in the hydrogels. Comparing to the gels without NPs, this experiment shows a noticeable
difference in rehydration process (Figure III.8). The gels@Au took more time to return to
the solution state. This result is in good correlation with conclusion from rheological and
cryo-SEM results. NPs can act as cross linking agent and thus improved the stiffness of the
gels and modified its responsiveness to temperature as already observed in literature.[21],
[22]
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Figure II1.8. Time-dependent turbidity at 25°C of 40°C preformed gels of TP7 at 20wt% with
and without in-situ synthesized gold nanoparticles (left). Necessary time for the 40°C
preformed gels (blue) and corresponding nanocomposites (red) to get to 90% of maximum
transmittance value at 25°C (right).

IV. Conclusions

Thermoresponsive hydrogels have been successfully synthesized from core-shell
hyperbranched polymers and PNIPAM. The molecular architecture of the polymer modulates
the microscopic structure of hydrogel and therefore its thermoresponsive and rheological
properties. These hydrogels were utilized for the in situ synthesis of well-defined gold
nanoparticles. The presence of AuNPs within the gels acted as crosslinking points and
improved its gelation properties. Those effects should be modulated by controlling the
size/amount of AuNPs within the hydrogel.

Interestingly, the observation by TEM of nanocomposites obtained from hydrogels
structures, led to the observation of some fractal structure as presented in Figure IV.1. Those
structures were obtained from the deposits of a 5 time diluted solution of hydrogel (i.e. 4
wt.%) on a TEM grid. The observed structures may result from gel formation and instability
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phenomenon occurring during the drying process on TEM grids and was only observed in
presence of gold nanoparticles. More investigations to understand the driving forces
responsible of such observation are under way.
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Figure IV.1. Images for TP7@Au after diluted 5 times in water and deposited on TEM grid.
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I. Introduction

In recent years, tremendous research efforts to develop nanoscale organic/inorganic
building blocks with well controlled morphology and to define efficient self-assembly
protocols to get access to functional materials have been described in literature. In this
context, intimate mixtures of liquid crystals (lyotropic or thermotropic) and nanoparticles
have aroused great interest in the scientific community.[1-3] If most described studies
involved the mixing of preformed nanoparticles (NPs) within liquid crystals, literature
reveals particularly interesting attempts in synthesizing NPs within mesophases of liquid
crystals.[2, 4] For instance, ZnSe nanomaterials have been synthesized in lyotropic systems
based on amphiphilic triblock copolymers. Depending on the liquid crystalline state,
quantum dots, nanodisks or even nanowires could be obtained.[5, 6] Nanoporous materials
(generally silica) have also been fabricated via true liquid crystal templating.[7] Whereas the
large majority of such research employs lyotropic liquid crystals, very few publications deal
with the elaboration of nanomaterials within thermotropic ones.[8-15] Indeed, the
development of an in situ procedure to generate NPs within a thermotropic liquid crystalline
(LC) medium has proved to be quite a challenging task mainly due to diffusion hindrance of
reactants in such medium. Most studies involve the in situ reduction of metal precursors via
oxidation of the LC medium in order to obtain the desired NPs. For instance, the formation of
CuCl nanostructures inside a mixture of an ionic liquid and a derivative of ascorbic acid has
been reported.[13, 14] This resulted in the formation of CuCl nanoplatelets with a relatively
uniform thickness of about 220 nm and in-plane sizes of 5-50 nm. Glass-forming liquid
crystalline materials acting as a reducing agent were also used to obtain gold NPs whose size
and shape depended on both the amount of precursor content and the LC state.[10] Isotropic
NPs of gold or silver have also been synthesized by heating LC materials doped with the
corresponding metal salts.[9] In other cases, sputtering[15] or -electrodeposition[8]
techniques were used to form NPs in thermotropic systems. Recently, we reported the use of
a thermotropic liquid crystal branched and hyperbranched polymers obtained from the
grafting of LC moiety on a branched core for such a purpose.[11, 12] To avoid disruption of
the liquid crystalline mesophase during NPs formation, this approach involves the in situ
hydrolysis of dicyclohexylzinc, [Zn(Cy2)] leading to ZnO NPs with volatile cyclohexane as the
only side product.[16] We demonstrated a direct correlation between the structural
characteristics of the LC, the type of organization implicated during NPs synthesis and the
morphology of the nanostructures obtained. Whereas in isotropic conditions only isotropic
NPs were obtained, experiments performed in the nematic phase state of the LC compound
led to the formation of anisotropic ZnO structures.[11, 12] Thus, nano-worm-like or nano-
wire structures were grown in branched .[11] and hyperbranched liquid crystals.[10]

Mesomorphic dendritic polymers appear thus as good candidates for the synthesis of
nanohybrids. Moreover, interactions of the organic structure with metal precursor appear as
a key parameter to control their morphology. In this context, the use of LC branched polymer
exhibiting an ionic part could be of special interest to study the effect of the mesophase
nature on the NPs growth. Indeed, these ionic structures will facilitate interactions with ionic
metal precursor and thus will insure the homogeneity of hybrid materials. In the past few
years, LC dendritic structures made of components interacting by means of ionic interactions
have attracted great interest: they do not necessitate tedious synthetic procedures like
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dendritic structures obtained by means of covalent bonds between a dendritic core and a LC
group. In addition, the nature of the external functional group can be easily tuned. This
strategy has been well described in the case of amine-terminated dendritic structures
complexed with different carboxylic acids exhibiting or not LC properties. [17-30] Ionic LC
dendrimers based on polyethyleneimine (PEI),[25, 29, 30] poly(propylene imine) (PPI) [18,
20-22, 24, 26-28] and poly(amidoamine) (PAMAM) [17, 19, 23, 25] dendrimers have been
especially studied. They exhibited mesophases of different nature depending mainly on the
generation and chemical nature of the hyperbranched core and on the structure of the alkyl
chain of the carboxylic acid (number of alkyl chain per acid or introduction of fluorinated
moieties). Smectic A or square and hexagonal columnar mesophases were thus observed.
These specific mesomorphic organizations could induce specific diffusion phenomena that
could be taken into account to modulate NPs growth mechanism. If most of those studies
focused on the use of well-defined dendrimers cores, ionic LC hyperbranched structures have
not been thoroughly studied.[25, 31, 32]

In this chapter, in a first part, the synthesis of a new family of thermotropic dendritic
polymers comprising a hyperbranched polyamidoamine core HYPAM [33, 34] and a
dodecylsulfate-based shell based on non-covalent concept is described. The liquid crystalline
properties of these core-shell architectures are thoroughly investigated by means of
polarizing optical microscopy (POM), differential scanning calorimetry (DSC), and small-
angle X-ray scattering (SAXS). The relationship between the structural characteristics of the
polymers (size of the hyperbranched core, hyperbranched or dendritic nature of the core,
substitution ratio) and the mesomorphic properties were closely investigated. Organizations
as large aggregates in aqueous solutions of those polymers obtained from dilution of
mesomorphic structures were also evidenced. In a second part, we highlighted how those
thermotropic structures comprising ionic counterpart can be taken in account to interact in a
homogeneous way with ionic salts. Interestingly, diffusion of dihydrogene inside those
mesomorphic structures allowed the in situ formation of gold NPs within the liquid-
crystalline phase. The effect of polymer structure and organization on the morphology of gold
nanoparticles is then evaluated.
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II. Synthesis and characterization of the hyperbranched-
dodecyl sulfate complexes

A. Hyperbranched poly(amidoamine)

Synthesis and characterization of hyperbranched polyamidoamine were already
presented in chapter 2 will not be repeated here.

B. Mesomorphic Ionic Hyperbranched Polymers

1.  Synthesis

Amino-terminated HYPAMs cores were mixed with dodecylsulfate (DS) moieties
leading to the formation of HYPAM-DS complexes (Sheme II.1). For this, a dilute aqueous
solution of sodium dodecylsulfate (SDS) was added to an aqueous solution of HYPAM at pH
3-4 adapting a procedure used by Canilho et al..[32] The complex was obtained as a
precipitate and the excess of sodium chloride salt was removed by washing with water. The
small excess of non-interacting DS ligands, evidenced by the presence of thin peaks in 1H
NMR in DMSO-D8, was removed by dissolution of the precipitate in DMSO followed by
reprecipitation in acidic water.

sH HYPAM »NH H

S o (H3.HiorHs) O \\\IN"

N
N ~N-

C12H250803Na

in H,0 pH~3-4

HYPAM-DS

®\0
Mll-NH,;) 0S05C,H,s

Scheme II.1. Synthesis of ionic complex HYPAM and Dodecyl Sulfate

Hyperbranched polyamidoamines (H3, H4, H5) and TREN (tree branched molecule)
were used for the synthesis of the complexes. In order to study the effect of the
hydrophobic/hydrophilic composition balance on the LC properties of the complexes, the
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proportion of DS in the complexes was also varied from 50, 75, 90, to 100% molar ratio with
reference to the primary amine groups of the core. Those complexes were called Hx-DSy or
TREN-DSy. In this expression, x refers to the generation of the core; y refers to the grafting
ratio (in molar percents).

2. Characterization of the interaction between the core and the shell

The characterization of the interaction between the core and the shell as well as the
quantification of the functionalization degree was then studied by FT-IR and *H-NMR.

a) Interaction between the core and the shells by FT-IR

ATR-FTIR spectroscopy was used to confirm the interactions between HYPAM and
DS moieties. This is illustrated on the FTIR spectrum of hyperbranched polyamidoamine H4
with a 100% grafting ratio of primary amine in Figure I1.1 and at 25°C.
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Figure I1.1. ATR-FTIR spectra of SDS, H4, and H4-DS100.

The formation of the ionic complex was confirmed by the shift of the two S=0
asymmetric stretching bands of sulfate group from 1250 cm™ and 1222 ¢cm™ to 1241 cm™ and
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1204 cm™ respectively. In addition, the decrease in frequency of the symmetric S=0
stretching band, from 1082 cm™ to 1057 cm™ can be interpreted as a change of
counterion.[38] The vibration bands of amide I of HYPAM at 1645 cm™ are also shifted to
1660 cm™ in the complex.

b) Interaction between the core and the shells by 1tH NMR and 1D
NOE experiment

As the complex was fully soluble in THF and CHCI3, while neither HYPAM nor SDS is
soluble in these two solvents, is in favor of complex formation. The existence of interactions
between HYPAM and DS moieties was further evidenced by NMR techniques. A broadening
of the signals corresponding to DS was observed on the 1H NMR spectrum of H4-DS100 in
CDCIl3 (Figure I1.2 a). This was expected for DS in strong interaction with a macromolecule.

a -CH,-  -CH,4

a) -CH,-

B
HYPAMA4 signals
I
-CH,
b) _CHZ_ -CHZ- -CH3
I -CH,-

-CH,

HYPAM4 signals

T 7 T T T LI T LI T T T T T T T T T 70 LI T T T T T
I I I I I I | 1

ppm 4 3,5 3 2,5 2 15 1 0.5

Figure II.2. a) 1tH NMR spectrum of H4-DS100 in CHCI3; b) and c) Selective 1D 1H NOESY
experiment with dodecyl sulphuric acid and H4-DS100 respectively in CDCIl3 after selective
excitation of methylene group in a position of sulfate function (NOE mixing time : 800 ms).

To confirm this, a 1D NOE NMR experiment was performed by selectively irradiating
the methylene protons in the a position of the sulfate function of DS (Figure I1.3).A negative
NOE effect was observed on both protons of the HYPAM core and the DS hydrophobic chain
(Figure II.2 c¢). A control experiment was performed on acidified SDS (Figure II.2 b) (as
mentioned before, SDS is not soluble in CHCI3). In this case, a positive NOE effect on the
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vicinal protons was observed. This confirmed the strong interaction of HYPAM with DS.
Indeed, macromolecules like HYPAM exhibit negative NOE effect with a fast build-up rate,
while low-molecular weight DS has positive NOE signals with a slow build-up rate. When DS
binds to HYPAM, it gains motional correction time of the macromolecules, thus developing a
negative NOE in the bound state. This negative intramolecular trNOE signals of DS indicates
that those chains are in interaction with HYPAM core. This was confirmed by the presence of
negative trNOE signals for the protons characteristic of the HYPAM core. The long mixing
times used here (800 ms) generate pseudo-cross-peaks attributed to spin diffusion and
magnetization transfer and thus explain the appearance of such an effect for all protons of
the core. From both FTIR results in bulk and NMR experiments in solution an interaction
may be assumed between HYPAM and DS chains. Those interactions likely arise from ionic
interactions between sulfate group and protonated amine groups of the HYPAM
hyperbranched core.[32]

-CH,-
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Figure I1.3. 1D 1H NOESY experiment with H4-DS100 in CDCI3: selective excitation of
methylene group in a position of sulfate function (NOE mixing time : 800 ms).

3. Quantification of functionalization degree

In order to study the influence of structural parameters on the mesomorphic
behavior, different level of functionalization of amine groups of H4 by DS were studied. For
this, four different molar ratios of primary amine/sulfate groups were used: 1:1, 1:0.90, 1:0.75
and 1:0.5 leading to the formation of H4-DS100, H4-DS9o, H4-DS75 and H4-DSs50
respectively. ATR-FTIR spectroscopy was used to quantify the HYPAM/DS proportions.
Indeed, this molar ratio is proportional to the ratio of the intensity of the amide I band (1660
cm?) to the intensity of the sulfate stretching bands (1204 cm™). A calibration curve was
obtained by measuring this ratio on spectra of the simple mixtures (without interaction) of
HYPAM and SDS, for which the molar ratio of primary amine groups of HYPAM and SDS
was varied from 1:1 to 1:0.5 (Figure I1.4). Results are reported in Table II.1.
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Figure II.4. Quantification of functionalization degree by indirect FT-IR method. a) spectra of
physical mixtures of H4 and DS; b) calibration curve.

Table I1.1. Quantification of functionalization degree by indirect FT-IR method

Compounds DS/NH, molar ratio [%]
H3-DS100 100%
H4-DS100 97 ¢
H5-DS100 100%
PAMAM4-DS100 99
PAMAM5-DS100 100%
H4-DS50 51¢
H4-DS75 82a
H4-DS90 95 ¢
PAMAM4-DS90 89«
PAMAM5-DS90 90?b

a estimated from FT-IR measurements (standard deviation + 2), b estimated
from experimental conditions.

A good agreement with theoretical expected values was observed for all studied
compounds. Complexes obtained with hyperbranched HYPAM of different molar masses (H3
or Hs5) or with the corresponding perfectly defined PAMAM dendrimers were also
synthesized with two targeted degree of functionalization: 9o and 100% (Table II.1) with also
a good agreement with theoretical values.
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4. Behavior in solution and formation of aggregates
a) Behavior in solution

Due to their hydrophobic shell, the studied complexes were not soluble in water and
were only soluble in a very limited range of solvent (THF, chloroform, DMSO but not
alkanes). As expected, the nature of solvent can dramatically affect the strength of
interactions between the core and the shell. To characterize this effect and the aggregation
phenomenon, we performed NMR and DLS studies in those solvents. Depending on the
nature of solvent and its dissociative properties, these complexes presented different kinetics
of dissociation as demonstrated by 'H NMR. Hence, whereas in THF-d8 HYPAM the core is
barely visible around 3 ppm, both peaks from HYPAM and DS appear as large peaks in
CDCl3 or DMSO-d6 (Figure II.5) suggesting a different exchange mechanism in each case.
NOE transfer experiments demonstrated the interactions of DS ligands with HYPAM in
CDCl;. Nevertheless, based on DOSY experiments, a faster exchange mechanism may be
assumed in the case of DMSO.

H4-DS100 in CDCls w
|

H4-DS100 in DMSO-D6

H4-DS100 in THF-D8

ppm 5 4 3

Figure I1.5. 1tH NMR spectra of H4-DS100 in CDCl3, DMSO-d6 and THF-d8 (500 MHz)
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Figure I1.6. 1H NMR spectra of SDS, H4 and H4-DS100 (500 MHz, DMSO-d6, 308K)

The attribution of the peaks was carried out by one-dimensional 1H and 13C NMR
and two-dimensional 1H-1H COSY, 1H-13C HSQC experiments (Figures I1.6-7-8-9). A
greater shift of the proton signal at 2.51 ppm to 3.37 ppm corresponding to the protonation of
the primary amine in CH2NH2 group was observed. The shift from 2.24 ppm to 2.66 ppm of
the signal of the methylene in the a position of tertiary amines (NCH2CH2NH2) revealed
that tertiary amines were also protonated. The chemical shifts for the other protons are
weakly modified in H4 and in its corresponding complexes.
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Figure I1.7. 13C NMR spectrum of H4-DS100 (500 MHz, DMSO-d6, 308K)

Figure 11.8. HSQC-NMR spectrum of H4-DS100 (500 MHz, DMSO-d6, 308K)
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Figure I1.9. COSY-NMR spectrum of H4-DS100 (500 MHz, DMSO-d6, 308K)

In addition, self-diffusion coefficients of H4, H4-DS100 and SDS were evaluated in
DMSO solution at 308 K using the Pulsed-Gradient Spin-Echo (PGSE) NMR technique
(Figure I1.10).
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Figure I1.10. PGSE-NMR spectra of SDS (a) H4 (b) and H4DS100 (c¢) in DMSO at 308K with
evaluated diffusion coefficients
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The obtained results are summarized in Table II.2. Due to the large difference of
hydrodynamic volume, H4 and SDS species exhibit a great difference in diffusion coefficients
(100 and 2.6-10° m2-s* respectively). In the case of H4-DS100 complex, two diffusion peaks
were observed with smaller diffusion constants than for DS and H4 taken separately. This
confirmed the formation of a complex with fast exchange mechanism in DMSO with respect
to the time scale of diffusion (d2o=120ms). Indeed only one diffusion coefficient was
observed when PGSE NMR analysis was performed in THF-d8 which is a less dissociative
solvent. From these values, the hydrodynamic radius (Ry) of the different components was
calculated by means of the Stokes-Einstein equation. Both values were reported in Table II.2.

Table II.2. Self-diffusion coefficients and hydrodynamic radius (Rh) of SDS, H4 and H4-
DS100 obtained by PGSE NMR and DLS.

Compounds Diffusion coefficient (m2.s™) Rn (nm)
PGSE NMR

SDS« 2.6-101° 0.5

Hge 1-101° 1.4

H4-DS100¢ 0.5:101° n.d.d
1.8-107°

H4-DS100° 1.1-107° 4.3

DMSO¢ 6.5:1071°

a measured in DMSO (0.1 wt% polymer solution); b measured in THF (0.1 wt%
polymer solution); ¢ measured in DMSO or THF; d Ionic complex cannot be isolated
in DMSO, thus Ry were not calculated in this solvent

b) Formation of aggregates

The amphiphilic structures of those ionic complexes may lead to the formation of
structured aggregates in solution. Hence, JL Serrano and coll. have previously observed the
formation of spherical aggregates from hyperbranched mesomorphic structures favored by
the pristine liquid crystalline organization.23] To prepare aggregates, H4-DS100 was
dissolved in a good solvent DMSO at a concentration of 0.5 wt%. As shown above, by NMR
measurements, H4-DS complexes are soluble in those conditions and a rearrangement of
ligand is still possible while preserving ionic interactions. Milli-Q water, which was a poor
solvent, was then added very slowly (~10uL.min™) to the complex solution in DMSO (1.5 mL)
with slight shaking (final volume water content around 25%). The nature of the formed
aggregates was examined by transmission electron microscopy (TEM) with negative staining.
Those objects with approximately spherical shape around 200nm of diameter were obtained
as shown in Figure II.11. As described in literature, these structures may arise from a lamellar
organization where hydrophobic aliphatic chains are wrapped by the hydrophilic dendrimer
core forming well-packed layers in which all the alkyl chains are oriented parallel to each
other.
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Figure I1.11. Representative TEM images of H4-DS100 samples stained with uranyl acetate of
nanoobjects obtained in DMSO/water 3/1 v/v solution.
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III. Thermal and mesomorphic properties

As discussed in the previous section, the dendritic ionic complexes can form spherical
aggregates in solutions. In this section we investigated the self-assemble of this ionic complex
in absence of solvent, in other words, their liquid crystal properties. The mesomorphic
behaviour of the dendritic complexes was studied by Differential Scanning Calorimetry
(DSC), Polarizing Optical Microscopy (POM) and Small Angle X-ray Scattering (SAXS)
experiments.

A. Study of thermal properties by DSC and POM

1. Experimental conditions of DSC measurments

The thermograms for each HYPAM and each PNIPAM complexes were recorded on
heating and cooling rates of 10, 5 and 2°C/min. Typical thermograms obtained on heating
and cooling at 10°C/min are given in Figure III.1. The thermogram in heating mode exhibits
two endothermic transitions. The first one at T, is associated with a high variation of enthalpy
and the second one at T2 is less energetic transition.

-20 0 20 40 60 80| T°C
cooling
heating r ~—/
T2
T1
~endo

Figure III.1. DSC thermogram recorded for H4-DS100 at heating and cooling rate of
10°C/min

Obviously, there are differences between the curves on heating and on cooling. On
cooling process, there is a shift of the transitions to lower temperatures. This can be
explained firstly by looking at the molecular shape of the molecules. The compound is a
macromolecule which is composed of a highly polydisperse hyperbranched core and
dodecylsulfate shell. So the probability that the molecules are oriented the way they need to
be in order to build a phase of a certain order is much lower than in the case of a small
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flexible molecule. Due to this fact it takes more time and therefore cooling to lower
temperatures than in the heating curve, where molecular ordering is broken up. In another
words, the metastable state of the materials on cooling process resulted in a different thermal
history compare to the heating process.

-20 0 20 40 60 80| T°C
[

2°C/min

5°C/min

10°C/min

Figure III.2. DSC thermograms recorded for H4-DS100 at heating rate of 10°C/min, 5°C/min
and 2°C/min.

Besides, these differences can also resulted from the different heating and cooling
rates, especially at high heating and cooling rate. In order to avoid these problems and gain
accurate results, we perform the measurement at three rates (2, 5, 10°C/min) and extrapolate
the transition temperature to zero speed (Figure III.2). All transition temperatures and
associated enthalpies are summarized in Table III.1.

2. Phase transitions

For almost all complexes, glass transition temperature is barely or not visible. This
may be ascribed to the high level of ordered structure of those complexes. This ordered
structure is responsible of a first transition peak (at T,) associated with a high variation of
enthalpy and arises from the association of hydrophobic fatty chains.[32] Additionally, for
most of the dendritic structures, a second but less energetic transition is visible in the
thermograms (T,).(see Table III.1 and Figure III. 1-2-7-10-11)

Birefringent and different textures were observed by POM below T, and between T,
and T, after which the material starts losing its birefringence suggesting the existence of two
different liquid crystalline organizations of the studied materials (Figure I11.3-4-8-9). While
no pre-mesogenic moiety is present in the polymer complexes, LC properties arise from a
molecular segregation phenomenon between hydrophobic chains and the hydrophilic or ionic
part of the complexes.[23] This segregation necessitates a hydrophilic core of sufficient molar
mass: thus ionic complexes between tris(2-aminoethyl)amine and DS does not exhibit
mesomorphic properties (Figure II1.7). The nature of the mesophases below T, and between
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Table IIL.1. Thermal characteristics of the different complexes determined
measurements (values extrapolated to 0°C/min heating rate).

by DSC

LC LC I

Compounds T, (AH)) T (AHL)

[°C] [J/91 [°Cj [J/9]
H3-DS100 . 28.3 (17) - 50.3 (0.6)
H4-DS100 . 23.5 (26) - 48.8 (3.8) -
H5-DS100 . 23.5 (20) - 50.9 (4.0)
PAMAM4-DS100 . 24.0 (28) - 47.2 (1.9) -
PAMAM5-DS100 . 25.8 (24) - 50.2 (2.3 -
H4-DS50 - - - - - - -
H4-DS75 . 45.1 (15) - 65.6 (13) -
H4-DS90 . 23.3 (22) - 52.5 (39) -
PAMAM4-DS90 . 24.2 (24) - 50.5 (2.8 o
PAMAM5-DS90 . 24.5 (28) - 48.7 (19) -
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B. Phase identification of HYPAM-DS100

1. POM-SAXS-DSC studies for H4-DS100

Hence, H4-DS100 displayed two transitions temperatures at T=23.5 °C and 48.8 °C
with an associated variation of enthalpy of 26 J/g and 3.8 J/g respectively (Figure I11.3 and
Table II1.1. By POM observation, characteristic textures of columnar (below T;) and lamellar
mesophases (between T, and T.) were identified.

POM

0 20 40 60 80 T°C

DSC

r—\_/

48.8°C(3.8J/g)

23.5°C(26J/g)

Figure III.3. POM images for H4-DS100 at 20°C, 40°C and 65°C (top); DSC thermogram
recorded for H4-DS100 at heating rate of 10°C/min (bottom).

The nature of these mesophases was clearly confirmed by SAXS measurements
(Figure III.4). At temperatures lower than the first transition peak (i.e. 20°C), peaks at 1.45
and 1.80 nm appeared on the radial averaged diffraction intensity profile extracted from the
2D SAXS diffraction pattern (Figure I11.4 a). Those peaks could be ascribed to a rectangular
columnar mesophase with C2mm planar space group (Colr,C2mm) and with lattice constants
a = 7.0 nm and b = 5.3 nm (see Figure III.4 a). The formation of such mesophase was
previously observed by J.L. Serrano et al. for PAMAM derivative dendrimers.[23, 39] An
arrangement for which the molecules are located at the centre and at the corners of the unit
cell in such a way that the hydrocarbon chains segregate in layers could be proposed for this
structure (Scheme III.1).
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Figure III.4. Diffraction intensity profiles extracted from SAXS diffraction pattern for H4-
DS100 at 20°C (Colr), 40°C (Lamellar) and 63°C (Isotropic) and corresponding POM images.
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Scheme III.1. Schematic models of the rectangular columnar Colr,p2mg, Colr,c2mm and
lamellar mesophases.

By roughly estimating the contour length of fully stretched Ci2 alkyl tails to 1.6 nm
and assuming no interdigitated alkyl chain configuration, an asymmetric domain size of 1x
1.9 nm? can be estimated for hyperbranched domains. This value is in good agreement with
both the expected and the observed values in literature.[23, 39] At the transition to the
lamellar mesophase, the correlation along the columnar axis is lost due to the melting of
crystalline structures leading to the disruption of the two-dimensional rectangular positional
ordering. This was confirmed by SAXS measurements by the displacement of a sharp peaks
in the wide angle region (q=14-16 nm-1 i.e. 4.2 A) characteristics of the cristallinity of the
surfactants domains at the first transition temperature (see Figure IIL.5) towards low q
regions at high temperature (i.e. toward a less organized system).[32]
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Figure III.5. Diffraction intensity profile extracted from diffraction pattern in the wide angle
region for H4-DS100 at 20°C (Colr) and 40°C (Lamellar) showing the shift of the surfactants
domains at the first transition temperature towards low q regions at higher temperature i.e.
to less organized domains
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Between the two transitions peaks, SAXS diffraction pattern showing three peaks
q1:q2:q3 (at 1.49, 2.98 and 4.47 nm-1), spaced as 1:2:3 (Figure IIL.4 b), confirmed the
lamellar nature of the liquid crystalline organization. The lattice parameter of the lamellar
phase 4.2 nm corresponding to the width of hyperbranched and alkyl tails domains. Hence, a
minimum width of 1.0 nm can be estimated for hyperbranched domains. Above Tc, both
birefringence in POM and reflections of the LC in SAXS disappeared as expected for an
isotropic phase (Figure I11.4 c).

Mesomorphic properties of H4-DS100 are summarized in Table III-2.

Table III.2. Layer spacing and rectangular lattice constants determined by SAXS for the
compounds at the indicated temperature

Compounds T °C Mesophase Lattice parameters (nm)
H4-DS100 20 Col. camm a=7.0, b=5.3
40 lamellar a=4.2
63 Isotropic
2. FT-IR

FT-IR allowed confirming previous results concerning the loss of crystalline order of
DS chains at the first transition temperature T,. Indeed, the CH, asymmetric and symmetric
stretching vibrational frequencies can be used to describe the conformation of SDS
molecules. The intensity of the signal relative to the CH. asymmetric stretching band was
analyzed as a function of temperature (Figure IIL.6).
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Figure III.6. Thermal evolution of CH2 asymmetric stretching band of H4-DS100 followed
FT-IR.

Interestingly, a significant jump was observed around 23°C, i.e. at the first transition
temperature from columnar to lamellar mesophase. This suggests a strong change in SDS
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conformation at this transition temperature.[40] Furthermore, the separation between
Va5(SO.) bands was an indication of the conformational structure of the surfactant.[41] Values
from 27 to 29 cm™ were characteristic of the SDS crystalline conformation (all-trans
conformation), from 39 to 48 ecm™ of SDS bulk and from 32 to 33 cm™ of SDS liquid
crystals.[41] At 25°C, the band separation in our study is 28 cm™ for crystalline SDS and for
mechanical mixtures of HYPAM and SDS. This gap increases to 37 cm™ for the complex. This
also reflects a more disordered conformation in the lamellar phase than in the crystalline
state. In addition, below T, the CH. asymmetric stretching band appears at 2917 cm™
suggesting an ordered hydrocarbon chain in all-trans CH. configuration. The band shifts to a
higher frequency at 25°C (2924 cm™) meaning that the number of all-trans conformers
decreases and the number of gauche conformers of alkyl chain increases. This same value
was found by Sperline for SDS molecules in a liquid crystal phase.[42] Additional
information about alkyl chain conformation is also obtained at the CH. scissoring mode,
a(CH.). A frequency around 1466 cm™ and a band broadening is an indication of partially
ordered conformation, which is associated with a less organized structure of SDS.

3. Conclusion

Lamellar and columnar phases of H4-DS100 were clearly evidenced by different
techniques: SAXS, DSC, POM and FT-IR.

C. Effect of structural parameters.

The effects of molar mass, substitution level and architecture on the observed
mesomorphic properties were hence systematically studied.

1. Effect of the core molar mass

Changing the molar mass of hyperbranched core poorly affects mesomorphous
properties, as already reported in the literature.[23] As discussed in section II[.A.2 LC
properties arise from a molecular segregation phenomenon between hydrophobic chains and
the hydrophilic or ionic part of the complexes. This segregation necessitates a hydrophilic
core of sufficient molar mass: thus ionic complexes between tris(2-aminoethyl)amine and DS
does not exhibit mesomorphic properties (Figure II1.7).

Interestingly, rectangular columnar mesophases were also identified below T1 for H3-
DS100 (see figure I11.8) and H5-DS100 (see figures III.9 and Table II1.3). Nevertheless, in
both cases a more complex 2D diffraction pattern suggested a mixture of a rectangular
columnar mesophase with C2mm planar space group (Col:,comm) and P2mg planar space
group (Col,pomg). Above the first transition temperature, a lamellar structure with structural
parameter a = 4.2 nm was also identified. Once again, additional peaks depending on the
thermal history of studied sample suggested partial ordering remaining within the lamellar
structure. As shown in Table III. 3, lattice parameters were also not significantly modified by
molar mass suggesting the predominant role of DS in the formation of such organized
structures.
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Figure IIL.7. DSC thermograms recorded (heating rate of 10°C/min) for TREN-DS100, H3-

DS100, H4-DS100 and H5-DS100
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Figure II1.8 Diffraction intensity profiles extracted from SAXS diffraction pattern for H3-
DS100 at 20°C (Colsq), 40°C (Lamellar) and 63°C (Isotrope) and corresponding POM
images.
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Figure II1.9. Diffraction intensity profiles extracted from SAXS diffraction pattern for Hs-
DS100 at 20°C (Colr), 40°C (Lamellar) and 63°C (Isotropic) and corresponding POM images.
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Table III.3. Layer spacing and rectangular lattice constants determined by SAXS for the

compounds at the indicated temperature

Compounds T °C Mesophase Lattice parameters
(nm)
H3-DS100 20 Col. p2mg a=8.6, b=8.3
Col, camm a=7.0, b=5.3
40 Coly a=38.6
Lamellar a=4.2
63 Isotropic
H4-DS100 20 Col. czamm a=7.0, b=5.3
40 lamellar a=4.2
63 Isotropic
H5-DS100 20 Col. p2mg a=8.6, b=8.3
Col. camm a=7.0, b=5.3
40 Coly, a=8.6
Lamellar a=4.2
63 Isotropic

2. Hydrophilic/hydrophobic composition balance

Mesomorphic properties are more dramatically affected by changing the level of
functionalization of amine terminal function as depicted in Figure III.10. Hence, T1 and T2
values increased from 23.5 to 45.1 °C and 48.8 to 65.6 °C respectively by decreasing the
functionalization level from 97% to 82% (H4-DS100 and H4-DS75). As expected from the
lower content of alkyl chain, the associated variation of enthalpy decreased accordingly.
Interestingly, no mesomorphic behavior was observed when this level was decreased to 51%

(H4-DS50).
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Figure I11.10. DSC thermograms recorded (heating rate of 10°C/min) for H4-DS at 50%, 75%,
100% functionalization degree.

3. Effect of the nature of the core: Dendrimer vs hyperbranched core

Lastly, a comparison of the mesomorphism of dendrimer based complexes and their
hyperbranched counterpart with similar molar masses allows demonstrating the effect of the
dendritic architecture on the phase behavior. While transition temperatures were not
significantly affected by this parameter (see Table II1.1 for the comparison of H4-DS100 with
PAMAM4-DS100), the widths of the peaks corresponding to clearing temperature were
shown to be significantly larger in the case of hyperbranched polymer. This effect is clearly
seen in Figure I11.11 and may be ascribed to the larger dispersity of molar masses inherent for
hyperbranched structures. It is noted that ionic complexes based on dendrigraft of polylysine
(DGL) did not show liquid crystal properties. One assumption to explain this is the different
in the rigidity of the cores. Moreover, the chemical structure of DGL is not the same
compared to the one of HYPAM and PAMAM: The amine groups are not only at the polymer
periphery but also in the interior linear branches of DGL.
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Figure III.11. DSC thermograms recorded (heating rate of 10°C/min) for H4-DS100 and
PAMAM4-DS100.

D. Conclusions

In conclusion, whereas LC properties of ionic complexes were not dependent on the
molar mass of the hyperbranched functional cores, they significantly depended on the level of
functionalization of the amine groups and to a lesser extent to the dendritic architecture.
Interestingly, those structures presented a lamellar phase that could be taken into account
either to control the growth of NPs within liquid crystalline phase. This will be described in
the next section.
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IV. In situ formation of gold NPs

The ability of those mesomorphic ionic complexes to act as templates for the
formation of gold nanoparticles was then evaluated. As stated above, the development of an
in situ procedure to generate NPs within a LC medium has proved to be quite a challenging
task. [4] This is mainly due to two main factors. The first one is related to the difficulties to
obtain a homogeneous medium from the mixture of LC and NPs precursor. We previously
pointed out the importance of such interactions to control the growth mechanism of ZnO
NPs. [11, 12] In that context, the use of thermotropic structures comprising the ionic
counterpart facilitating interactions with the ionic metal precursor can ensure the
homogeneity of hybrid materials before the formation of NPs. The second one is related to
diffusion hindrance of reactants that induce the formation of NPs in such medium.
Concerning this point, most studies involved the in situ reduction of metal precursor via
oxidation of the LC medium in order to obtain the desired NPs. [9, 13, 14] In other cases,
sputtering or electrodeposition techniques were used. [8, 15] Here a flux of dihydrogen will
be used to ensure the reduction of gold precursor at the chosen temperature without
disturbing the mesomorphic order. So our purpose was to evaluate if such in ionic LC
polymer (1) could lead to the formation of a homogeneous medium prior to the formation of
NPs and (2) could allow synthesizing well defined hybrid materials made of monodisperse
NPs. The effect of polymer structure and organization on the morphology of gold
nanoparticles will also be evaluated.

In this section, we will present the synthesis process of gold NPs within polymeric LC
medium. And then the characterization of the nanohybrid materials as well as the
morphology of the formed AuNPs will be discussed.
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Scheme IV.1. In situ synthesis of gold NPs within polymeric liquid crystalline phases.

A. Synthesis of AuNPs in LC matrix

1. Interaction between HAuClg and the core HYPAM

Interactions between HAuCl4 and HYPAM were evidenced by 1H NMR experiments
in D20 solution: the addition of HAuCl4 to a neutral polymer induced a shift of chemical
shifts only for protons of primary and tertiary amines (an upfield shift of NCH2CH2NH2 and
a downfield shift of CH2NH2) (Figure VI.1). Thus, metal ions can be coordinated to the outer
primary as well as tertiary polymer amine groups.
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Figure IV.1. *H NMR spectra of a) H4 and b) H4-HAuCl4 in D20 (300 MHz).

2. Synthesis process

Gold NPs synthesis was performed either in the columnar phase (20 °C), lamellar
phase (30 or 40°C) or in the isotropic state (50 and 65°C) to evaluate the effect of liquid
crystalline organization on the NPs growth process. At each temperature a homogeneous
mixture of ionic complexes and gold precursor was obtained by mechanical crushing the two
components (see experimental section). In all cases, the molar ratio of [Au]/[HYPAM-DS] is
adjusted to be equal to 120:1.

First attempts to obtain NPs by in situ reduction of HAuCl4.H20 via direct oxidation
of the LC medium due to the presence of amine function [36, 37] led to the formation of
polydisperse gold NPs (Figure IV.2). The kinetic of their formation was also found to be very
slow: several hours were necessary to fulfill complete NPs formation as stated by
measurement of absorbance of the growing NPs.
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Figure IV.2. TEM micrograph of AuNPs synthesized in H5-DS100 at 65°C without using
reducing agent H2.

Decreasing the dispersity of gold NPs was mandatory in order to assess precisely the
effect of LC organization on gold NPs formation. For this purpose, reduction of the bulk
systems was achieved by using a flux of dihydrogen. Reduction occurred in a few seconds as
stated by the slight change color of the hybrid materials. The formation of gold nanoparticles
was first brought out by UV measurements by the appearance at 540 nm of a characteristic
band corresponding to a surface plasmon resonance absorption band. (Figure IV.3).
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Figure IV.3. UV-reflection spectrum of AuNps formed in lamellar phase of H4-DS100.

B. Mesomorphic properties of hybrid materials of H4-DS100@AuNPs

The liquid crystalline properties of these hybrid materials were study by DSC, SAXS
and POM techniques. For the hybrid materials H4-DS100@AuNPs synthesized at 30°C, the
first transition temperature corresponding to the transition from the columnar to the
lamellar mesophase disappeared and only the second transition corresponding to the
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clearing temperature at 49.2°C remained. This value as well as the associated enthalpic
variation is not significantly different from the one of pristine polymer (48.8°C) (Figure
IV.4). Thus while preserving LC properties over a similar temperature range, AuNPs strongly
disturbed the organisation of hyperbranched polymer preventing the formation of the highly
organized columnar mesophase. This results in the appearance of a glass transition
temperature at 3.3 °C.

-20 0 20 40 60 80°C

e
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3.8J/mol

H4-DS100

23.5°C
26 J/mol

H4-DS100@Au NPs synthesized at 30°C
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6.3J/mol
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w

21.2°C 38.7°C
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Figure IV.4. DSC thermograms recorded (heating rate of 10°C/min) for H4-DS100 (black
line), H4-DS100 with AuNps synthesized at 30°C and 50°C (green and red line respectively).

A strong birefringence, with a texture characteristic of a lamellar mesophase was
observed up to the clearing temperature. SAXS experiments performed at 20°C and 60°C
support well this assumption (see Figure IV.5) with almost complete disappearance of signals
arising from columnar mesophase at 20°C. Disappearance of columnar mesophase may occur
during NPs formation explaining the similar NPs size obtained regardless of the nature of the
pristine LC phase. For the hybrid material synthesized at 50°C, as can be seen on the
thermogram, clearing temperature decrease to 40°C (see Figure 1V.4).
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Figure IV.5. H4-DS100@AuNPs synthesized at 30°C: diffraction intensity profiles extracted
from SAXS diffraction pattern and corresponding POM images a) at 20°C (LC lamellar state)
and b) at 60 °C (isotropic state).

198



Chapter 4. Mesomorphic Ionic Hyperbranched Polymers 199

C. Morphology of the in situ synthesized AuNPs within mesophases of
H4-DS100

Figure IV.6 and IV.7 depicted TEM results obtained for Au NPs growth within Hg-
DS100 at five different temperatures.
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Figure IV.6. TEM micrographs of AuNPs synthesized either a) in isotropic conditions at 65°c

or b) in a lamellar liquid crystalline state at 40°C or ¢) in a rectangular columnar state at
20°C, with corresponding size distributions.
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Figure IV.7. Effect on gold nanoparticle size of the temperature used during NPs synthesis.
Liquid crystalline range corresponds to the one of mesomorphic polymer H4-DS100 before
addition of salt and reduction.

A rather uniform distribution of particles throughout the sample was obtained either
in the isotropic or in the LC states. This confirms the homogeneous character of the mixture
prior to the reduction process. Interestingly, the obtained particles were smaller with a
narrower distribution when growth of the particles occurred in the LC phases rather than in
the isotropic state. Hence NPs size of 2.6+0.8, 2.3+0.3 and 2.7+0.5 nm were obtained at 20,
30 and 40°C respectively. At 50°C corresponding to the liquid crystalline to isotropic
transition a slight but significant increase of NPs size at 3.5+0.8 was observed. This increase
in the isotropic state was further confirmed at 65°C for which NPs size of 4.3+1.0 nm were
found. Hence, as no difference in size was observed between 20 and 40°C, the effect of
temperature could not alone explain the effect observed on NPs size. In addition an effect of
the macromolecular organization should participate to this effect. To understand these
results, we can assume that the main factor controlling the formation of gold particles is the
diffusion of gold ions through the sample. Through electrostatic interactions between
ammonium groups and the anionic gold salt, a preferential distribution of gold precursor
within the ionic part of the complexes could be expected before reduction. The formation of
gold NPs within LC structure may hence favour the formation of smaller Au NPs due to a
better controlling diffusion of ionic species through hydrophilic regions of the lamellar phase.
Formation of those NPs in the isotropic state facilitated diffusion of gold ions in all directions
and thus increased the size of nanoparticles.

Nevertheless, NPs obtained either in the columnar or the lamellar phase presented
similar sizes. To understand this, we go back to the the mesomorphic behaviour of the
synthesized bulk H4-DS/Au hybrids. The formation of the AuNPs disturbed the organization
of the LC medium without destroying its LC structure. For the hybrid materials synthesized
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at 30°C, the final phase at 20°C and 40°C corresponding to previous lamellar and columnar
phase become similar explaining the fact of similar size of obtained NPs.

As expected, larger NPs obtained in isotropic conditions disturbed more strongly
mesomorphic organization: thus, as can be seen on the thermogram, clearing temperature
decrease to 40°C for the nanohybrids synthesized at 50°C (see Figure IV.4).

D. The effect of molecular architecture on the formation of gold NPs

To further analyze the effect of molecular architecture on the formation of gold NPs,
the same set of experiments was performed with H3-DS100 and H5-DS100. As shown in
Figure IV.8, similar results than the previous ones were obtained regardless of the molar
mass of the hyperbranched structure.
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Figure IV.8. Histograms depicting the effect a) of the molar mass of the hyperbranched
complex and b) of the polymer organization (lamellar or isotropic) on the Au NPs mean
diameter.

It has to be noted that a small but significant decrease of AuNPs size was obtained
when increasing the molar mass of the complex (see also Figure IV.9 and IV.10). This better
control may be related to an increase of viscosity of the liquid crystalline phase. Such an
effect has already been described to be a key parameter in previous studies leading in some
cases to the formation of anisotropic structures.[11, 12]
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Figure IV.9. TEM micrographs of AuNPs synthesized in H3-DS100 phase either (a) in
isotropic condition at 65°C or (b) in a lamellar liquid crystalline state at 40°C with

corresponding size distribution.
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Figure IV.10. TEM micrographs of AuNPs synthesized in H5-DS100 phase either (a) in
isotropic condition at 65°c or (b) in a lamellar liquid crystalline state at 40°C with
corresponding size.
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V. Conclusions

Branched thermotropic liquid crystals were successfully obtained from the ionic
interactions between hyperbranched polyamidoamine and dodecylsulfate. These complexes
present columnar rectangular and lamellar thermotropic mesophases as demonstrated by
polarizing optical microscopy, differential scanning calorimetry, and small-angle X-ray
scattering. The relationships between the structural characteristics of the polymers (size of
the hyperbranched core, hyperbranched or dendritic nature of the core, substitution ratio)
and the mesomorphic properties were studied. The liquid crystalline phase was then used for
the in situ formation of gold nanoparticles. The templating effect of the liquid crystal
mesophase resulted in the formation of isotropic nanoparticles, the size of which was dictated
by the local organization of the mesophase and by the molar mass of the hyperbranched
complex. The presence of NPs induced strong changes in local organization of the LCs
polymer, nevertheless the obtained hybrid materials remained liquid crystalline. To
conclude, we believe that such ionic complexes allowing strong interactions with inorganic
materials precursors present promising opportunities for the formation of homogeneous
hybrid materials within thermotropic structures. Further studies will also aim at taking
advantage of the specific mesomorphic properties of such structures to obtain a further
control on NPs growth and more precisely anisotropic growth.
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I. Introduction

As shown in the literature review chapter, charged ionic groups on the periphery of a
dendritic polymers allow its stable incorporation into a polyion complex (PIC) micelle with a
core-shell structure [1], through oppositely-charged electrostatic interactions as
schematically shown in Scheme I.1. Addition of salts (i.e. modification of ionic strength),
changing of pH, concentration or opposite charge ratio and morphology of the

polyelectrolytes all influence the assembly [2].

@ @
® ® 900 SHeeRs
+
@%@ MNaS e
® @ (e

Scheme I.1. Ilustration of the formation of dendritic PICs

As introduced in the literature reviews, whereas a great number of polymeric micelle
systems have been prepared using block copolymers, very few examples have been reported
about dendritic polymer based PICs [3] [4]. The objective of this work is to develop different
PIC systems using different kinds of cationic dendritic polymers including hyperbranched,
dendrigraft and dendrimer. The conjugate anionic part was composed of double hydrophilic
block copolymers. Polyacrylic acid (PAA) was chosen to interact with the cationic cores. PAA
was then copolymerized either with (i) poly(ethylene glycol) PEO which is known to confer a
high stability of micellar aggregates, or (ii) a thermoresponsive PNIPAM block. In all cases,

we studied the parameters influencing the formation and the stability of dendritic PICs.

In the first part, a model system, namely hyperbranched polyamidoamide H4 and a
poly(ethylene oxide)-b-poly(acrylic acid) block copolymers (PEO6-PAA6.5) was chosen to
determine the most suitable mixing charge ratio of both polymers to obtain PICs but also, the
effect of salt addition, pH modification and the dilution. Then, the effect of macromolecular
composition, size and nature of the branched core and the structure of the block copolymers

(size of the hydrophilic and anionic blocks) were evaluated.

In the second part, we will present the study of thermoresponsive PICs containing
dendritic electrolytes and PNIPAM based block copolymer. Besides the stability of PICs
against the change of ionic strength, pH or dilution, the thermo-responsiveness of the PICs

will be analyzed.
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II. Formation of PICs based on dendritic electrolytes

A. Association of hyperbranched polyamidoamide polymers and
poly(ethylene oxide)-b-poly(acrylic acid) copolymers PEQ6-PAAG6.5

Like PAMAM dendrimers, HYPAM have an outer shell of primary amines with a pKa
value around 9 and internal, tertiary amine moieties with pKa values between 3 and 6 [5]. In
neutral pH solution, the amine group is protonated and change into ammonium form
(NH2->NH3*). Concerning poly(ethylene oxide)-b-poly(acrylic acid) block copolymers, when
the pH of the solution exceeds the pKa of the poly(acrylic acid) (pKa=4.2), the carboxyl group
of the PAA block become deprotonated (COOH->COO-). Multi-ionic interactions between the
carboxylate groups COO- of the PAA block with the outer ammonium layer (NH3*) of the
hyperbranched polymer lead to formation of PIC structures while hydrophilic block PEO
provide solubility of the assembly.

Firstly, we will present the formation and stability of PICs obtained from
hyperbranched polyamidoamine H4 and poly(ethylene oxide) of 6000 g/mol and poly(acrylic
acid) of 6500 g/mol (PEO6-PAAG6.5). This complex is noted H4@PEO6-PAAG.5.

1. Characterization of formed PICs

a) Optimization of [COO/NH3*] molar ratio for the formation
of PICs

In order to investigate the formation of PICs in function of opposite charge ratio, the
[COO/NH3*] molar ratio were varied from 0/1 to 1/1 by increasing the quantity of PEO6-
PAAG.5 while keeping the concentration of hyperbranched polymers at 0.1 wt.% in the final
mixture constant. PICs formation was carried out by slowly adding block copolymer PEO6-
PAA6.5 solution to hyperbranched polymer solution using syringe pump in order to gain

reproducibility. Prior addition, pH of the two solutions was adjusted at 7.

The evolution of the formation of PICs in function of different charge ratio was
monitored by DLS measurements (size, zeta potential). Figure I1.1 and Figure II.2 give the
size intensity distributions and corresponding correlograms for H4@PEO6-PAA6.5 obtained

for different charge ratio.
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Figure II.1. Size intensity distributions and corresponding correlograms obtained from DLS
measurement of H4@PEO6-PAA6.5 for [COO/NH3*] molar ratio varying from [0/1] to

[0.4/1].
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Figure II.2. Size intensity distributions and corresponding correlograms obtained from DLS
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[1/1].

216



Chapter 5. Dendritic Polyion Complex

As demonstrated by SANS experiments in Chapter 2), H4 exist in solution as a
unimolecular object and has a gyration radius of 2.7 nm. Nevertheless DLS experiment
performed at 0.1 wt.% does not enable to observe such size, observed distributions might be
related to the presence of few aggregates or dust. Formation of complex between H4 and
PEO6-PAA6.5 was evidenced after first addition of the diblock. Indeed, whereas low scattered
intensity was measured for pristine H4 solution, this intensity significantly increased after
addition of PEO6-PAA6.5 to a [0.1/1] charge molar ratio. However monomodal size
distributions in intensity were obtained only from [0.2/1] charge ratio with nice reproducible
correlograms. Size distributions in intensity of formed PICs had tendency to refine with
increasing charge ratio, and they become steady from [0.8/1] charge ratio. This charge ratio

value was taken as the value for the formation of well-defined H4@PEO6-PAA6.5 PICs.

Z-averaged value is a hydrodynamic parameter which is defined as a mean particle
size. This value is representative for the size of particles in solution when the sample is
monomodal (i.e. only one peak), spherical or near-spherical in shape and monodisperse.
Count rate value obtained from the number of photons detected form a DLS measurement
depends on the concentration of particles as well as measurement position. To get a reliable
count rate for a broad range of concentrations, the measurement position was fixed. The
count rate needs to be above some minimum values in order to have enough signals for
reliable analysis. Unlike in Size Exclusion Chromatography, Polydispersity Index (PDI) in
DLS technique is a number calculated from a fit of the correlation data (the cumulants
analysis) indicate the difference in size of particles in the sample, values smaller than 0.05
are rarely seen other than with highly monodisperse standards, values greater than 0.7

indicate that the sample has a very broad size distribution and is not suitable for DLS

technique.
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Figure II.3. Evolution of Z-average (ru nm), derived count rate and zeta potential as a
function of [COO-/NH3+*] molar ratio for H4@PEO6-PAAG6.5, [H4] = 0.1 wt.%
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As shown in Figure II.3, hyperbranched polymers H4 alone in solution give an
unreliable value of Z-average regarding to the corresponding value of derived count rate. As
increasing the [COO-/NH3*] molar ratio (from 0 to 0.2), the derived count rate increased
sharply. This indicates an increase of number or size of aggregates due to formation of PICs
assembly. Higher COO- molar ratio might leads to formation of more defined aggregates
(from 0.2 to 0.8) i.e. more densely packed block copolymers around the hyperbranched core.
Increasing more the quantity of anionic copolymers however did not make big change in size
of the formed PICs (from 0.8 to 1).

Pass up the first points in the Figure I1.3.a, Z-average slightly decreases from 45 nm to
31 nm over the increasing [COO-/NH3*] molar ratio. As expected, the zeta potential
decreases while increasing the molar ratio down to zero. This indicates the formation of

objects that are more and more covered by block copolymers.
2. Stability of formed PICs

Stability studies were carried out at a fixed 1/1 charge molar ratio using a fixed

concentration of hyperbranched core [H4] = 0.1 wt.%.
a) Colloidal stability of PIC solutions vs time and dilution

PIC solutions were stable during months: no noticeable change in size of H4@PEOG6-
PAAG6.5 complex from DLS measurement was observed after 2 months. Furthermore, these
complexes were also revealed to be quite stable upon 6 times dilution by no noticeable

change in size. However detected signals decreased due to a decrease of PIC concentration

(Figure I1.4).
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Figure II.4. Correlograms recorded for H4@PEO6-PAA6.5 of [1/1] [COO-/NH3*] molar ratio
at 0, 2, 4, 6 and 8 times dilution. [H4]initial = 0.1 wt.%.

218



Chapter 5. Dendritic Polyion Complex

b) Colloidal stability of PIC solutions vs salt addition

The presence of salt can screen electrostatic interactions between the opposite charges

of components, which can initiate the decomposition of PIC micelles.

The tolerance of these micelles against addition of salt was analyzed by DLS (Figure
I1.5.). Small increase in hydrodynamic radius from 24.9 + 0.3 to 27.2 + 0.2 nm and to 35 +
0.2 nm were observed up to 0.5 M NaCl (H20, 25°C). These observations suggest that the
structure of the PIC remained constant at low NaCl concentration. At higher concentration of

NaCl, PICs might dissociate.
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Figure II.5. Correlogram, size distribution in intensity, Z-average and derived count rate of
H4@PEO6-PAAG6.5 of [1/1] [COO-/NH3*] charge ratio over addition of NaCl at 0.1 and 0.5
mol.L. [H4]fna= 0.05 wt.%.

c) Change of pH

Since electrostatic interactions are mediated by water molecule both water molecule
and ions, PICs formation might be sensitive to variation of pH of the solution. However,

study of the stability of hyperbranched PICs was not performed and is expected in the future.
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B.

Influence of the structural parameters

The influence of the structural parameters of the components on the PICs formation

and stability was

evaluated. For that,

different generations

of hyperbranched

polyamidoamine polymers (H3, H4 and H5) and PEO-b-PAA block copolymers with different

chain lengths and composition were used. These copolymers purchased from Polymer Source

are listed in Table I1.1

Table I1.1. Nomenclature of the used block copolymers

Notation\corresponding block chains PEO (g/mol) PAA (g/mol)
PEO11-PAA3.7 11000 3700
PEO5-PAA2.7 5000 2700
PEO6-PAAG6.5 6000 6500
PEO6-PAA17.5 6000 17500

1.  Change of hyperbranched electrolytes

Same experiments than the ones described for H4 core for the formation of PICs were

performed with H3 and Hj5 cores and reported in Figure I1.6.
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Figure 11.6. The change in Z-average (ry in nm), derived count rate and zeta potential over
increasing [COO-/NH3+] molar ratio of H3@PEO6-PAA6.5 (c,d) and H5@PEO6-PAA6.5
(a,b); [hyperbranched polymers] = 0.1 wt.%.
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As shown in Figure II.6 (a,c), the derived count rate increased sharply while
increasing the [COO-/NH3+*] molar ratio (from o to 0.2). This indicates an increase of
number or size of aggregates due to formation of PICs assembly. The same trends were
observed for H3 and H5@PEO6-PAA6.5 systems. As observed for H4@PEO6-PAAG6.5, zeta
potential values (Figure II.6. (b,d)) decreased with the addition of bloc copolymer. However,

the negative zeta potential are unexpected and should be further confirmed.

TEM observations for H3@PEO6-PAA6.5 were performed (Figure IL.7). Different
morphologies were observed. This might be related to the objects in solution but also can
come from drying process. Cryo-TEM analysis must be performed to confirm the

morphology of PICs in solution.

Figure I1.7. TEM micrographs for H3@PEO6-PAAG6.5 at [0.2 to 0.8/1] [COO-/NH3*] molar

ratio with negative staining using uranyl acetate; [hyperbranched polymer] =0.1 wt.%.
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Characteristics (minimum molar ratio to form PICs, hydrodynamic radius, zeta
potentiel) of H3@PEO6-PAA6.5, H4@PEO6-PAA6.5 and H5@PEO6-PAA6.5 systems were

reported in Table I1.2. The minimum molar ratio to obtained well defined PICs was found to

be significantly higher for H4 and H5 than for H3@PEO6-PAA6.5. This suggest more densely

packed structure in the formed cases. Nevertheless hydrodynamic radii remained roughly the

same around 30 nm. Considering now the characteristics at a fixed molar ratio ([1/1]), no

variation in size was observed. This suggest that excess of block copolymer does not modify

the formed object and probably remained free in solution.

Table II.2. Formation and stabilization of H3, H4 and H5@PEO6-PAA6.5.

PICs

Characteristics at minimum molar ratio | Characteristics at [1/1]

to obtained well defined PICs

[COO-/NH;*] molar ratio

Minimum
[COO-/NH;*] | Rn [nm]
molar ratio

¢[mV] Ry [nm] ¢[mV]

H3@PEO6-PAAG6.5 0.3/1 3145 1.0+0.1 3145 -5.8+0.8
H4@PEO6-PAA6.5 0.8/1 25+5 7.1+£0.2 25+5 6.2+0.7
H5@PEO6-PAA6.5 0.6/1 3615 -3.4+0.4 3615 -10.7£0.8

2. Change of composition of block copolymers

The effect of PEO-PAA block copolymer length and composition were investigated

and main characteristics of the formed PICs were reported in Table II.3.

Table II.3. Characteristic and stability of PICs based on H4 with different PEO-PAA

copolymers

N° | PICs

Characteristics at minimum
molar ratio to obtained well
defined PICs

Characteristics at [1/1] [COO-/NH+]
molar ratio

Minimum
[COO- R
JNH,*] (mm] | $mV]

molar ratio

Ry [nm]

¢[mV] oM 01M | o5M
NaCl NaCl NaCl

1 H4@PEO11-PAA3.7 0.6/1 91+5 6+0.4 6.7+0.4 9245 10945 98+5
2 H4@PEO5-PAA2.7 0.2/1 24+5 | 4.6+0.1 -2.34+0.1 3245 54+5 3845
3 | H4@PEO6-PAA6.5 0.8/1 25+5 | 7.1+£0.2 | 6.2+0.7 | 25+5 27+5 35+5
4 H4@PEO6-PAA17.5 0.8/1 3845 | -14.2+0.7 | -12.1£1.0 | 38%5 7845 226415

PICs formed from the PEO-PAA copolymers of similar PEO block (5000g/mol or

6000g/mol) with increasing size of PAA blocks (entry 2, 3 and 4 in Table I1.3) lead to the

following observations:
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- Anincrease of the hydrodynamic radius was observed from 24 to 38 nm.

- Alonger block of PAA makes the system more sensitive to addition of salt.

Comparison of PICs with PEO-PAA comprising similar PAA block but different length
of PEO block (entry 1 and 2 in Table II.3), show that longer PEO block led to PICs with bigger
hydrodynamic radius. Furthermore, stability against addition of salt seemed to be more

efficient with longer PEO chain.
C. PICs based on dendrigraft polylysine
Dendrigraft polylysine (DGL) were kindly given by Colcom company [6], [7]. The

chemical structure of generation 2 was given in Figure I1.8. The main characteristics of this

polymer were reported in Table I1.4.
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Figure I1.8. Dendrigraft polylysine generation G2
Table II.4. Characteristics of DGL G2-3-4
Generation Mw [g/mol] PDI (SEC) Ri [nm]
2 11 800 1.38 1.95
3 32100 1.46 3.05
4 88 800 1.36 3.7
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The effect of PEO-PAA block copolymer length and composition were investigated and
main characteristics (minimum molar ratio to form PICs, hydrodynamic radius, zeta

potentiel) of the formed PICs with DGL3 were reported in Table II.5.

Table II.5. Characteristic of PICs based on lysine dendrigraft with different PEO-PAA
copolymers

. .. Characteristics at [1/1]
Characteristics at minimum molar [COO-/NH,*] molar
ratio to obtained well defined PICs ratio 3
PICs
Minimum
[COO-/NH;*] Rh [nm] ¢[mV] Rn [nm] ¢[mV]
molar ratio
1 | DGL3@PEO11-PAA3.7 0.7/1 31+5 31+5
2 | DGL3@PEO5-PAA2.7 1.0/1 1145 0.9+0.2 1145 0.9+0.2
3 | DGL3@PEO6-PAA6.5 1.0/1 20+5 -27+0.2 20+5 -27+0.2
4 | DGL3@PEO6-PAA17.5 1.0/1 2745 17.6+£0.4 2745 17.6+£0.4

For similar PEO blocks (see entries 2, 3 and 4 in the Table II.5), increase of PAA block
led to bigger hydrodynamic radius PICs as observed in the case of H4 based PICs. It is
noticeable that sizes of DGL3@PEO-PAA systems are bigger than the one of H4@PEO-PAA
systems. This may be due to the fact that DGL is more monodisperse than hyperbranched

polymers.
For similar PAA block (see entries 1 and 2 in the Table II.5), larger PICs were obtained
with longer PEO chain as already seen in the case of H4 based PICs.

D. PICs based on PAMAM dendrimers

The formation of PICs based on PAMAM dendrimers was also studied. Two generations
PAMAM2 and PAMAM4 were used in this studied. PEO11-PAA3.7 was chosen as block
copolymer. As previously, pH of the initial solutions was adjusted to pH7. The main

characteristics of the formed PICs are given in Table I1.6.
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Table I1.6. Characteristic of PICs based on PAMAM of generation 2 and 4 with different
PEO11-PAA3.7 copolymers.

Characteristics at minimum ..
molar ratio to obtained well g géﬁagglftlcs eit [1/ 1].
defined PICs [ /NH;*] molar ratio
PICs —
Minimum
[COO-/NH;*] Ry [nm] Ry [nm]
molar ratio
1 | PAMAM2@PEO11-PAAS.7 0.6/1 28+5 28+5
2 | PAMAM4@PEO11-PAA3.7 0.7/1 34+5 34+5
3 | H4@PEO11-PAA3.7 0.6/1 9145 92+5
4 | DGL3@PEO11-PAA3.7 0.7/1 3145 3145

Increasing the size of the core led to an increase of hydrodynamic radius values from
28 to 34 nm for PAMAM2 and PAMAM4 cores respectively. For branched core with
similar molecular weights, monodispersed PAMAM4 enable to obtain smaller PICs as

already observed in the case of DGL3.
E. Conclusion

We have developed PICs systems whose sizes and overall charge can be tuned by
changing polymer structural parameters. Preliminary stabilization studies underline good
stability of these systems upon addition of salts or dilution. Complete study on the stability of
dendrigraft system can give us a toolkit for the formation and stabilization of dendritic PICs.
Further structural characterizations of those systems are underway to better understand their

overall morphologies in solution (SANS experiments).

III. Thermoresponsive PICs

We aimed in this work at developing a thermoresponsive PICs system by using
PNIPAM based block copolymers. For this purpose a diblock copolymer PAA10-PNIPAM24
was used with respective molecular weight of both blocks equal to 10000g/mol and
24000g/mol. The PICs formation was firstly studied on hyper branched H4, then dendrigraft
based PICs will be presented.
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A. Thermoresponsive PICs based on hyperbranched polyamidoamine
Hg

1. Formation and stabilization of PICs

a) Size measurements by DLS

Well defined PICs were formed after addition of PAA-PNIPAM polymer solution onto
hyperbranched H4 solution with a [COO-/NH3*] molar ratio equal to [0.7/1]. For this ratio,

Z-average was measured at 66 nm (Figure III.1).

H4@PAA10-PNIPAM24
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Figure IIL.1. Evolution of Z-average (radius), derived count rate (top) and zeta potential
(bottom) as a function of [COO-/NH3*] molar ratio for H4@PAA10-PNIPAM24;
[hyperbranched polymers] = 0.1 wt.%.
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The main characteristics are given in Table IIIL.1.

Table III.1. Characterization of H4@PAA10-PNIPAM24 by DLS; [H4] = 0.1wt.%; T=25°C

Characteristics at [1/1] [COO

/NH,"] molar ratio Effect of salt addition- R, [nm]
3

PICs

Ry [nm] {[mV] 0.1 M NaCl 0.5 M Nacl

H4@PAA10-PNIPAM24 6415 -6+0.1 137+10 388120

H4@PAA10-PNIPAM24 was found highly sensitive to salt addition. At 0.1M NacCl,
higher value of Z-average with broaden size distribution were obtained (Figure III.2). At
0.5M NaCl in solution, the PIC assembly aggregated. This may come from the decrease of
cloud point temperature of PNIPAM block with the addition of salt.

50 1
NaCl =0 (M) NaCl = 0 (M)
40 | —01M 08 ——\ —01M
0.5M £ 0.5M
< 5
£ 30 £ 06 -
Z o
o o
g g
S 20 - 2 04 -
£ &
I
10 - \ S 02 -
0 T T \f 0 T T
1 10 100 1000 10000 0,1 100 100000
Size (nm) Time (ps)

Figure III.2. Correlograms, size distribution in intensity, Z-average and derived count rate of
H4@PAA10-PNIPAM24 of [1/1] [COO-/NH3*] molar ratio over addition of NaCl at 0.1 and
0.5 M. [H4]fina=0.05 wt.%; T=25°C

2. Thermoresponsive properties

a) DLS studies

Due to the presence of PNIPAM block, the PICs displayed a T. temperature confirmed
by a change in size of PICs while increasing temperature (Figure III.3). From 20 to 34 °C,

PICs sizes increased very slightly. Above 34°C, Z-average started to increase sharply and from
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40°C PICs aggregated into large objects above 1um. T. was taken at the point where the
change in Z-average started to change sharply around 34°C. The results were reported in
Table I11.2.

Table III.2. Thermoresponsive properties

DLS DSC uv
PICs Tc  |Rolom] | Ry[nm] | T AH[/gl | Te
20°C 40°C
H4@PAA10-PNIPAM24 34 64+ 5 386+5 | 34.8 23.0+5.8 34.7
10000 - - 160000
-
o N :
.C I H [
_ 5, I I - 120000 &,
E 1000 - 3 g
= + ¢ o
= : £
& o - 80000 =
s S
g 100 - I 8
N =
- 40000 B
: R B
Tt
10 : : : . : 0

20 25 30 35 40 45 50
Temperature [°C]

Figure II1.3. Evolution in size of H4@PAA10-PNIPAM24 at [0.6/1] [COO-/NH3+] molar
ratio with corresponding derived count rate. Values obtained are average of 3 values.
[H4]=0.1 wt.%

b) Turbidity measurements

Turbidity of H4@PAA10-PNIPAM24 solution was monitored by measuring the
absorbance at 500 nm as a function of temperature on both heating and cooling processes
(Figure II1.4). Different heating and cooling rates were used: 4, 3, 2 and 1°C/min. Transition
temperatures were taken at reflection points of each curves and finally extrapolated at zero
speed. The extrapolated T. values for heating and cooling process were found very close at

34.70°C and 34.74 °C respectively.
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Figure III.4. Evolution of absorbance for H4@PAA10-PNIPAM24 [0.6/1] [COO-/NH3*]

molar ratio at 500 nm over change of temperature on heating and on cooling at 1°C/min.
c) DSC measurements

Transition phenomena were also monitored by DSC experiments, thermograms of
H4@PAA10-PNIPAM24 solution were recorded at 4 different heating and cooling rates (4, 3,
2, 1 °C/min). Transition temperature were taken at the top of the peak for each curves and
extrapolated to zero speed. As observed in Figure III.5, hysteresis phenomena existed
between heating and cooling process which is expected. The extrapolated T. values for

heating and cooling process were found at 34.8°C and 32.6 °C respectively.

T.=32.2°C
cooling AH=222+583)/g

T.=35.3°C
AH=23.0¢5.8 )/g

heating

N exo

Temperature [°C]

Figure IIl.5. Thermograms of H4@PAA10-PNIPAM24 [0.6/1] [COO-/NH3+ ] molar ratio
recorded on heating and cooling at 1°C/min. T. values were taken at the top of the peaks, AH
value is normalized for PNIPAM content (J/g of PNIPAM) and is an average of 4 values

obtained from 4 different heating or cooling rates (4, 3, 2, 1 °C/min).
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B. Thermoresponsive PICs based on dendrigraft polylysine DGL3

1. Formation and stabilization of PICs

Well defined PICs were formed after addition of PAA-PNIPAM polymer solution onto
dendrigraft DGL3 solution with a [COO-/NH3+*] molar ratio equal to [0.6/1]. For this ratio, Z-

average was measured at 30 nm. (Figure IIL.6).

DGL3@PAA10-PNIPAM24
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Figure II1.6. Evolution of Z-average, derived count rate (top) with corresponding PDI values
(bottom) over increasing COO-/NH3* ratio of DGL3@PAA10-PNIPAM24. [DGL3] = 0.1
wt.%; T=25°C.

2. Stability of PICs colloidal solution
a) Ionic strength

The systems showed high tolerance against addition of NaCl upon 600 mmol/L

confirmed by almost no change in size and PDI. Above 600 mmol/L the size increased and
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formed huge aggregates as indicate in figure III.7. Once again, this phenomenon should be

related to the decrease of cloud point temperature of PNIPAM when increasing ionic
strength.
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Figure IIL.7. Evolution of Z-average with corresponding PDI values when increasing of the

concentration of NaCl. [DGL3] = 0.05 wt. %; T=25°C.
b) Change of pH

Due to the presence of carboxylic functions, PICs assembly can be highly impacted by
the change of pH. As shown in Figure III.8, PICs were not stable at low pH value

corresponding to protonated form of carboxylate. However, PICs assembly remain stable at

higher pH (around 7-8).

wZ-average [nm] +PDI

. T -

Figure II1.8. Evolution of Z-average and PDI as a function of pH; [DGL3]=0.1 wt.%
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3. Thermoresponsive properties

Due to the presence of PNIPAM block, the PICs displayed a T. temperature confirmed
by change in size of PICs over increasing of temperature (DLS measurement in Figure I11.9).
From 20 to 33 °C, PICs sizes increased very slightly. Above 33°C, Z-average started to

increase sharply and reached a plateau at 55 nm. T, was taken at the point where Z-average
started to change sharply around 33.2°C.

A) DGL3@PAA10-PNIPAM24 B) PAA10-PNIPAM24
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Figure II1.9. Evolution of size as a function of temperature with corresponding PDI values for
A) DGL3@PAA10-PNIPAM24; [DGL3]=0.1 wt.%, B) PAA10-PNIPAM24; [PAA10-

PNIPAM24]=0.01 wt.%. C, D: corresponding correlograms. Values obtained are average of 5
measurements.
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For PAA10-PNIPAM24 a T. value was measured by DLS technique at 34.2 °C. Below
this temperature, PAA10-PNIPAM24 are fully soluble in water as a single chain polymer.
Inaccurate Z-average value and very high PDI values are due to the detection limit of DLS
measurements. Above T., well-defined aggregates are detected, probably corresponding to
aggregates of amphiphilic polymers with PNIPAM hydrophobic core. Upon cooling, PAA10-
PNIPAM24 aggregates disappeared, the polymer is again fully soluble in water as a single

polymer.

For DGL3@PAA10-PNIPAM24, the structure formed above T. cannot return to its

original size while cooling (seen Table III.3).

Table I11.3. Z-average and Difusion Coefficient measurement from cycles of heating and cooling at
25 and 40°C of PAA10-PNIPAM24 (0.01wt.%) and DGL3@PAA10-PNIPAM24 ([DGL3]=0.1%)

T°C | PAA10-PNIPAM24 DGL3@PAA10-PNIPAM24
Z-average [r.nm] Z-average [r.nm] Difusion Coefficient [m2/s]

25 n.d. 31.6+0.8 8.3+0.2x 101

40 53.3+2.3 79.6+1.2 n.d.

25 n.d. 98.6+1.8 1.9+£0.21 X 10"

40 54.4%1.4 110.6+2.1 n.d.

25 n.d. 127.2+1.6 1.9+0.21 X 1011

40 54.2+1.2 108.2+1.9 n.d.

This phenomenon was already observed in the literature in the case of copolymer
based PICs [8]-[11]. This may come from the change in the structure of PICs. At low
temperature, PAA blocks interact with DGL3 by ionic bonds formed with the hydrophobic
core while PNIPAM chains are fully soluble and expose to the solvent therefore leading to a
core-shell structure. Above the T. of PNIPAM, PNIPAM chains lose hydrophilic character and
aggregate together to minimize contact with the solvent. PNIPAM might hide inside the
structure and form a corona reversed structure stabilized by DGL3. When returning back to
low temperature the whole structure is blocked by the GDL3-PAA parts and then cannot
return to the original structure below T.. Suggestion for this transition is illustrated in
Schemelll.1.
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T>T,

Scheme III.1. Suggestion for the transition of PICs above T.. Color codes : Green : PNIPAM
chains, red : PAA chains, blue : DGL.

In addition, NMR experiments were performed (Figures III.10 and III.11). At low
temperature, intense PNIPAM signals clearly appeared. Above T., the intensity of PNIPAM
signals decreased comparatively to the signals of DGL3. When returning to 25°C, the

intensities of PNIPAM signals increased back to their initial values.

3 588 8 DGL3 25°C =5 21
| M N
] I|
‘ﬂ‘ I‘
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415 4f0 3.|5 310 215 Yzlo- | 115 |;pm

Figure I11.10. *H NMR spectrum of DGL3 (D20, 300Hz, 25°C)
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Figure III.11. 'H NMR spectra of DGL3@PAA10-PNIPAM24 at different heating-cooling
cycles at 25 and 40°C, (D20, 300Hz).
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Diffusion coefficient values calculated from DOSY experiments for DGL3@PAA10-
PNIPAM24 systems over three heating and cooling systems are in agreement with the results
from DLS and NMR. Additional experiments are under way to fully characterize the structure

proposed in scheme III.1 (SANS and SAXS experiments).

IV. Conclusion

We have developed PICs systems whose sizes and overall charge can be tuned by
changing polymer structural parameters. Additionally thermoresponsive PICs have been
obtained whose morphology change irreversibly by increasing temperature. Preliminary
stabilization studies underline good stability of these systems upon addition of salts or
dilution. Further structural characterizations of those systems are underway to better

understand their overall morphologies in solution (SANS and SAXS experiments).
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Within this study, different families of stimuli responsive polymers have been used to
obtain materials (gel structures, hybrid materials,...) whose properties were modified upon
application of an external stimulus. More specifically we have been interested in the case of
hyperbranched structures which have been extensively studied in the past in our team and have
been used, as promising polymers, in literature for many applications as depicted in the literature
review. More precisely, the first objective of this work was to understand how the chemical
architecture of the studied polymer (molecular weight, level of branching, functionalization,..) can
modulate the properties of the studied materials. For this purpose, different families of core-shell
polymer obtained from branched cores have been synthesized and characterized. Two main
strategies based either on covalent grafting or on ionic interactions between the core and a
functional shell have been used. Stimuli responsive materials were thus obtained that were used for
the elaboration of (stimuli) thermoresponsive nanohybrid materials.

In a first part, thermoresponsive core-shell structures were obtained from the coupling of
poly(N-isopropylacrylamide) PNIPAM of different chain lengths to branched core of different sizes.
These polymers are fully soluble in water as aggregates of nanometer size up to their characteristic
transition temperature corresponding to dehydration of PNIPAM chains. At low polymer
concentrations, the study of their thermoresponsive properties (as the rate of collapse upon
transition to hydrated or dehydrated forms) enable to assess a strong relationship between these
properties and the macromolecular architecture of the polymers (i.e. structure of the core and
length of the PNIPAM shell). Moreover, these core-shell polymers are able to form
thermoresponsive gel networks at higher concentration of polymers (above 20% in weight) in
water. Microscopic structure of these hydrogels was found to depend strongly on molecular
architecture of the polymer. This induces modifications of both thermoresponsive and rheological
properties of these gels. Those polymers, either at low concentrations or at higher concentrations in
a gel form, were utilized for the stabilization of preformed NPs or the in situ synthesis of gold
nanoparticles. Once again, we demonstrated that, the macromolecular architectures greatly
influence both the growth mechanism of NPs formed in situ and the colloidal stability of the
obtained nanohybrids. Whereas smaller linear polymers allow a better control on NPs growth,
branched structures proved to be better stabilizing agents. Among them, TREN based structures
were found to be more efficient than highly branched structures HYPAM. Lastly, in the case of
gelified hybrid structures, the presence of AuNPs within the gels acted as cross linking points and
improved its gelation properties. Those effects should be modulated by controlling the size/amount
of Au NPs within the hydrogel.

Core shell structures were then obtained by using ionic interactions instead of covalent
interactions. Firstly, structures resulting from assembly with a small surfactant molecule (sodium
dodecylsulfate) were studied. When HYPAM or PAMAM was used as a core, these complexes
present columnar rectangular and lamellar thermotropic mesophases as demonstrated by
polarizing optical microscopy, differential scanning calorimetry, and small-angle X-ray scattering.
The relationships between the structural characteristics of the polymers (size of the hyperbranched
core, hyperbranched or dendritic nature of the core, substitution ratio) and the mesomorphic
properties were studied. Those ionic structures were then taken into account to interact with an
ionic NPs precursor and to localize this one in a specific way within the liquid crystalline structure
prior to reduction. The liquid crystalline phase was then used for the in situ formation of gold
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nanoparticles. The templating effect of the liquid crystal mesophase resulted in the formation of
isotropic nanoparticles, the size of which was dictated by the local organization of the mesophase
and by the molar mass of the hyperbranched complex. The presence of NPs induced strong changes
in local organization of the LCs polymer, nevertheless the obtained hybrid materials remained
liquid crystalline. Then, hyperbranched positively charged core (HYPAM, PAMAM, DGL) were put
in interaction with block copolymers comprising an anionic part and an hydrophilic polymer
(namely polyethylene glycol or thermoresponsive PNIPAM) to obtain polyion complex polymers
(PICs). PICs were obtained from PEO-PAA polymers. Whereas they remain rather stable up to high
concentration of salt, they dissociate when pH of the solution was decreased below pKa value of the
carboxylic function of the interaction block. Moreover, their stability in water solution is dependent
on both the average molecular weight and the polymer composition. In the case of
themoresponsive systems based on the use of PAA-PNIPAM block copolymers, well defined
nanoobjects were also obtained that can undergo irreversible morphological change upon
transition temperature.

In conclusion, all examples described here demonstrated the strong influence of molecular
structures on the properties of chosen materials. Hence, branched structures are of special interest
to lead to high efficient stabilizing agent form aqueous solutions of metallic NPs, enable the
formation of gel with enhanced rheological properties and favor the formation of liquid crystalline
highly organized structures. Therefore the polymer described within this study has already been
used to mediate the formation of new promising materials:

- Hyperbranched thermoresponsive structures based on PNIPAM and PEG polymers are
actually studied for their ability to mediate the formation and stabilization of GdPO4 NPs in
aqueous solution. Their use as magnetic resonance imaging contrast agent was studied.

- Ionic structures (PICs) obtained from ionic interactions between a hyperbranched core and
another polymer are studied for their ability to interact with ionic inorganic compounds.
They present promising opportunities for the formation of homogeneous hybrid materials
used as drug delivery systems or as highly organized hybrid liquid crystalline materials with
unprecedented organization (metamaterials).
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I. Chapter 2

A. Materials

Tetrachloroauric acid trihydrate (HAuCl;, 3H.0), D-Glucosamine
hydrochloride, 1,1’-Carbonyldiimidazole, anhydrous DMSO, carboxylic acid terminated
PNIPAM 2000g/mol, 5000g/mol and 7000 g/mol, Pur-A-Lyzer™ Mega Dialysis Kit of
MWCO 3.5 kDa, 6-8 kDa and 12-14 kDa were purchased from Aldrich and were used without
further purification. Tris(2-aminoethyl)amine (Adrich) was distilled under reduced pressure
and stored under argon atmosphere before use. Ultrapure water (p=18 MQ cm™) was

obtained from Aquadem apparatus.
B. Synthesis

1. Polymer synthesis

a) Synthesis of tris (2-di (methylacrylate)

aminoethyl) amine

. COOCH;,
H3CO°C’/¥,NIN\/\N’\,COOCH3
H;COOC S

SNz
H3;COOC COOCH;

Figure I.1. Tris(2-di(methylacrylate)aminoethyl)amine (TREN)

To 4.092 g of methylacrylate (47.58 mmol) in 6.5 mL of methanol was added
dropwise a solution of 1.160 g of freshly distillated tris(2-aminoethyl)amine (7.93 mmol) in
1.5 mL of methanol at 0°C under argon atmosphere. The mixture was then stirred at room
temperature during two days. The product (5.16 g, yield=98.2% ) was obtained, after
elimination of the solvent under vacuum, as slightly yellow oil. The product was then directly

used to synthesize HYPAMx Polymer.

tH-NMR (300MHz, CDCI3): 6 = 2.35 (t, 12H, -CH2-COOCH3); 2.43 (s, 12H, -
NCH2CH2N-); 2.76 (t, 12H, -CH2CH2-COOCH3); 3.65 (s, 18H,-OCH3) ppm.
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b) Synthesis of hyperbranched poly(amidoamine)
HYPAMXx

The synthesis of the HYPAM cores were carried out following previously published
work by our group [1] . A brief explanation for H3, H4 and Hj is given below.

H3: 2.98 g (20 mmol) of tris(2-aminoethyl)amine were mixed with 1.13 g (1.7 mmol)
of tris(2-di(methylacrylate)aminoethyl)amine (ratio trisamine/hexaester=12). The solution
was stirred under argon atmosphere at 75°C during two days, at which time the products
were dissolved in smL CH,Cl, and precipitated into 200mL THF at 0°C. 2.05g of precipitated

polymer was obtained as a yellow gum after drying under vacuum during 2 days.

1H NMR (D20, 300 MHz): § = 2.45 (i, -CH2-CO-); 2.55-2.77 (br m, -CH2-NH2, - N-
CH.-CH.-N-, -N-CH»-CH,-CO-); 3.22 (m, -CH,-NH-CO-) ppm.

13C NMR (D20, 300 MHz): § = 32.7-35.7 (-N-CH.-CH,-CO-); 36.9 (-CH,-NH-CO-);
37.9 (-CH>-NH.); 49.3 (-N-CH,-CH,-CO-); 50.0-51.4-52.5 (-CO-NH-CH,-CH,-N-); 56 (-N-
CH.-CH.-N-); 174.7 (CONH) ppm.

SEC: M,, =5200 g.mol*; DPI=1.4

H4: 2.50 g (17 mmol) of tris(2-aminoethyl)amine were mixed with 1.13 g (1.7 mmol)
of tris(2-di(methylacrylate)aminoethyl)amine (ratio trisamine/hexaester=10). The rest of the

procedure is identical to the one for HYPAMS3.

1H NMR (DMSO-d6, 500 MHz): § = 2.24 (m, -N-CH,-CH>-N-); 2.45 (m, -CO-NH-
CH.-CH.-N-); 2.51 (DMSO and m, -CH»-NH.,); 2.63 (m, -N-CH»-CH,-CO-); 2.7 (m, -N-CH.-
CH.-CO-); 3.1 (m, -CH.-NH-CO-); 3.45 (NH) ppm.

13C NMR (DMSO-d6, 500 MHz): § = 33.79 (-N-CH,-CH--N-); 37.34 (-CH,-NH-CO-);
41.62 (-N-CH.-CH.-CO-); 46.15 (-CH.-NH.); 47.43 (-N-CH.-CH,-CO-); 56.61 (-CO-NH-CH.-
CH>-N-); 172.0 (CO) ppm.

H NMR (D20, 300 MHz): § = 2.45 (i, -CH2-CO-); 2.55-2.77 (br m, -CH2-NH2, - N-
CH.-CH,-N-, -N-CH.-CH,-CO-); 3.22 (m, -CH,-NH-CO-) ppm.

13C NMR (D20, 300 MHz): 8§ = 32.7-35.7 (-N-CH,-CH.-CO-); 36.9 (-CH.-NH-CO-);
37.9 (-CH>-NH.); 49.3 (-N-CH,-CH,-CO-); 50.0-51.4-52.5 (-CO-NH-CH,-CH,-N-); 56 (-N-
CH,-CH,-N-); 174.7 (CONH) ppm.

IR: v = 3345, 3283, 3078, 2943, 2858, 2824, 1645, 1557, 1460, 1354, 1291, 1096,
1062, 946, 915 cm™.
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SEC: M,, =13000 g.mol"; PDI = 2.0

H5: 2.44 g (16.7 mmol) of tris(2-aminoethyl)amine were mixed with 1.42 g (2.1
mmol) of tris(2-di(methylacrylate)aminoethyl)amine (ratio trisamine/hexaester=8). The rest

of the procedure is identical to the one for HYPAMS3.

1H NMR (D20, 300 MHz): § = 2.34 (m, -CH2-CO-); 2.5 (m, -N-CH»-CH,-N-); 2.55
(m, -N-CH,-CH,-CO-); 2.63 (m, -CH»-NH.); 2.73 (m, -N-CH,-CH,-CO-); 3.22 (m, -CH,-NH-
CO-) ppm.

13C NMR (D20, 300 MHz): 6 = 32.7-35.5 (-N-CH.-CH.-CO-); 36.7 (-CH.-NH-CO-);
37.8 (-CH,-NH.,); 49.1 (-N-CH.-CH,-CO-); 49.8-51.1-52.5 (-CO-NH-CH,-CH,-N-); 56 (-N-
CH.-CH,-N-); 174.7 (CONH) ppm.

SEC: M,, = 27000 g.mol" ; PDI = 2.3
c) The synthesis of core-shell polymers

The synthesis of core-shell polymers were performed using either three-branch
molecule TREN (T) or hyperbranched polymer H4 and 5 cores and PNIPAM of different
number average molar masses (2000 g/mol, 5000 g/mol and 7000 g/mol noted P2, P5 and
P7 respectively ). The details of preparation of H4P2 are given below as a typical example. 1g
of carboxylic acid terminated P2 (5.104 mol, 1eq.) and 89.2 mg of 1,1’-carbonyldiimidazole
(5.5.104 mol, 1.1eq.) were dissolved in 10 mL dry DMSO. The mixture was stirred overnight
under argon at room temperature (25°C). Then, 3.63 mL of a 20 mg/mL H4 in DMSO
solution (72.6 mg H4, 0.9 eq. of primary amine) was added slowly in the previous mixture.
The reaction was continuously stirred for 24 h under argon at room temperature. After the
reaction then, the mixture was dialyzed in ultrapure water for 3 days and the final core-shell

polymer H4P2 was collected by lyophilization.

TP2

H NMR (D0, 300Hz): 1.07 (CO-NH-CH-CH; PNIPAM), 1.51 (CH-CH. PNIPAM),
1.94 (CH-CH, main chain PNIPAM), 2.36 (N-CH,-CH.-NH-CO), 2.45 (N-CH.-CH,-NH-CO),
2.60 (CO-CH--CH,-S PNIPAM), 2.70 (CO-CH,-CH.-S PNIPAM), 3.83 (CO-NH-CH-CH,
PNIPAM)

IR: v = 3434, 3289, 3075, 2971, 2932, 2875, 1642, 1543, 1458, 1386, 1366, 1263, 1172,
1130, 1025, 927, 881, 838 cm™

TP5
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'H NMR (DO, 300Hz): 1.06 (CO-NH-CH-CH; PNIPAM), 1.51 (CH-CH. PNIPAM),
1.93 (CH-CH. main chain PNIPAM), 2.35 (N-CH.-CH.-NH-CO), 2.45 (N-CH.-CH.-NH-CO),
2.60 (CO-CH--CH.-S PNIPAM), 2.70 (CO-CH.-CH.-S PNIPAM), 3.83 (CO-NH-CH-CH,3
PNIPAM)

IR: v = 3426, 3288, 3075, 2972, 2933, 2876, 1634, 1534, 1457, 1386, 1366, 1266, 1172,
1130, 970, 926, 877, 838 cm!

TPy

1H NMR (D-0, 300Hz): 1.03 (CO-NH-CH-CH; PNIPAM), 1.90 (CH-CH, main chain
PNIPAM), 1.51 (CH-CH. PNIPAM), 2.36 (N-CH.-CH.-NH-CO), 2.45 (N-CH.-CH,-NH-CO),
2.60 (CO-CH.-CH.-S PNIPAM), 2.71 (CO-CH.-CH.-S PNIPAM), 3.83 (CO-NH-CH-CHj,
PNIPAM)

IR: v = 3433, 3288, 3076, 2972, 2934, 2875, 1538, 1458, 1386, 1366, 1262, 1172, 1131,
1026, 927, 882, 838 cm!

H4P2

tH NMR (D-O, 500Hz): 1.0 (CO-NH-CH-CH; PNIPAM), 1.44 (CH-CH. PNIPAM),
1.87 (CH-CH, main chain PNIPAM), 2.28 (CO-CH.-CH,-S PNIPAM), 2.37 (N-CH,-CH,-CO),
2.45 (N-CH.-CH,-N), 2.53 (CO-NH-CH,-CH>), 2.55 (CO-CH.-CH.-S PNIPAM), 2.63(N-CH.-
CH.-CO), 3.23 (CO-NH-CH--CH.),: 3.75 (CO-NH-CH-CH; PNIPAM)

13C NMR (D.O, 500Hz): 53.6 ( N-CH,-CH»-N), 51.1 (N-CH,-CH,-CO), 35.09 (N-CH.-
CH,-CO), 36.51 (CO-NH-CH.-CH.,), 52.0 (CO-NH-CH.-CH. ), 37.05 (CO-CH.-CH.-S), 27.80
(CO-CH,-CH>-S), 42.7 (CH-CH, main chain PNIPAM), 35.01 (CH-CH.), 41.8 (CO-NH-CH-
CH,),: 21.7. (CO-NH-CH-CH,), 174 (CO-NH).

IR: v = 3434, 3288, 3073, 2972, 2933, 2857, 1641, 1542, 1458, 1386, 1366, 1268, 1172,
1130, 1026, 975, 927, 882, 838 cm

H4Ps5

H NMR (DO, 500Hz): 1.0 (CO-NH-CH-CH,; PNIPAM), 1.43 (CH-CH. PNIPAM),
1.86 (CH-CH, main chain PNIPAM), 2.27 (CO-CH.-CH,-S PNIPAM), 2.37 (N-CH,-CH»-CO),
2.45 ( N-CH,-CH»-N), 2.51 (CO-NH-CH,-CH.), 2.55 (CO-CH,-CH.-S PNIPAM), 2.63(N-CH-
CH.-CO), 3.23 (CO-NH-CH,-CH.,),: 3.75 (CO-NH-CH-CH; PNIPAM)

13C NMR (DO, 500Hz): 53.59 ( N-CH,-CH,-N), 51.1 (N-CH,-CH,-CO), 35.09 (N-
CH.-CH.-CO), 36.51 (CO-NH-CH.-CH.), 52.0 (CO-NH-CH.-CH. ), 37.04 (CO-CH.-CH.-S),
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27.80 (CO-CH.-CH.-S), 42.7 (CH-CH, main chain PNIPAM), 35.01 (CH-CH.), 41.8 (CO-NH-
CH-CH,),: 21.7. (CO-NH-CH-CH,), 174 (CO-NH).

IR: v = 3434, 3283, 3076, 2971, 2933, 2875, 1639, 1583, 1386, 1366, 1270, 1172, 1130,
1025, 973, 927, 882, 839 cm™

H4P7

1H NMR (D.0, 500Hz): 1.0 (CO-NH-CH-CH, PNIPAM 1.44 (CH-CH. PNIPAM), ),
1.87 (CH-CH., main chain PNIPAM), 2.28 (CO-CH.-CH,-S PNIPAM), 2.37 (N-CH.-CH.-CO),
2.45 (N-CH.-CH,-N), 2.53 (CO-NH-CH,-CH>), 2.55 (CO-CH.-CH.-S PNIPAM), 2.63(N-CH.-
CH.-CO), 3.23 (CO-NH-CH--CH.),: 3.75 (CO-NH-CH-CH; PNIPAM)

13C NMR (D.O, 500Hz): 53.61 ( N-CH.-CH.-N), 51.1 (N-CH.-CH,-CO), 35.08 (N-
CH.-CH.-CO), 36.51 (CO-NH-CH.-CH.), 52.01 (CO-NH-CH,-CH. ), 37.05 (CO-CH.,-CH,-S),
27.80 (CO-CH,-CH.-S), 42.7 (CH-CH, main chain PNIPAM), 35.01 (CH-CH.), 41.8 (CO-NH-
CH-CH,),: 21.7. (CO-NH-CH-CH,), 174 (CO-NH).

IR: v = 3434, 3288, 3073, 2972, 2933, 2857, 1641, 1542, 1458, 1386, 1366, 1268, 1172,
1130, 1026, 975, 927, 882, 838 cm™

H5P2

H NMR (D0, 500Hz): 1.01 (CO-NH-CH-CH, PNIPAM 1.44 (CH-CH, PNIPAM), ),
1.88 (CH-CH. main chain PNIPAM), 2.27 (CO-CH.-CH,-S PNIPAM), 2.37 (N-CH,-CH,-CO),
2.45 (N-CH.-CH,-N), 2.53 (CO-NH-CH,-CH>), 2.55 (CO-CH.-CH,-S PNIPAM), 2.63(N-CH.-
CH.-CO), 3.23 (CO-NH-CH,-CH.,),: 3.75 (CO-NH-CH-CH; PNIPAM)

13C NMR (D.O, 500Hz): 53.6 ( N-CH,-CH.-N), 51.11 (N-CH,-CH,-CO), 35.10 (N-
CH,-CH--CO), 36.50 (CO-NH-CH.-CH.), 52.01 (CO-NH-CH.-CH. ), 37.05 (CO-CH.-CH,-S),
27.80 (CO-CH.-CH.-S), 42.7 (CH-CH. main chain PNIPAM), 35.01 (CH-CH.), 41.8 (CO-NH-
CH-CH,),: 21.7. (CO-NH-CH-CH,), 174 (CO-NH).

IR: vV = 3434, 3288, 3074, 2971, 2933, 2874, 1643, 1542, 1458, 1386, 1366, 1270, 1172,
1130, 1025, 976, 953, 927, 881, 838 cm!

H5P5

H NMR (DO, 500Hz): 1.0 (CO-NH-CH-CH,; PNIPAM), 1.44 (CH-CH. PNIPAM),
1.87 (CH-CH. main chain PNIPAM), 2.28 (CO-CH.-CH.-S PNIPAM), 2.37 (N-CH,-CH.-CO),
2.45 ( N-CH.-CH:-N), 2.53 (CO-NH-CH.-CH- ), 2.55 (CO-CH.-CH>-S PNIPAM), 2.63(N-CH--
CH.-CO), 3.23 (CO-NH-CH--CH.),: 3.75 (CO-NH-CH-CH; PNIPAM)
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13C NMR (D.0, 500Hz): 53.6 ( N-CH.-CH>-N), 51.1 (N-CH,-CH,-CO), 35.09 (N-CH.-
CH,-CO), 36.51 (CO-NH-CH.-CH.,), 52.0 (CO-NH-CH.-CH. ), 37.05 (CO-CH.-CH.-S), 27.80
(CO-CH.-CH.-S), 42.7 (CH-CH, main chain PNIPAM), 35.01 (CH-CH.), 41.8 (CO-NH-CH-
CHs;),: 21.7. (CO-NH-CH-CH,), 174 (CO-NH).

IR: v = 3427, 3283, 3076, 2972, 2933, 2875, 1639, 1542, 1458, 1386, 1366, 1274, 1172,
1131, 1023, 953, 928, 882, 839 cm™

H5P7

'H NMR (DO, 500Hz): 1.02 (CO-NH-CH-CH; PNIPAM), 1.45 (CH-CH. PNIPAM),
1.87 (CH-CH. main chain PNIPAM), 2.27 (CO-CH.-CH.-S PNIPAM), 2.37 (N-CH.-CH.-CO),
2.45 (N-CH.-CH:-N), 2.53 (CO-NH-CH.-CH.), 2.55 (CO-CH.-CH--S PNIPAM), 2.63(N-CH--
CH-CO), 3.23 (CO-NH-CH.-CH.),: 3.76 (CO-NH-CH-CH; PNIPAM)

13C NMR (D-0, 500Hz): 53.6 ( N-CH.-CH--N), 51.1 (N-CH.-CH,-CO), 35.09 (N-CH.-
CH»-CO), 36.51 (CO-NH-CH.-CH.), 52.01 (CO-NH-CH,-CH. ), 37.05 (CO-CH.-CH.-S), 27.80
(CO-CH.-CH»-S), 42.71 (CH-CH, main chain PNIPAM), 35.01 (CH-CH.,), 41.8 (CO-NH-CH-
CH,),: 21.7. (CO-NH-CH-CH,), 174 (CO-NH).

IR: v = 3434, 3288, 3074, 2971, 2933, 2875, 1641, 1542, 1458, 1386, 1366, 1340,
1273, 1172, 1130, 1024, 953, 927, 882, 839 cm™

2. Synthesis of gold nanoparticles by NaBHg4

For preparing 20 mL of 5.104 M gold colloid solution: 35 uL of freshly prepared
NaOH (1M) solution was added to 18.86 mL of ultrapure water under magnetic stirring. Then
1mL of HAuCl, 0.01 M solutions was added, the solution became pale yellow. Finally 100 uL
of freshly prepared NaBH, 0.1M was added under vigorous stirring. The solution changed
from pale yellow to deep red immediately. The solution was stable for several weeks.
[NaOH]/[NaBH,]/[HAuCl,]=3.5/1/1.

3. Gold nanoparticles stabilization by polymer solutions

AuNps were stabilized with polymer solution whose concentration varied from 5.102
wt.% to 10¢ wt.%. The final gold concentration was fixed at 2.5 104 M. The protocol for
stabilization with final polymer concentration of 102 wt% was the follow: 10 puL of 0.2 wt.%
polymer stock solution of were added to gouL of water, finally 100 uL of 5.104 M gold

nanoparticle colloidal solutions was added to the later to yield coated NPs.

ES-10



Experimental section

Table I.1. Gold nanoparticles stabilization by polymer solutions

Final polymer Vuwater Vpolymers (0.2 wt.%) Vaunps colloid
concentration [wt. %] [uL] [uL] o [UL]
5x107* 50 50 100

102 90 10 100
5x103 95 5 100

Vpolymers (5. 1073wt.%)

[uL]
103 40 60 100
104 4 96 100

Vpolymers (10™%wt.%)

[uL]
10% 20 8o 100
10 2 98 100

4. Salt adding effect

Final NaCl concentration was fixed at 1M, the protocol for final polymer concentration
of 102M was the follow: 10 uL of 0.2 wt.% polymer stock solution of were added to 50uL of
water, then 100 uL of 5.104 M gold colloid solutions was added. Finally, 40 uL of 5M NaCl

solution were finally added.

Table I.2. Salt adding effect

Final polymer Viwater Violymers (0.2 wt.%) VAunPs colloid ViNacl 5 M)
concentration [wt. %]  [uL] [uL] Gaom [uL]  [uL]

5x 1072 10 50 100 40

102 50 10 100 40
5x10%3 95 5 100 40

Vpolymers (5.103wt.%)

[uL]
103 20 40 100 40
104 56 4 100 40

Vpolymers (10™*wt.%)

[uL]
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105 40 20 100 40

100 58 2 100 40

5. In situ synthesis of AuNPs

The final concentration of polymer was fixed at 0.01 wt. %. Typically, 10 uL of 0.2
wt.% polymer stock solution was added to 180 uL of water, followed by the addition of 5 uL of
0.01 M gold colloid solution the solution became pale yellow. Finally, 5 uL of freshly prepared
0.01M NaBH, solution was added to the mixture under manual stirring. The solution color
turned into brown, red, or light orange, at different rates, depending on the nature of the
polymers. [NaBH,]/[HAuCl,]=1/1.

C. Characterization techniques

1. Nuclear Magnetic Resonance

To determine the structural characteristics of the polymers, NMR experiments were
performed at 298K in D.O on a Bruker AVANCE 300 MHz or 500 MHz spectrometer
equipped with a 5 mm Z-gradient TCI cryogenic probe. The 90° pulse length was 9 ps, the
sweep width was 10kHz and the acquisition time was 3.5 s. The scan number was adjusted to
obtain a sufficient signal to noise ratio and the relaxation delay between transients was 3s.
For 1D 1H experiments, a 30° pulse was used. Attribution of the signals was made by COSY,
HSQC and HMBC experiments.

Diffusion coefficient measurements by NMR-DOSY (Diffusion Ordered
SpectroscopY). [3] The basic scheme for the characterization of diffusion is the pulse field
gradient spin-echo (PFGSE). The measurement was carried out by observing the attenuation
of the NMR signals during a delay surrounded by two pulsed field gradients. In practice, a
series of NMR diffusion spectra were acquired as a function of the gradient strength (g). The
intensities of the resonances follow an exponential decay which depends on the self-diffusion
coefficient (D).[4, 5] Their relationship is given by the Stejskal-Tanner relation: I/To =
exp[y2g252(A- 8/3)D] where I is the measured signal intensity, 0 is the signal intensity fora g
value of 0 G/cm, y is the gyromagnetic ratio for the *H nucleus, 6 is the gradient pulse length,
A is the time between the two gradients in the pulse sequence.[6] D values are function of
temperature and viscosity as indicated from the Stokes-Einstein equation: D = «T/6mnRy

(where k = Boltzmann constant, T temperature, n viscosity of the solution and Ry is the

ES-12



Experimental section

radius of the solvated species). The Z pulsed field gradients were generated with a 10 A
GRASP II/P gradient amplifier. Thus, the z-maximum gradient strength (g) was 53.5 G/cm.
Experiments were performed by varying g and keeping all other timing parameters constant.
Typically, the A and the & durations were 100 ms and 1ms, respectively and g was varied from
2.675 (strength of 5%) to 50.825 (strength of 95%) G/cm by 3% steps. An NMR pulse
sequence with a stimulated echo bipolar gradient pulse pair and one spoil gradient was used
(pulse program named stebpgpis in the Bruker library). The data were analyzed by
maximum-entropy with the DOSY module of NMR notebook software (NMRtec).[7] The
DOSY processing algorithm parameter was set to 3 and the data were processed with a

diffusion window from 0,1 to 25000 pm2/s.
2. Fourier transform infra red (FTIR)

Spectra were recorded with a Nexus Thermonicolet spectrometer equipped with a
detector DTGS, in attenuated total reflection (ATR) mode with a diamond crystal in the
spectral region of 600-4000 cm* with a resolution of 2 cm™. The physical mixtures were
prepared by simple homogenization of HYPAM and PNIPAM as followed: 2 mL of an
aqueous solution of HYPAM (5 mg/mL) was prepared. To this solution was added 5 mL, 4.5
mL, 3.75 mL, 2.5 mL of (25 mg/mL) aqueous PNIPAM affording the 1 : 1, 1 : 0.90, 1 : 0.75
and 1 : 0.5 ratios respectively. The obtained solution was then freeze-dried and the spectra of

the obtained solids were recorded.
3. Differential Scanning Calorimetry (DSC)

The thermal properties of the polymer (in solution and in bulk) were determined by
DSC using a Mettler Toledo DSC 1 STARe System Thermal Analysis calorimeter equipped
with a Gas Controller GC200. Solid samples were sealed inside aluminum crucibles of 40 uL,
glass transition temperature were taken at inflection points as the temperature increased at
different rates: 30, 20, 10°C/min. Solution samples were sealed in impermeable crucibles of
120 pL. Transition temperatures were taken at the top of the DSC peaks as the temperature
increased at different rates; 10, 5, 2 and 1 °C/min, and finally extrapolated to 0 °C/min. The

variation of enthalpy was measured as the temperature increased at a rate of 10 °C/min.
4. Small Angle Neutron Scattering experiments (SANS)

SANS experiments were performed with the PACE spectrometer at the Orphée reactor
(LLB, Saclay). Polymer solutions in D,O solvent were put inside quartz cells of 2 mm path
length and measured at 20 °C. ([polymer] = 1 %w/v). Two spectrometer configurations were
used: a neutron wavelength (1) of 6 A with a sample to detector distance of 3 m and a

wavelength of 13 A with a distance of 4.7 m. The scattering vector range thus reached was
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0.0032 < q (A1) < 0.12. Scattering intensities have been normalized by the incoherent signal
delivered by a 1 mm gap water sample in order to account for the efficiency of the detector.
Absolute values of the scattering intensity, I(q) in cm?, were obtained from the direct
determination of the number of neutrons in the incident beam and the detector cell solid
angle. No background has been subtracted to the sample scattering, thus a flat incoherent
signal has been observed at high q values. Data treatment was done with the PAsiDUR

software at the Laboratoire Léon Brillouin.
5. Transmission electron microscopy (TEM)

A drop of the aqueous dispersion was placed on a formvar carbon-coated copper
TEM grid (Ted Pella Inc.) and left to dry under air. For samples needing negative staining,
the TEM grid was successively placed on a drop of the sample solution for 1min and on a drop
of an aqueous solution of uranyl acetate (2 wt %, 10 s), after which the grid was then air dried
before introduction into the electron microscope. To visualize mesoglobules, we heated
polymer solutions (45°C) for 1 h prior to the deposit. The previously described procedure for
preparation of TEM grids was then employed; however, they were dried in an oven at 45°C.
The samples were viewed with a MET Hitachi HT7700 transmission electron microscope
operating at 80 kV accelerating voltage. Size-distribution histograms were determined by
using magnified TEM images. The size distribution of the particles was determined by
measuring a minimum of 200 particles of each sample, using WCIF Image J software. The

size distributions observed were analyzed in terms of Gaussian statistics (wc (0)).
6. Dynamic Light Scattering (DLS)

DLS measurements were carried out with a Malvern Instrument Nano-ZS equipped
with a He-Ne laser (A=633 nm) on 0.1 wt% polymer solution. The correlation function was
analyzed via the general purpose method (NNLS) to obtain the distribution of diffusion
coefficients (D) of the solutes. The apparent diameter was then determined using the Stokes-
Einstein equation. Mean diameter values were obtained from three different runs. Standard

deviations were evaluated from diameter distribution.
7.  Ultraviolet-visible (Uv-vis)

Transmittance of polymer aqueous solutions was recorded with a HP 8452A diode
array spectrophotometer with increasing temperature at different heating rates. The cloud
points were then calculated by the extrapolation to 0 °C min—* of the cloud points obtained

from the inflection point of each transmittance curve.
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8. Size Exclusion Chromatography (SEC)

Number average molecular weights (M,) and polydispersity indexes (PDI) of
hypernranched amidoamine polymlers were determined by size exclusion chromatography
(SEC) analysis in carbonate buffer solution at pH 10 (Na2CO3 and NaHCO3 0.1M) (flow rate
0.5 mL/min) on an apparatus equipped with a Waters refractive index detector, a Waters
column pack (Shodex OHpak SB-802HQ, SB-802.5HQ, SB-804HQ) and a Minidawn Wyatt
light scattering detector. The molecular weights were uncorrected from low sensitivity of LS-
SEC to lower molecular weights28. The refractive index increments for PAMAM dendrimers
were measured in the same eluent at ambient temperature. The values for the hyperbranched
polyamides were assumed to be identical. Considering the fact that these polymers have been
observed to trap solvent molecules, even after prolonged drying under vacuum, the accuracy

for the molecular weight measurement is estimated to be around 20%.

Number average molecular weights (M,) and polydispersity indexes (PDI) of PNIPAM
and PNIPAM grafted polymers were determined by SEC on an apparatus equipped with a
Waters 2140 refractive index (RI) detector, using a Waters Styragel HR 4E column (eluent,
THEF, flow rate, 1 mL-min). Typically, samples at a concentration of 5 mg-mL* in THF were
injected. Alternatively, samples were analyzed with a SEC apparatus comprising a Varian
ProStar 325 UV detector (dual wavelength analysis) and a Waters 410 refractive index
detector, using two Shodex K-805 L columns (8 mm, 300 mm, 13 um) and DMF LiCl (1g/L)

as the eluent at 40C (flow rate, 1 mL-min-).
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II. Chapter 3

A. Materials

Tetrachloroauric acid trihydrate (HAuCl,, 3H.0), D-Glucosamine hydrochloride, 1,1’-
Carbonyldiimidazole, anhydrous DMSO, carboxylic acid terminated PNIPAM
2000g/mol, 5000g/mol and 7000 g/mol, Pur-A-Lyzer™ Mega Dialysis Kit of MWCO
3.5 kDa, 6-8 kDa and 12-14 kDa were purchased from Aldrich and were used without further
purification. Tris(2-aminoethyl)amine (Adrich) was distilled under reduced pressure and
stored under argon atmosphere before use. Ultrapure water (p=18 MQ cm™) was obtained

from Aquadem apparatus.
B. Synthesis

1. Synthesis of HYPAM core and core-shell polymers
See experimental section of Chapter 2
2. Synthesis of hygrogels

Different concentrations: 5, 10, 15, 20 wt.% of polymers in water were used for this
experiment. Typical protocol for 20wt.% polymer solution is the follow: Tubes containing 20
wt.% well dissolved polymers solutions of P7, TP7 and H4P7 were placed in the oven at 40°C
for 10 minutes, the sol-gel transition took place resulted in white and turbid gels which did
not flow when the tubes was inversed. When the gels were placed in R.T. they returned to the

sol state.
3. Insitu synthesis of AuNPs embedded in gels structures

At room temperature 50 mg of H4P7 polymer was dissolved in 184 uL of water to
form a 20% wt. homogeneous solution. Then 10uL of a solution of HAuCl, 0.01M was added
to the solution following by adding 1 uL. of NaOH 1M. Finally, 5ul of a solution of glucosamine
0.2M was added. The mixture was rapidly vortexed and then the flask was immediately
placed in the oven at 40°C for 24 hours. The same procedure was carried out for P7y@Au and
TP7@Au.
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C. Characterization techniques

1. Characterization of polymers
See experimental section of chapter 2.
2. Characterization of hydrogels
a) Differential Scanning Calorimetry (DSC)

The thermal properties of the polymer (in solution and in bulk) were determined by
DSC using a Mettler Toledo DSC 1 STARe System Thermal Analysis calorimeter equipped
with a Gas Controller GC200. Solution samples were sealed in impermeable crucibles of 120
pL. Transition temperatures were taken at the top of the DSC peaks as the temperature
increased at 1°C.min™. The variation of enthalpy was measured as the temperature increased
at a rate of 1°C.min". The enthalpy variation of the sol-gel transition was normalized to the

content of PNIPAM in the copolymers.
b) Cryo-Scanning Electron Microscopy (Cryo-SEM)

Cryo-Scanning Electron Microscopy (Cryo-SEM) images were realized with a FEG FEI
Quanta 250 microscope (Japan). One drop of the sample was preheated to undergo gel
transition just before being frozen in nitrogen slush at -220°C. The frozen sample was
transferred under vacuum in the cryofracture apparatus (Quorum PP3000T Cryo Transfer
System) chamber where it was fractured at -145°C. Then the temperature was decreased to -
95°C and maintained at this temperature during 30 min for sublimation. It was then
metallized with Pd during 60s and introduced into the microscope chamber where it was

maintained at - 145°C during the observation operating at 5 kV accelerating voltage.
c) Rheology

Measurements have been made with a rheometer AR1000 from TA instruments in
cone plate configuration (diameter 2 cm, 2° angle), with Peltier plate. A stress of 1 Pa has
been set for viscoelastic measurements. Frequency sweep from 10 to 0.01 Hz provided the
viscoelastic "spectrum" of the gel. Variation of the elactic and viscous moduli with
temperature has been then monitored at 1 Hz (frequency) and 1 Pa (stress), over a continuous
linear temperature ramp at 1°C/min. The inflexion point has been selected as the "transition

temperature".
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d) UV-vis

Time-dependent turbidity measurements: hydrogels and Au embedded hydrogels pre-
formed at 40 °C were placed inside the BMG LABTECH SPECTROSTAR device where the
temperature was set at 25°C. The UV spectra were recorded at 720 nm for each 30 seconds

during 250 minutes.
3. Characterization of nanoparticles
a) Transmission electron microscopy (TEM)

To analyze the morphology of formed AuNPs, we need to dilute the solution at least 10
times and deposit on TEM grid. A drop of the aqueous dispersion was placed on a formvar
carbon-coated copper TEM grid (Ted Pella Inc.) and left to dry under air. The samples were
viewed with a MET Hitachi HT7700 transmission electron microscope operating at 80 kV
accelerating voltage. Size-distribution histograms were determined by using magnified TEM
images. The size distribution of the particles was determined by measuring a minimum of
200 particles of each sample, using WCIF Image J software. The size distributions observed

were analyzed in terms of Gaussian statistics (we (0)).
b) UV-Vis

Au embedded hydrogels were cooled to R.T. prior to perform UV measurements using
BMG LABTECH SPECTROSTAR device. The wave length accessible of this device was 300

nm to 1000 nm.
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III. Chapter 4

A. Materials

Methylacrylate, tetrachloroauric acid trihydrate (HAuCl,, 3H,O), amine-terminated
PAMAM dendrimers (G3 to G5) as methanol solutions were purchased from Aldrich and
were used without further purification. For PAMAM solutions, methanol was removed under
vacuum prior to use. Sodium dodecyl sufate was also purchased from Aldrich and purified by
recrystallisation in ethanol/water 95 v/v before use. Tris(2-aminoethyl)amine (Adrich) was
distilled under reduced pressure and stored under argon atmosphere before use. Ultrapure

water (p=18 MQ cm™) from Aquadem apparatus was used for complex preparation.
B. Synthesis

The synthesis and characterization of the aminoterminated hyperbranched

amidoamine : See Experimental section of Chapter 2
1.  Synthesis of hyperbranched polymer surfactant complexes

The preparation of hyperbranched polymer surfactant complexes - PAMAM-DS and
HYPAM-DS was performed using PAMAM 3, 4 and 5 and HYPAM 3, 4 and 5 cores
respectively. The grafted degree of SDS on polymers was calculated using the molar ratio of

primary amine groups of the core on sulfate groups of SDS (ie 1:1, 1:0.75, 1:0.5).

For example, the synthesis of HYPAM4-DS100 was carried out as follows: 25 mL of
HYPAM4 acidic aqueous solution (pH 3-4) was prepared by slowly adding an acidic solution
(HCI 0.1M and 0.001M) to 100 mg (0.62 mmol of NH. groups) of polymer. Then 7.95 mL of
an acidic aqueous solution of SDS (0.078 mol.L, concentration < cmc) at the same pH was
added dropwise to the HYPAM solution under continuous stirring. Progressively, the
obtained solution became turbid and the formed precipitate was isolated by centrifugation
(8000 rpm, 20°C, 30 min). Then the residue was washed three times with water (3 x 20 mL)
and dissolved in a small quantity of DMSO (1 mL). This organic solution was then added
dropwise to 50 mL of an acid aqueous solution (HCl, pH3). The formed precipitate was
collected by centrifugation (8000 rpm, 20°C, 30 min). The residue was washed by ultrapure
water (40 mL) and centrifuged (8000 rpm, 20°C, 30 min) three times before dried under

vacuum at room temperature for 3 days (251,22 mg, yield 94.7%).

HYPAM4-DS100:
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'H NMR (500MHz, DMSO-d6): 8§ = 0.85 (t, 3J = 6.5 Hz, CH; alkyl chain); 1.24 (m,
(CH.)y); qt (1.51, 3J=6.5 Hz, CH,B); 2.51 (DMSO and m, N-CH.-CH,-NH-CO); 2.66 (m, N-
CH,-CH.-N, N-CH,-CH,-CO); 2.91 (m, N-CH,-CH»-CO-); 3.20 (m, -CH,-NHCO-); 3.37 (m, -
CH.--NH,*; t, 3J=6.5 Hz, CH»0) ; 3.52 (br m, NH) ppm; 3.74 (t, 3J=6.5 Hz, CH.a,) ppm.

13C-NMR (500 MHz, DMSO-d6): 13.92 (CH3); 22.15, 25.57, 28.80, 28.92, 29.10,
20.13, 29.16, 34.41 (CH, alkyl chain); 29.18 (CH.p); 29.44, 50.60 (N-CH,-CH--CO); 36.65,
43.85 (-CH.-NH-CO-), 36.81 (N-CH.-CH.-N); 48.97 (-CH>-NH;*); 50.61 (N-CH.-CH.-CO);
52.01 (N-CH.-CH.-NHCO), 60.75 and 66.23 (CH.a); 169.33 (CO) ppm

IR (HYPAM4-DS100 complex): v =3484, 3291, 3084, 2956, 2924, 2853, 1660, 1557,
1466, 1390, 1379, 1241, 1204, 1057, 983, 804 cm™.

IR (SDS): v = 2956, 2918, 2851, 2872, 1468, 1250, 1222, 1096, 1082, 1017, 996, 831

cm™.
2. Formation of polymeric aggregates in solution

The procedure to form the polymeric aggregates is adapted from the literature.!2!
HYPAM4-DS100 was dissolved in a good solvent DMSO at a concentration of 0.5 wt%. Milli-
Q water was then added very slowly (~1ouL.min™) to 1.5 uL of the above solution with slight
shaking (final volume water content around 25%). The nature of the formed aggregates was

examined by transmission electron microscopy (TEM) with negative staining.
3. Synthesis of gold nanoparticles in mesophases

In situ synthesis of gold nanoparticles inside LC or isotropic HYPAM-DS phase was
performed as followed: 500 pL of a 102 mol.L* HAuCl, solution in methanol was slowly
evaporated in a mortar, after which 10 mg of the HYPAM-4-DS100 ionic complex were added
[molar ratio [Au]/[HYPAM] = 120]. The mortar was placed in a thermostated box at the
desired temperature and the two components were well crushed with the thermostated pestle
to obtain a homogeneous mixture. A flux of hydrogen was added during 60s to assure the

reduction of the gold salt (P(H.) = 1 bar). The formed nanoparticles were analyzed by TEM.

C. Characterization techniques

1. SEC

The average molecular weight of the polymers was determined by size exclusion

chromatography (SEC) analysis in carbonate buffer solution at pH 10 (Na2CO3 and NaHCO3
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0.1M) (flow rate 0.5 mL/min) on an apparatus equipped with a Waters refractive index
detector, a Waters column pack (Shodex OHpak SB-802HQ, SB-802.5HQ, SB-804HQ) and a
Minidawn Wyatt light scattering detector. The molecular weights were uncorrected from low
sensitivity of LS-SEC to lowermolecular weights28. The refractive index increments for
PAMAM dendrimers were measured in the same eluent at ambient temperature. The values
for the hyperbranched polyamides were assumed to be identical. Considering the fact that
these polymers have been observed to trap solvent molecules, even after prolonged drying
under vacuum, the accuracy for the molecular weight measurement is estimated to be around

20%.
2. Nuclear Magnetic Resonance

To determine the structural characteristics of the polymers, NMR experiments were
performed at 298K (or 308K in dmso-d6) on a Bruker AVANCE 500 MHz spectrometer
equipped with a 5 mm Z-gradient TCI cryogenic probe. The 90° pulse length was 9 ps, the
sweep width was 10kHz and the acquisition time was 3.5 s. The scan number was adjusted to
obtain a sufficient signal to noise ratio and the relaxation delay between transients was 3s.
For 1D 'H experiments, a 30° pulse was used. Attribution of the signals was made by COSY,
HSQC and HMBC experiments.

Selective 1D *H NOESY Experiments. The nuclear Overhauser effect (NOE) between
dipolar coupled *H nuclei is generally used in structural and conformational analysis of
molecules and molecular interactions because its intensity is determined by the internuclear
'H-'H distance (r) according to an r©® dependency and by the rotational correlation time
(z¢).[8] For a rigid spherical molecular complex with radius R and solvent viscosity n, 7. is
determined by the Stokes-Einstein relation: t¢c = 4mnR3/3ksT. Owing to this relation, the
NOE intensity signal of the ligand is dependent of its interaction with the macromolecules.
The regime of the NOE changes from a small to a large molecule is related to the frequency of
the spectrometer (@) and the mobility of the molecules (t.). For wt. = 1.1, zero intensity for
NOE effects; for wt. < 1.1, positive NOE signals; for wt. > 1.1, negative NOE signals. In the
case of ligand equilibrium between the nanoparticle surface (bound state) and the solution
(free state), the NMR Transferred NOESY experiment could give some insights into this
exchange rate. Indeed, for a given interaction time, the more the ligand is bound, the more
the signal will be intense. Thus, to understand the interaction between ligand and
nanoparticles, 1D 'H selective NOE NMR experiments were used. Selective excitation was
performed with double pulsed-field-gradient spin-echo scheme (DPFGSE) with a gaussian
pulse shape.[9] The NOE mixing time was 800 ms. Other parameters were similar to those of

1D 'H experiments.
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3. Fourier transform infrared (FTIR)

Spectra were recorded with a Nexus Thermonicolet spectrometer equipped with a
detector DTGS, in attenuated total reflection (ATR) mode with a diamant crystal in the
spectral region of 600-4000 cm™ with a resolution of 4 cm™. The physical mixtures were
prepared by simple homogenization of HYPAM and SDS as followed: 25 mL of an aqueous
solution of HYPAM (100 mg) was prepared. To this solution was added 7.95 mL, 7.15 mL,
6.36 mL, 3.98 mL of 0.078 molL* aqueous SDS affording the 1:1, 1:0.80, 1:0.5 ratios
respectively. The obtained solution was then freeze-dried and the spectra of the obtained
solids were recorded. Reflexion IR spectra were recorded in a Microscope IN10MX
Thermofisher equipped with a detector MCT and connected to a LINKAM TMS 600. Spectral

resolution of 8 cm was used and 16 scans were performed.
4. Differential Scanning Calorimetry (DSC)

The crystallizations (T, and T.) temperatures were determined by DSC using a Mettler
Toledo DSC 1 STARe System Thermal Analysis calorimeter equipped with a Gas Controller
GC200. Samples were sealed inside aluminum crucibles of 40 pL in volume. Transition
temperatures were taken at the top of the DSC peaks as the temperature increased at
different rates; 10, 5, 2 and 1 °C/min, and finally extrapolated to 0 °C/min. The variation of

enthalpy was measured as the temperature increased at a rate of 10 °C/min.
5. Polarized Optical Microscopy (POM)

Observation of LC textures was performed on a hot stage FP 82HT from Mettler
Toledo under a polarized light optical microscope BX50 from Olympus. POM observations
have been realized after heating samples in the isotropic state and slowly cooling to the aimed

temperature. No specific treatment of glass plate was realized.
6. Small Angle X-ray Scattering (SAXS)

SAXS on samples was measured with a Nonius Rotating Anode Instrument (4 kW, Cu
Ka) with pinhole collimation and MARCCD detector (pixel size 79) and a distance of 74.4 cm
between detector and sample, covering a range of the scattering vector q = 471A-1 sin(0) from
0.25 to 4.5 nm~ (20: scattering angle, A = 0.154 nm). The observed scattering patterns were
corrected for empty-beam scattering. The 2D diffraction patterns were transformed into a 1D

radial average of the scattering intensity using the Fit2D software.
7. Transmission electron microscopy

TEM was performed on a MET Hitachi HT7700 transmission electron microscope
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operating at 200 kV accelerating voltage. To prepare samples for analysis, the mixture of
nanoparticles and complex was dissolved in 1mL of DMSO. Samples for TEM were prepared
by slow evaporation of droplets of colloidal solution deposited on a carbon-coated 200 mesh
copper TEM grid (Ted Pella Inc.). The samples were then carefully dried overnight. The
nanoparticle size-distribution histograms were determined by using magnified TEM images.
The size distribution of the particles was determined by measuring a minimum of 200
particles of each sample. The size distributions observed were analyzed in terms of Gaussian

statistics (we (0)).

For polymeric aggregates in solution, samples for TEM were prepared by slow
evaporation of droplets of colloidal solution deposited on a carbon-coated 200 mesh copper
TEM grid (Ted Pella Inc.). The samples were then carefully air-dried, then negativelly

staining with uranyl acetate 2wt.% in H20. The grid was then carefully dried overnight.
8. Dynamic Light Scattering (DLS)

DLS measurements were carried out with a Malvern Instrument Nano-ZS equipped
with a He-Ne laser (A=633 nm) on 0.1 wt% polymer solution. The correlation function was
analyzed via the general purpose method (NNLS) to obtain the distribution of diffusion
coefficients (D) of the solutes. The apparent diameter was then determined using the Stokes-
Einstein equation. Mean diameter values were obtained from three different runs. Standard

deviations were evaluated from diameter distribution.
9. UV

Reflection UV measurements were conducted on an Ocean Optics system (DH 2000
FHS) equipped with Top Sensor Systems optical fibers (FCR-7UV200-2-1.5x100). Data were

analyzed with Spectra Win from Ocean Optics.
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IV. Chapter 5

A. Materials

Dendrigraft Polylysine of generation 2, 3 and 4 were provided by Colcom Company as
a part of a collaboration project. Diblock copolymers PEO-PAA and PAA-PNIPAM were
purchased from PolymerSource and used without further purification. Ultrapure water (p=18

MQ cm™) was obtained from Aquadem apparatus.
B. Synthesis

1. Synthesis of HYPAM
See experimental section of chapter 2.
2. PICs formation
/ 1mL —

5 mm/min

Syringe pump

il

-

Scheme IV.1. Illustration of PICs formation experiments

PICs formation was carried out by slowly adding a block copolymer solution to a
dendritic polymer solution using syringe pump. Both stock solutions were adjusted at neutral
pH (using HCl and NaOH aqueous solutions). NH3+/COO- molar ratio varied from 1/0 to 1/1.
Increasing volumes of block copolymer solution were added to a fixed volume of dendritic
solution following by adding an adapted amount of water to have a constant concentration of
dendritic polymers (0.1 wt.%) in the final mixture. Detailed experiments for the formation of
H4@PEO6-b-PAAG6.5 were reported in Table IV.1.
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Table IV.1. Establishment of NH3+ / COO- molar ration for PICs formation

NHs*/ COO-molar ration  V water [UL]  Viy 0% [UL] ~ Vpros-b-pase.s 0.1%) [UL]

1/0 540 300 o
1/0.1 486 300 54
1/0.2 432 300 108
1/0.3 378 300 162
1/0.4 324 300 216
1/0.5 270 300 270
1/0.6 216 300 324
1/0.7 162 300 378
1/0.8 108 300 432
1/0.9 54 300 486

1/1 1 300 539

3. Dilutions

Dilution experiments were carried out by simple adding of water to preformed PICs

solutions. Detailed experiments were reported in Table IV.2.

Table IV.2. Dilution experiments

Dilution ratio V water [LL] V H4@PEO6-b-PAAG.5 (0.1%) [LL]

2 100 100
3 133.3 66.6
4 150 50
5 160 40
6 166.6 33.3
7 171.4 28.6
8 175 25
9 177.8 22.2

10 180 20

4. Salt adding effect

In this experiment, 100uL of preformed PICs solution were diluted with an adapted
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amount of 1M NaCl solution following by adding a suitable amount of water to yield final
NaCl concentration ranging from 0.1 to 0.5M. Detailed experiments were reported in Table
IvV.3.

Table IV.3. Salt adding experiments

[NaCllsna[M]  V water [UL]  V Ha@PEO6-b-PAAG.5 (0.1%) [UL]  V Nactam) [UL]

0.1 80 100 20

0.2 60 100 40

0.3 40 100 60

0.4 20 100 8o

0.5 0 100 100
C. Characterization techniques

1. Characterization of HYPAM
See experimental section of chapter 2.
2. Characterization of PICs
a) Dynamic Light Scattering Measurements (DLS)

DLS measurements were carried out at different temperatures with a Malvern
Instrument Nano-ZS equipped with a He—Ne laser (A = 633 nm). The correlation function
was analyzed via the general purpose method (NNLS) to obtain the distribution of diffusion
coefficients (D) of the solutes, and then the apparent equivalent hydrodynamic diameter (Dy)
was determined using the Stokes—Einstein equation. Mean diameter values were obtained
from five different runs. Standard deviations were evaluated from hydrodynamic diameter

distribution.
b) Transmission electron microscopy (TEM)

A drop of the aqueous dispersion was placed on a formvar carbon-coated copper TEM
grid (Ted Pella Inc.) and left to dry under air. For samples needing negative staining, the
TEM grid was successively placed on a drop of the sample solution for 1min and on a drop of
an aqueous solution of uranyl acetate (2 wt %, 30 s), after which the grid was then air dried
before introduction into the electron microscope. To visualize mesoglobules, we heated

polymer solutions (45°C) for 1 h prior to the deposit. The previously described procedure for
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preparation of TEM grids was then employed; however, they were dried in an oven at 45°C.
The samples were viewed with a MET Hitachi HT7700 transmission electron microscope
operating at 80 kV accelerating voltage. Size-distribution histograms were determined by
using magnified TEM images. The size distribution of the particles was determined by
measuring a minimum of 200 particles of each sample, using WCIF Image J software. The

size distributions observed were analyzed in terms of Gaussian statistics (wce (0)).
3. Thermoresponsiveness characterization
a) Differential Scanning Calorimetry (DSC)

The thermal properties of the polymer were determined by DSC using a Mettler
Toledo DSC 1 STARe System Thermal Analysis calorimeter equipped with a Gas Controller
GC200. Solution samples were sealed in impermeable crucibles of 120 pL. Transition
temperatures were taken at the top of the DSC peaks as the temperature increased at
different rates; 10, 5, 2 and 1 °C/min, and finally extrapolated to 0 °C/min. The variation of

enthalpy was measured as the temperature increased at a rate of 10 °C/min.
b) Ultraviolet-visible (UV-VIS)

Transmittance of polymer aqueous solutions was recorded with a HP 8452A diode
array spectrophotometer with increasing temperature at different heating rates. The cloud
points were then calculated by the extrapolation to 0 °C min— of the cloud points obtained

from the inflexion point of each transmittance curve.
c) Nuclear Magnetic Resonance (NMR)

To determine the structural characteristics of the PICs, NMR experiments were
performed at 298K and 313K on a Bruker AVANCE 500 MHz spectrometer equipped with a 5
mm Z-gradient TCI cryogenic probe. The 90° pulse length was 9 ps, the sweep width was
10kHz and the acquisition time was 3.5 s. The scan number was adjusted to obtain a
sufficient signal to noise ratio and the relaxation delay between transients was 3s. For 1D 'H

experiments, a 30° pulse was used.

d) Diffusion coefficient measurement by NMR-DOSY
(Diffusion Ordered SpectroscopY)

The basic scheme for the characterization of diffusion is the pulse field gradient spin-
echo (PFGSE). The measurement was carried out by observing the attenuation of the NMR
signals during a delay surrounded by two pulsed field gradients. In practice, a series of NMR

diffusion spectra were acquired as a function of the gradient strength (g). The intensities of
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the resonances follow an exponential decay which depends on the self-diffusion coefficient
(D). Their relationship is given by the Stejskal-Tanner relation: I/Io = exp[y2g252(A- §/3)D]
where I is the measured signal intensity, 10 is the signal intensity for a g value of 0 G/cm, y is
the gyromagnetic ratio for the *H nucleus, § is the gradient pulse length, A is the time
between the two gradients in the pulse sequence. D values are function of temperature and
viscosity as indicated from the Stokes-Einstein equation: D = «T/6mnRn (where k =
Boltzmann constant, T temperature, n viscosity of the solution and Ry is the radius of the
solvated species). The Z pulsed field gradients were generated with a 10 A GRASP II/P
gradient amplifier. Thus, the z-maximum gradient strength (g) was 53.5 G/cm. Experiments
were performed by varying g and keeping all other timing parameters constant. Typically, the
A and the & durations were 100 ms and 1ms, respectively and g was varied from 2.675
(strength of 5%) to 50.825 (strength of 95%) G/cm by 3% steps. An NMR pulse sequence
with a stimulated echo bipolar gradient pulse pair and one spoil gradient was used (pulse
program named stebpgpis in the Bruker library). The data were analyzed by maximum-
entropy with the DOSY module of NMR notebook software (NMRtec). The DOSY processing
algorithm parameter was set to 3 and the data were processed with a diffusion window from

0,1 to 25000 um?2/s.
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Résumé en francais

Ces travaux de these portent sur la syntheése de copolymeres cceur-couronne de cceur hyper-
ramifié, '’étude de leur capacité a s’auto-organiser sans solvant et en solutions aqueuses, d’'une part
diluées et d’autre part, concentrées (gel). Ces différentes phases organisées sont ensuite mises a
profit soit pour stabiliser des nanoparticules (NP) d’or préformées, soit pour controler leur
syntheése in situ.

Les polymeres dendritiques ont une forme globulaire et possédent de nombreux groupes
fonctionnels sur la surface. Ces groupes fonctionnels peuvent étre modifiés de fagon covalente ou
non-covalente par des polymeéres, copolymeres, tensioactifs ... conduisant a des structures coeur-
couronne. Dans le cadre de ce travail, différents types de polymeres dendritiques ont été utilisés :
des hyperbranchés polyamidoamines (HYPAM), ou dendrimeres polyamidoamines (PAMAM) et
des dendrigrafts de lysine (DGL).

Sont décrites, tout d’abord, la synthése et la caractérisation de trois HYPAM de différentes
masses molaires (5200, 13000, 27000 g/mol), analogues aux dendrimeres PAMAM de trois
générations G3, G4 et G5. Sur ces cceurs sont greffés, par des liens covalents, des polymeres linéires
thermosensibles, PNIPAM, de différentes longueurs de chaines (2000g/mol, 5000g/mol et
7000g/mol). Pour une étude comparative, une molécule ayant trois branches (trisamine) est
également utilisée comme cceur. Ces polymeéres cceur-couronne obtenus ont un caractére
thermosensible dans I’eau qui peut étre modulé en fonction des structures et des concentrations.

En solution a 0,1% en masse, au dela de la température de transition, ils s’auto-organisent
pour former des objets de diameétre d’une centaine de nanometres. La relation entre I'architecture
macromoléculaire et ses propriétés thermosensibles a pu ainsi étre mise en évidence.

A 20% en masse, au-dela de la température de transition du PNIPAM, des phases gel sont
obtenues. L’effet de structure de cceur sur le caractere thermosensible, ’'aspect mécanique ainsi que
sur la structure des gels formés a été systématiquement étudié.

Dans une deuxiéme partie, les ceeurs HYPAM, DGL, PAMAM ont été modifiés par
interactions ioniques avec le tensioactif dodécyle sulfate de sodium (SDS). En fonction de la
structure du cceur, les complexes ioniques formés présentent éventuellement un caractere cristal-
liquide thermotrope, c’est-a-dire qu’ils s’auto-organisent sans solvant. Des phases lamellaires et
colonnaires ont aussi été identifiées pour les complexes HYPAM—sulfate de dodecyle. L’effet de
structure du coeur et la balance entre les parties hydrophobe/hydrophile sur le caractere cristal-
liquide a été systématiquement étudiés.

Dans une troisiéme partie, les coeurs HYPAM, DGL, PAMAM ont été fonctionnalisés par des
interactions ioniques multiples avec des copolymeéres poly(éthylene oxyde)-b-poly(acide
d’acrylique) (PEO-PAA) de différents longueurs de chalnes ainsi qu’avec des copolymeéres
thermosensibles PNIPAM-PAA. La taille et la stabilité, vis-a-vis d'une augmentation de la force
ionique ou sous l'effet de la dilution, des objets formés en solution aqueuse ont été évaluées. La
stabilité de ces agrégats appelés « Polyion Complexes» PICs ont été systématiquement étudiés vis-
a-vis d'un changement de composition soit du coeur DGLs, HYPAMs, PAMAMs, soit de la couronne
(PEO, PAA de différentes longueurs de chaines), d’'une addition de sels, ou de la dilution.

Ces derniéres années, de nombreux travaux ont porté sur de nouvelles méthodes
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permettant de controler la taille et la forme de matériaux nanostructurés. En particulier,
I'utilisation de systémes auto-assemblés comme « soft-template » pour générer des nanostructures
anisotropes et nanomatériaux hybrides ont re¢u beaucoup d’attention.

C’est pourquoi, les systemes auto-assemblés de copolymeres hyperbranchés coeur-couronne
(micelles, phases gels, cristaux liquides) ont été utilisés pour stabiliser ainsi que pour synthétiser in
situ des nanoparticules d’or. L'incorporation de ces nanoparticules dans différentes phases (gel,
cristal liquide, micelle), I'effet template de ces systémes sur la taille et la forme des nanoparticules
formées ainsi que les propriétés originales des nanohybrides (mécaniques, caractére mésomorphe,
stabilité..) ont été étudiés. La synthese de nanoparticules d’or dans les phases gels a permis
notament la formation d’hydrogels ou les nanoparticules agissent comme des points de
réticulation.

Ces systemes auto-organisés de copolymeres dendritiques coeur-couronne sont prometteurs
pour créer des nanomatériaux hybrides avec d’autres nanoparticules (Ag ...) et ouvrent ainsi des
applications dans I’électronique ou I'optique ou la biologie.
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English summary

This thesis is focused on the synthesis of hyperbranched core-shell copolymers and the
study of their self-organization in mass (liquid crystals), in diluted concentration (lyotropic phase)
or concentrated solution (gel). Then, these organized phases are utilized to stabilize gold
nanoparticles or control their in situ synthesis.

Dendritic polymers have a globular shape and possess numerous functional groups on their
surface. These functional groups may be covalently or non-covalently modified by polymers,
copolymers or surfactants leading to core-shell structures. As part of this work, different types of
dendritic polymers were used: polyamidoamine hyperbranched polymers (HYPAM) or
polyamidoamine dendrimers (PAMAM) and polylysine dendrigrafts (DGL).

Hyperbranched polyamidoamine (HYPAM) analogous to PAMAM dendrimer were
successfully synthesized by one-step reaction. Stoichiometric adjusting of the reagents led to
various polymer molecular weights which are equivalent to the ones of PAMAM dendrimer of
generations 2, 3 and 4. Like PAMAM dendrimers, HYPAMs possess plenty of primary amine
groups on the surface. Thank to these primary amine groups, the hyperbranched polymers were
covalently modified by poly(N-isopropylacrylamide) thermoresponsive polymers (PNIPAM) of
different chain lengths. For a comparative study, a molecule with three branches (trisamine) was
also used as a core.

These core-shell polymers contain PNIPAM shells and hence they are thermoresponsive in
water. At 0.1 weight % solution of polymer, beyond the transition temperature of PNIPAM, they
self-assemble to form objects with an average radius of a hundred nanometers. The effect of the
hyperbranched and branched cores on the thermoresponsive property was analyzed.

Above 20wt.% of polymers, beyond the transition temperature, the solution forms a gel
phase. The effect of the core structure on the thermoresponsive characters, mechanical properties
of the gels as well as on the structure of formed gels was systematically studied.

In the second part, HYPAM, DGL, PAMAM cores were also modified by ionic interactions
with the surfactant sodium dodecyl sulfate (SDS). Depending on the structure of the cores, ionic
complexes present thermotropic liquid crystal character, which means they can self-organize in
mesophases without solvent. Lamellar and columnar phases were identified for complex HYPAM
dodecyl sulfate. The effect of the core structures and the hydrophobic/hydrophilic composition
balance on the liquid crystal properties was systematically studied.

In a third part, HYPAM, DGL, PAMAM core were functionalized by multiple ionic
interactions with poly(ethylene oxide)-poly(acrylic acid) (PEO-PAA) block copolymers of different
chain lengths as well as with thermosensitive PNIPAM-PAA block copolymers to form dendritic
based polyioncomplex (PICs). These aggregates are sensitive to external stimuli such as: dilution,
pH, ionic strength, temperature ... Change in the composition of the cores (DGLs, HYPAMs,
PAMAMSs) or shells (PEO, PAA of different chain lengths, PNIPAM), addition of salts, or dilutions
effects on PICs stability are systematically studied.

In recent years, much effort has been made to develop new methods to control the size and
shape of nanostructured materials. In this context, the use of self-assembled polymer systems as
"soft-template" to generate anisotropic nanostructures and nanomaterial hybrid systems has
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received much attention.

As part of this work, self-assembled systems based on core-shell dendritic copolymers
(Iyotropic aggregates, phase gels, liquid crystals) were used to in situ synthesize gold nanoparticles
as well as to stabilize preformed gold NPs.

The objective was not only the synthesis and stabilization of Au NPs within host structures
but also to study the effect of Au NPs incorporation on the properties of the hybrid materials. This
was achieved using different strategies in situ approach or ex situ approach. In the in situ
approach, the reduction of Au to Au® takes place in the host structure while in the ex situ
approach preformed Au NPs were introduce in the host structures; the choice of which depended
on the desired properties of the final materials.

The self-assembled structures of core-shell polymers showed ability to act as soft-template
for the formation of AuNPs and also as stabilizers for preformed AuNPs. Conversely, this work has
also demonstrated that the presence of AuNPs affects the properties of the hybrids structures.

In diluted solution, in situ and ex situ approaches were successfully adopted to synthesize
thermoresponsive nanoparticles. Linear, branched and hyperbranched PNIPAM based polymers
modify the size of the in situ synthesized Au NPs. In ex situ approach, they showed the ability to
protect the preformed AuNPs against salt addition up to 1M at very low concentration of polymers
(down to 104 wt. %).

The synthesis of gold nanoparticles in the gel networks allowed the formation of hydrogel
hybrids where the nanoparticles act as crosslinking points and thus increase the mechanical
properties of the hydrogels. Inversely, the sizes of the Au NPs were governed by the structure of the
gels related to the linear branched or hyperbranched structure.

Homogeneous gold nanoparticles/liquid crystals hybrid was successfully synthesized where
the sizes of AuNPs were governed by the liquid crystal phases and the structure of the
hyperbranched core. Inversely, liquid crystal phases were disturbed by the presence of the Au NPs.

These self-organized dendritic core-shell copolymers systems are promising for the
elaboration hybrid nanomaterials with other nanoparticles (Ag ...) and thus open the way to
applications in electronics, optics or in the biological field.
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A.1. Liquid Crystal Optics: the principles

An incident ray passing through an isotropic medium follows Snell’s law of refraction. In
addition, the refractive index of the medium is independent of the direction of the incident beam.
However crystalline solids and liquid crystals are optically anisotropic and therefore their refractive
indices do depend on the polarization of the incident ray.

The majority of LC phases such as nematic and smectic-A LCs are optically positive
materials. This means that the refractive index parallel (n; ) to the optical axis is larger than the
perpendicular one (n,). Therefore An = n; - n, > 0. In contrast, LC phases such as most cholesteric
phases are said to be optically negative (An = n; - n; < 0). The case of an optically positive material
can be represented by an indicatrix, an ellipsoid with its long and short axes equal to the parallel
and perpendicular refractive indices, respectively (See Figure A.1. Left). The reverse is true for an
optically negative material, thus is represented by an ellipsoid with its long and short axes equal to
the perpendicular and parallel refractive indices.

optic axis
N // A
n. n.
Optically positive Optically negative

Figure A.1. Indicatrix for a uniaxial, optically positive material (left-hand side) and an optically
negative material (right-hand side).

Light incident on a liquid crystal is split into two components; the ordinary and
extraordinary rays (birefringence). The former is one that follows Snell’s law and the latter does
not. These two rays travel through the material at different velocities because they experience
different refractive indices, n, and n., therefore creating a phase difference 5, given by

Eqn.1

5= 2" d
= T (Ne- no)

where A is the wavelength and d is the distance travelled in the medium. The refractive indices n,
and neare related to n;and n, by

Eqn. 2
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No= nJ_
and
Eqn. 3

nlan.

e

\/n2, cos2é*n2, sinz¢

where ¢ is the angle between the optic axis and the direction of light propagation. When linearly
polarized light is incident on a liquid crystal it is elliptically polarized and can go through crossed
polarizers. The transmitted intensity is given by

Eqn. 4

I=I, sin2 2¢psin? >

where I, is the light intensity after the polarizer and ¢ is the angle between the analyzer and the
projection of the optic axis onto the sample plane. The first term is responsible for the changes in
intensity when turning a LC sample between crossed polarizers, while the second is responsible for
the variety of colours observed in LC textures.

Other LC phases such as the smectic-C involve a tilted organization of mesogens in the
structure. These do not have a rotational symmetry around the optic axis and are said to be biaxial
phases. In this case, three refractive indices are present and the optics become more complicated.
Biaxiality is not discussed herein since such phases will not be encountered throughout this
project.



A.2. Scattering techniques

Sources (A):

Scattering intensity I(q)

Scattered wave
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F(q) : form factor

S(q) : structure factor

Large structure Small structure
_—

Size of particle

Guinier’s law

\\ I(‘l) ~ €Xp ('qug2/3)

/ \

Form of particle
“v @~-q!(rod)
~-q% (plate)

Smallq Mediumq Large q

Figure A.2. I(q) ~ q for scattering techniques, q=2I1/d
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A.2.1. Small angle neutron scattering (SANS): Calculation of R,
The fit at small value of q by following Guinier’s law permit to calculate the R,
Regardless of particle shape, in conditions listed below:
a.q.Ry<1
b. Diluted solution, or no interaction between object
¢. Matrix or solvent scattering is removed
From Guinier’s law :
Eqns
I(q) = I(0)exp[-(q*R¢?)/3]
Eqn 6
Inl(q) = InI(0) - (R¢?)/3 @2

Tracing InI(q) in function of g2, the slope of the fitted line at small q value is equal to -(R¢2)/3, then
the value of R, can be induced.

q2 [A2]
0 0.005 0.01 0.015
_1.6 | | |
y=-23747x-1.6761
-1.8 - R2=0.9897
= 2 - Slope= -(R,%)/3
— Rg= 2.7 nm
= (™Y
—22 7] ..
....
i L X
24 oo e®0e .,
2.6

Figure A.3. Lnl(q) ~ q2of H4 at 0.1 wt% solution in D.O
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A2.2 SANS: Fractal model
Models for monodisperse spheres were used
DESCRIPTION

The scattering from fractal-like aggregates built from spherical building blocks was calculated
following the Teixeira reference.

A commercially available routine was used to calculate the number density, aggregation number,
and other parameters based on the volume fraction and polydisperse articles volume (weighted
using the 3 rd moment of the radius).

VARIABLES

Input variables (default values):

Point Parameters-fra Coef-fra
1 Volume fraction (scale) 0.05
2 Block radius (A) 5
3 Fractal dimension 2
4 Correlation length (A) 100
5 SLD block (A-2) 2 x 1070
6 SLD solvent (A-2) 6.5% 107°
7 bkgd (cmsr?) o)

USAGE NOTES

The returned value is scaled to units of [cmsr ]
The scattering intensity I(q) is calculated by:

I(@) = P(q) S(q) +bked

Where P(q) is the scattering from randomly distributed spherical “building block” particles, having
radius R, = w[1], volume fraction ® = w[0], scattering length density Ap = w[4] — w[5] and bkgd
stands for the residual background.

P(q)= ®V,Ap*F(qRy)*
Where V, = 4/3nR3and

3[ sin(x) -xcos(x)]
<3

F(x)=

The spherical building blocks aggregate to form fractal-like clusters. The clusters have a correlation
length € = w[3] corresponding to their overall size, and self-similarity dimension Df = w[2]. From
Teixeira reference, the interference from building blocks of fractal-like cluster can be calculated
from expression:
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sin [(Df — 1)tan™*(q )] Der(Dy — 1)

Sw=1+ @R [+ 1/

The macro “NumberDensity_ Fractal” calculates the number density of building blocks N, = ®/Vy,
and the mean number of blocks per cluster, aggregation number G = S(0) = r(D+1)(§/Ro)P, and the
Guinier radius of cluster, Rg2 = D(D+1)&2/2

WI[o] (scale) and (w[4]-w[5])? (contrast) are multiplicative factors in the model and are perfectly
correlated. Only one of these parameters should be left free during model fitting.

Reference: J. Teixeira, (1988) J. Appl. Cryst., vol. 21 p781-785

A.2.3 Calculation for SAXS
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For H4-DS100 compound:

g=2I1/d
At 20°C
=
<
2
»
j
©
E
| T T B
1 2 3 g[nm]
q- q-

20°C measured | hkb da2 calculated

0.77 10 8.06 0.78

1.05 11 5.93 1.06

1.47 02 4.33 1.45

1.8 21 3.51 1.79
2 calculated using d =2I1/ q
b hk=Miller indice
structure a 8.06
p2mg
b 8.67
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At 40°C

Intensity [A.U.]

40°C

structure

1 2 3 4 5
q_
measured | hk d
1.49 10 | 4.22
2.98 20 2.11
4.47 30 1.41
lamellar | a 4.22
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At 63°C
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materials
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The work presented in this manuscript describes the design and synthesis of core-shell
architectures based on dendritic polymers, as well as the different assemblage states of those
polymers (lyotropic phases, hydrogels, liquid crystals) and finally the incorporation of gold
nanoparticles inside such systems. Different types of cores were used in this project:
polyamidoamine hyperbranched polymers, polyamidoamine dendrimers and polylysine
dendrigrafts. These cores were functionalized either with thermoresponsive poly(N-
isopropylacrylamide) via an amide coupling, or with sodium dodecyl sulfate surfactant by ionic
interactions, or with ionic block copolymers also by ionic interactions. The core-shell polymers
organized into aggregates in aqueous solution, gels or liquid crystals depending on their
architectures and their environment. All the phases formed by these structures were used to in
situ synthesize gold nanoparticles as well as to stabilize preformed gold nanoparticles . The
changes in these phases induced by the incorporation of nanoparticles as well as the properties
of the hybrid systems (mechanical, liquid crystal character, stability ...) were presented.
Furthermore, the « soft-template » effect of these systems on the size of the in situ formed
nanoparticles was studied. The size of gold nanoparticles was governed by the nature of the

assembled phase related to the structure of the hyperbranched polymer.

Keywords : Hyperbranched polymer, hydrogel, liquid crystal, thermoresponsive,
gold nanoparticle, nanohybrid.

Laboratoire des Interactions Moléculaire et Réactivité Chimique et Photochimique, UMR5623,
Université Paul Sabatier, Bat 2R1, 118 route de Narbonne, 31062 Toulouse.



Hong Hanh NGUYEN

Structures coeur-couronne répondant a un stimulus a base de
polymeres dendritiques : applications a la synthese de matériaux
hybride

Directeurs de thése : Prof. Nancy LAUTH-de-VIGUERIE et Dr. Jean-Daniel MARTY
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Le travail présenté dans ce manuscrit décrit la conception et la synthése d'architectures cceur-
couronnes a base de polyméres dendritiques, ainsi que les différents états d'assemblage de ces
polymeres (phases lyotropes, hydrogels, cristaux liquides) et enfin l'incorporation de
nanoparticules d'or dans ces systemes. Différents types de cceurs ont été utilisés dans ce projet:
des polymeres hyper-ramifiés polyamidoamine, des dendriméres de polyamidoamine et des
dendrigrafts de polylysine. Ces coeurs ont été fonctionnalisés soit avec un polymére
thermosensible de type poly(N-isopropylacrylamide) via un couplage amide, soit avec un tensio-
actif comme le dodécyl sulfate de sodium ou avec des copolymeres présentant des séquences
ioniques, ces deux derniers cas via des interactions ioniques. Les polymeres cceur-couronne
s'organisent en phases organisées lyotropes ou thermotropes en fonction de leurs architectures
et de leur environnement. Les différentes phases formées par ces structures ont été utilisées pour
stabiliser des nanoparticules d'or préformées ou pour les synthétiser in situ. L'influence de la
présence de nanoparticules sur I'organisation du polymere et sur les propriétés des systéemes
hybrides (mécaniques, stabilisation ...) a été étudiée. En outre, I'influence de ces systemes sur la
croissance de nanoparticules formées in situ a été évaluée. La taille des nanoparticules d'or est
dictée par la nature de la phase organisée qui est elle-méme liée a la structure du polymére
hyper-ramifié.

Keywords : Polymere hyper-ramifié, hydrogel, cristal liquide, thermosensible,

nanoparticle d’or, nanohybride.
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