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Abstract

The formation of small metallic particles has been intensively investigated in the last
few decades because of the unique properties that they exhibit on the nanometer scale.
A handful of reliable and straightforward synthetic procedures are used routinely for
their manufacture. The most widely applied procedures are variations of the Turkevich—
Frens citrate reduction route that allow the manufacture of water—soluble, relatively
monodisperse particles in the c.a. 5 to 50 nm range, or the Brust—Shiffrin method
that leads, after reduction of a gold precursor in a two phases liquid/liquid system,
to the formation of hydrophobic nanoparticles in the c.a. 3 to 8 nm. However, the
controlled manufacture of well-defined water—soluble particles in the sub 5 nm scale
is still challenging, and most of the reported methods for their preparation involve
multip—step preparation or cumbersome size separation procedure, adding costly and
time consuming stages to the synthesis. Thus, a simple, robust protocol for the gram-
scale preparation of uniform colloidal gold below 5 nm is of broad practical value.

Herein, the synthesis of near monodisperse gold nanoparticles using series of water-
soluble polymeric ligands containing a thiol and/or a thioether is described. The size
of the so—formed particles can be adjusted between one and five nanometres by vary-
ing the polymer/gold ratio and the colloidal suspensions are stable in aqueous condi-
tions because of the nature of their polymeric protective monolayer. Those polymeric
structures have been optimized to control the growth of the particles, leading to an
unprecedented narrow size distribution. The near monodispersity of the particles, their
stability in aqueous conditions, and their one—pot synthesis all make this method an
attractive and versatile synthetic route.

Furthermore, in extending the size-range tunability of some of those polymer sta-
bilized gold nanoparticles to the sub 2 nm range, a transition between non—fluorescent
and fluorescent nanoparticles is observed. This photophysical property is clearly size—
dependant and fluorescence switching is detected for polymer-stabilized gold clusters
below 1.7 nm in size. Detailed characterization indicates that the most fluorescent
nanomaterial has a 3% quantum yield and is related to the presence of 1.1 nm gold
core and a 6.9 nm hydrodynamic radius gold clusters and is not due to a polymer effect,
nor to the formation of a gold(I) complex.
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Chapter 1

Introduction

1.1 “The world of neglected dimensions” !

HE GENESIS OF nanotechnology can be said to have started in 1959 with R.P.
T Feynman’s lecture “There’s plenty of room at the bottom” in which he described
the possibility of building new mechanical, electronic and biological systems that might
be created by manipulating materials at the atomic scale, and thus foresaw the begin-
ning of a trend that helped scientists develop the fields of electronics, communications,
genetics, biotechnology, materials design and much more through improving control of
matter at the nanoscale.! However, the first occurrence of the term “nanotechnology”
comes from N. Taniguchi who, in 1974. described a science that “consists of the pro-
cessing of, separation, consolidation, and deformation of materials by one atom or by
one molecule.??

Following Feynman’s lecture, an increasing growth of research in the manipulation
of matter at the nanometer scale has been observed, driven by the need of understand-
ing the fundamental of the science and its potential applications in a wide range of

4-6

applications, such as sensors,* % catalysis,”® solar cells,”1V fuel cells,!! photonics and

optoelectronics, ' medical diagnostics,*® cell labeling, 4”19 information storage,!” non-

18,19 computer architecture,?’ and environmental protection®!?? to name

linear optics,

but a few.
Nowadays, nanotechnology can be described not only as an area of science in itself,

but as various techniques and processes that have been developed for building structures

at the nanometer scale, and which can be used in various scientific areas, such as physics,

"Wolfgang Ostwald (1883 - 1943) , Die Welt der vernachlissigten Dimensionen, 1914
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Figure 1.1: Growth in the number of manufacturer—identified, nanotechnology—enabled
products listed on Project on Emerging Nanotechnologies Consumer Products Inven-
tory from 2005 to 2009 (in orange) showing products under possible Consumer Product
Safety Commission jurisdiction (blue). 2

chemistry, engineering or biosciences, thus allowing an exchange of knowledge in the
development of a broad interdisciplinary field. 2324

Over the last decades, the manufacture of various materials at the nanoscale (i.e.
carbon nanotubes, fullerenes, nanoparticles, nanorods, etc...)?> have been developed,
some of them being already industrially produced and commercially available. Fig-
ure 1.1 shows the evolution of the “nanomarket” growth, depicting the number of
“manufacturer—identified, nanotechnology—enabled products” inventoried by the official
US Consumer Product Safety Commission and the Project on Emerging Nanotechnolo-
gies. 29

Most applications reported in this inventory concern “first generation” of passive
nanomaterials such as titanium dioxide in sunscreen, cosmetics and some food products;
silver in food packaging, clothing, disinfectants and household appliances; zinc oxide
in sunscreens and cosmetics, surface coatings, paints and outdoor furniture varnishes;
and cerium oxide as a fuel catalyst.?%

Due to the increasing interest in this field and its ability to be applied to dif-
ferent research and industrial areas, Taniguchi’s definition was re-defined by the US

National Nanotechnology Initiative Committee which described nanotechnology as a

science which:?®
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e involves research and technology development at the Inm — 100nm range.
e creates and uses structures that have novel properties because of their small size.
e builds on the ability to control or manipulate at the atomic scale.

The novelty of nanoscale materials arises from the fact that with decreasing size, the
properties of materials change drastically from the bulk. The variations in the proper-
ties of nano—objects can be ascribed to two effects. The first is related to the number of
surface atoms that is larger in nanoscaled structures than in the bulk, leading to dra-
matic differences of the materials surface properties. The second effect can be ascribed
to the properties of the “inside” core of the structures that can exhibit quantum sized
effects and unique electronic structure.?”?® However the observed differences between
nanostructures and their bulk counterparts are not only a result of scaling factor, but

can result from different factors for different materials.?” 3!

1.2 The case of metallic and gold nanoparticles

Among all the materials that have been studied, particular attention has been focused
on the synthesis and the study of noble metal and gold nanoparticles.?’

Indeed, if gold, in its bulk state, is known to be one of the least reactive metal that
can be found into the periodic classification, small aggregates of gold atoms exhibit
interesting physical, optical and chemical properties due to the large amount of gold
surface area available.??

Gold nanoparticles or colloids are made of the aggregation of a few metallic gold
atoms (Au), the size of these aggregates ranging between a few hundreds to one
nanometer (or even below). Those aggregates, to be stable in solution, are gener-
ally surrounded by a protective layer which purpose is to avoid further aggregation
or coagulation between the particles. This layer, that can be a polymer, an organic
or biologic molecule, play an important role as a stabilizing agent. It also governs
some of the properties of the particles and of this layer depends the particles solubil-
ity, optical properties, and ability to integrate into larger nanostructures or connect to

biomolecules.
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Gold colloids have been widely studied due to their relative good stability at the
nanoscale (less noble metals tend to be easily oxidized), their electronic conduction
behavior, their optical properties and their unique surface chemistry that allows them
to be used on their own, or as building blocks in bigger self-assembled structures. 25:33°3°

Overall, a good understanding and control of the essential properties of gold nanopar-
ticles allows their use in number of potential applications to areas such as catalysis,

biosciences, materials chemistry, optics, etc. .. 2534

1.3 Historical background on colloidal gold

Nanosized structures, and particularly metallic nanoparticles are known to have been
used since at since the 4*" century B.C. for decorative purpose with the romans using
metal colloids to manufactur colored glasses and ceramics.?® An archetypical artifact
from this period is the Lycurgus cup that was made from soda lime glass containing
gold and silver particles.?”3® The cup has an optical dichroic effect that makes it appear
red colored in transmission and green colored in reflected light due to the presence of
the nanoparticles inside the glass (see Figure 1.2).%%4" The use of gold colloids for
decoration have probably first been described in the literature by the florentine glass
maker, herbalist and alchemist Antonio Neri in 1612, in his treatise L’Arte Vetraria
(the Art of Glass);#4% a glass colorant, named the “Purple of Cassius”, resulting from

7t century. 3

the coagulation of gold particles and tin dioxide, became popular in the 1

The so—called “soluble gold” was also known in ancient Egypt and China for its
curative purpose and was believed during the Middle Ages to be able to cure various
disease (venereal diseases, dysentery, epilepsy, etc. .. ). The therapeutical effects of gold
colloids were reported for the first time in “panacea aurea auro portabile” by Francisci
Antonii in 1618 in which he describes the formation of colloidal gold and its medical
use. 4445 Another report of the use of “drinkable gold” was described by Johann Kunck-
els in his book “Aurum Potabile oder Gold Tinstur” in which he mentions “drinkable
gold that contains metallic gold in a neutral, slightly pink solution that exert curative
properties for several diseases” and speculates on the structure of the gold compound

to be “gold [that] must be present in such a degree of comminution that it is not visible

to the human eye”.4*"47 A more complete review on colloidal gold was published in the
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Figure 1.2: The Lycurgus cup in transmission (right hand side) and reflected (left hand
side) light.

17%" century by Hans Heinrich Helcher, who notably commented on the need for gold
colloid to be stabilized using boiled starch (see Section 1.4).%3474% Finally, the first at-
tempted explanation of the gold sols color was achieved in 1818 by Jeremias Benjamin
Richters in “Uber die neueren Gegenstinde in der Chemie” (New chemical facts), where
he suggested that the observed pink or purple sols contains gold in a “finest degree of
subdivision”, in comparison to yellow solutions formed after particles aggregation. 4”49

However, more systematic study of the structure and the properties of colloidal gold
may be told to have started in the second part of the 19*" century with the research of
Michael Faraday and the study of aqueous colloidal solutions of gold particles and the
reported formation of deep red solutions of colloidal gold by reduction of an aqueous
solution of chloroaurate (AuCly ) using phosphorus in CSy and the description of par-
ticular interaction of light with metal particles depending on the state of polarization of
the gold matter (see Figure 1.3). This investigation marked the foundation of modern
colloid science.”

Nowadays, various methods for the preparation of gold colloids have been reported
and reviewed. 34:39:°1°53 I the past decades, the preparation of gold colloids of different
sizes, shapes and functionalities have been the subject of a considerably increased num-

ber of books and reviews.34:737°6 Some of the methods used routinely for the production

of gold particles are described in Section 1.5.
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Figure 1.3: Faraday’s colloidal gold dispersed on a glass slide.

1.4 Stability of colloidal dispersions

The chemical stability of the particles is crucial to avoid degradation processes such as
partial oxidation or undesired sintering of particles.

Indeed, small metal particles are unstable with respect to agglomeration to the bulk,
and one of the most crucial aspect of colloid chemistry that have to be considered is
the means by which such particle suspensions are stabilized in the medium in which
they are dispersed.34:3°

The behavior of small particles dispersion is mostly dependent of the Van der Waals
attraction forces due to the polarization of the metal cores, and the Brownian motion
(see Section 1.8.3).%° Van der Waals forces are weak and are only significant for short
inter—particles distances. However, since the Brownian motion ensure continuous collid-
ing of the particles in the media, the combination of those two forces leads to irreversible
aggregation and coagulation in the absence of repulsive forces to counteract these attrac-
tive forces. Such counteractions can be achieved by two means, that are an electrostatic
stabilization by creating a distribution of charged species in the system and/or a steric
stabilization which involves the adsorption of molecules or macromolecules onto the

particles surfaces.

1.4.1 Electrostatic stabilization

Electrostatic stabilization is based on the coulombic repulsions forces created between
the particles in solution when a double electrical layer is present at their surfaces. Gold
surfaces are generally hydrophylic, thus, anionic species (citrates, hydroxyls, chlorides,
etc...) are attracted to those surfaces. The so—called double layer is formed by those

anions and the corresponding counter ions in solution. (see Figure 1.4a).
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Figure 1.4: a) Electrostatic stabilization of colloidal gold and b) plot of the free energy
against inter—particle distance for electrostatic stabilization.

The structure and stability of a colloidal dispersion is successfully described, in the
case of a purely electrostatic stabilization, by the DLVO theory (Derjaguin, Landau
and Verwey, Overbeek). This theory rely on the fact that the stability of a particle
in solution is dependent on its total potential energy function Vr, with Vp being de-
scribed as a balance between the two antagonist contributions of V4 the Van der Waals
attractive forces and Vz the electrostatic repulsive forces.

The evolution of the total energy as a function of the inter—particles distance func-

tion is written as:

KD Ar
12D

Vi =Va — Vi = 2mege,rh.e” (1.1)

where € is the permitivity of the vacuum, €, is the permitivity of the medium in the
diffusion layer, ¢q the surface potential, x~! the double layer thickness, r the particle

radius and D the inter—particles distance.
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The plot of equation 1.1 presented in Figure 1.4b show that if two particles have a
sufficiently high repulsion, the dispersion will resist flocculation and the colloidal system
will be stable. However if a repulsion mechanism does not exist then flocculation or

coagulation will eventually take place.

1.4.2 Steric stabilization

Steric (or polymeric) stabilization deals with the coordination of long organic molecules
that can act as a protective layer on the gold surface. Metallic particles are thus
separated from each other because of those chains which are preventing aggregation.
The most commonly used species for steric stabilization all contains electronegative
end-functionalities (nitrogen, phosphorus or suphur containing molecules) **#* that can
adsorb onto the gold surface; such adsorption can be either due to weak physisorption
or chemical bonding between the metallic atoms and the stabilizing molecule.

When two particles, their surfaces covered by a suitable stabilizer, approach to each
other, the attached molecules or polymers interact with each other if the inter—particle
distance becomes less than twice the thickness of the polymeric layer, assuming that
the particles are dispersed in a good solvent (in which the stabilizer chains expand, see
Figure 1.5a).

If the stabilizer coverage is high enough, the two molecular or polymeric layers are
compressed, leading to a coiling up of the stabilizer and an increase of the overall free
energy. For low surface coverage under the same conditions, the two stabilizer layers
inter—penetrate each other so as to reduce the available space between polymer chains,
leading to a reduction of entropy AS and again, to an increase of the free energy
AG = AH — AS.

In order to overcome those effects, the system will tend to repulse two particles so
as the inter—particle distance is at least twice the thickness of the protective layer.

Furthermore, an osmotic effect takes place due to the high polymer concentration
within the volume between two particles.

The variation of energy as a function of inter—particles distance is presented in

Figure 1.5b).
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Figure 1.5: a) Steric stabilization of colloidal gold and b) plot of the free energy against
inter—particle distance for steric stabilization.

1.4.3 Electrosteric stabilization

Colloidal stabilization can also be achieved by a combination of those two effects when

a relatively long molecule or polymer that can bear charges is used as a stabilizer. This

kind of electrosteric stabilization has been reported using long—chains alcohols,””:%%

59,60 61,62

surfactants or organometalic species.

1.5 Synthetic methods

There are many well-defined synthetic ways that are routinely used for the production
of gold nanoparticles. Those methods can be classified in two series. The first series
is the so—called top—down approach, that involves the sub—division of bulk material

into smaller structures. This is generally achieved by physical processes, such as laser

ablation %64 or gas deposition® for instance. However, those processes generally lead

to the formation of relatively large, and non uniform particles, which is an important

drawback for various applications.%°
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The second method, namely the “bottom—up” approach, deals with the controlled
aggregation of atoms (or sometimes molecules) and the formation of smaller structures,
with well-defined shapes and, in general, a relatively narrow size distribution (compared
to the top-down approach).®” The bottom—up approach is thus an interesting way
for the reproducible manufacturing of well defined particles in the nanometer or sub—
nanometer scale. It can be achieved by means of various chemical processes, such as

thermal, sonochemical or photochemical decomposition of a gold precursor,®:28:68°70

71-73 74,75

electrochemical reduction, metal vapor synthesis, or by chemical reduction of
a metal salt. "™

Because it’s probably the easiest and most straightforward way of chemically pro-
ducing gold particles, the chemical reduction of a gold salt in the presence of a suitable
stabilizing agent has been widely employed and is the most popular method for pro-
ducing gold nanoparticles. Different variations of this procedure have been developed,
but all of them are based on the same principle, that is the reduction of a gold salt
(containing in general gold atoms with an oxidation state of +I or +III) to a zero—
valent gold atom during the primary stage of the formation of gold particles, or their
nucleation.®” These metallic gold atoms are drawn to each other in solution due to the
Van der Waals attraction forces, and collide to form small aggregates of metallic gold,
or seeds. The size of those seeds is dependent on the redox potential of the gold and
the reducer that is been used, a stronger reducing agent leading to smaller seeds. "

Many reducing agents have been used, but the most common ones are hydrides /
borohydrides of alkali metals (such as NaBhy for instance). Those reducers have been
extensively used for the synthesis of gold particles in aqueous conditions, or in a two—
phases system. Their alkyl analogues have also been employed for the synthesis in an
organic media.”®®! Hy and CO have also been used as gaseous reducing agents with
various metal salts.®?®3 It has also been shown that some common solvents, such as
alcohols, THF and DMF have the ability to reduce metallic salts.®! Sodium citrate "
and hydrazine®*®® have also been used (see Sections 1.5.1 and 1.5.2).

The two methods which are currently predominantly used are the gold precursor

reduction by citrates and the two—phase liquid-liquid system.

10
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1.5.1 The Turkevich—Frens method

This synthesis have been discovered by Turkevich et al. in 1951°! and further devel-
oped by Frens in 1973.°% It is used to produce modestly monodisperse spherical gold
nanoparticles suspended in water, their sizes ranging between 10 to 50 nm in diameter.
Larger particles can be produced, but this comes at the cost of size dispersion and
shape.??

This synthesis relies on the reduction of HAuCly by trisodium citrate in water. The
so—formed particles are stabilized electrostatically, the citrate molecules acting as both
reducing agents and stabilizers.%%%7 This method is very often used even now when
a rather loose shell of ligands is required around the gold core in order to prepare a

precursor to “valuable” gold nanoparticles materials.

1.5.2 The Brust—Schiffrin method

After Schmid et al. first reported the formation of stable Auss(PPhg)12Clg clusters
with a narrow size dispersion (1.4 £+ 0.4 nm) for the study of a quantum-dot nano-
material in 1981, the synthesis of sub 5 nm gold particles remained unexplored for
some years. However, after Giersig et al. described the stabilization of gold parti-
cles using alkanethiols of different chain lengths in 1993,,%” Brust et al. published in
1994 the synthesis of thermally stable and air-stable gold particles of relatively narrow
size dispersion and controlled size (ranging in diameter between 1.5 and 5.2 nm) for
the first time. The technique of synthesis, inspired by Faraday’s two-phase system®’
uses thiol-containing ligands that strongly bind to gold due to the soft character of
both gold and sulphur. This synthesis consists on the transfer of AuCl, species from
an aqueous phase to toluene by means of tetraoctylammonium bromide (TOAB) as
a phase—transfer reagent, and the subsequent reduction of the gold by NaBH, in the
presence of dodecanethiol (or thiol containing organic molecules).”®®! Murray et al.
have extended the solubility possibilities of these materials by using place—exchange
reactions of one thiol for another. %1

This synthetic method is now days routinely used for the preparation of small and

stable metal particles dispersed in organic solvents.

11
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1.5.3 Other methods

The two phase liquid-liquid method of synthesis has been extended to many other
organo-soluble ligands, such as phosphines (PPhg, tri-n—octylphosphine),®%? that
prove to be a valuable alternative to thiols. Also, microemulsions involving the presence
of amphiphiles as surfactants or block copolymers, in the presence or in the absence
of thiol ligands, have been effectively used to obtain stable water— or oil-soluble parti-
cles.””%0 The syntheses involve a two—phase system with a surfactant that causes the
formation of the microemulsion or the micelle maintaining a favorable microenviron-
ment, together with the extraction of metal ions from the aqueous phase to the organic
phase. This dual role of the surfactant and the interaction between the thiol and the
AuNP surface control the growth and stabilization of the AuNP or nanocrystal, yielding

a relatively narrow size distribution. 395

1.6 Nucleation, growth, size control and surface proper-
ties

The synthesis of gold nanoparricles involves three stages, that are a primary nucleation
step that describes the aggregation of a few gold atoms due to the van der Waals
attractive forces, a growth step, and a termination step driven by the adsorption of the
capping agent. 34,79,96

The nucleation and growth process are governed by two competing factors, that
are bonding effects and electronic in origin (due to the filling of electronic or atomic
shells) and the packing of gold atoms that is steric in nature.””%® These processes are
kinetically and/or thermodynamically controlled and hence, sensitive to experimental
conditions (concentrations of reactants, temperature, solvent, etc ...)

The nucleation process describes the formation of simple polyhedral structures of
low nuclearity, such as tetrahedrons or icosahedrons. Those primary clusters can be
considered as building blocks for the growth mechanism and the formation of secondary
clusters. The formation of those secondary clusters happens either by layer—by—layer
addition of gold atoms onto the primary clusters, or by shell-by—shell growth, i.e.
by condensation of primary clusters.?””® The growth process is terminated by the

adsorption of the stabilizing molecule onto the so—formed gold surface.

12
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Figure 1.6: Density of states for metal clusters. The density of states is discrete at the
band edges.

Hence, whatever the synthetic method that is used for the production of particles,
the size of the so—formed particles depends on the relative concentration of stabilizing
agent and their distribution in size tend to follow a Gaussian distribution, the dispersion
in size being greatly dependent on the method used, and on the three stages described

above.?0

1.7 Physical and chemical properties

Optical and electronic properties of materials are strongly dependent of their electronic
energy levels and density of states (DOS). For materials with their dimensions in the
nanometer scale, those parameters vary as a function of their size, inducing dramatic

changes in their behaviors compared with those of the bulk state.

1.7.1 Electronic properties and quantum size effect

The electronic structure of a small gold (or metal) cluster vary from the bulk and is
dependent on the size of the considered cluster. In the case of particles or clusters small
enough (typically below 2 nm),” 1" the energy levels are discontinuous, by opposition
to the bulk. The small size of the cluster leads to a confinement of the electron wave
function, and the apparition of discrete energy states. The electronic energy between

successive quantum levels ¢ is given by:

13
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Figure 1.7: Variation of the nonmetallic band gap with nanocrystal volume for gold
nanocrystals deposited on a graphite surface estimated by scanning tunneling spec-
troscopy. 12

4FEF
0= ——
3n

(1.2)
where Er is the Fermi energy level and n the total number of valence electrons.
This particularity have a strong influence on the particles conductivity properties,

making it behave as an insulator for § < kT or as a conductor for 6 > kT (with

k = 1.3810723J.K ! the Boltzmann constant and T the temperature in kelvin).1%* The

apparition of discrete energy states also have a strong effect on the magnetic properties

of the particles. %

The electronic structure of metal particles of various sizes was studied by X-ray
photoelectron spectroscopy and it has been observed that the binding energy (BE) of
the metal clusters tend to increase when their size is decreased, such effect thought to
be due to poor screening of the core hole created by the x—ray absorption and being a
indication of the transition from metallic to non—metallic properties of the considered
particles (see Section 1.8.6 and Sections 4.4.2.3 and 4.4.1 in Chapter 4).104-1V7

Information on the electronic gap of gold nanocrystals were obtained by STM study
by Vinod et al. on gold crystals of varying size, and it has been shown that the transition
between metallic to non—metallic particles occurs for sizes of approximately 1 nm (see

Figure 1.7 and Chapter 4 Section 4.4.2.1).192

14
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Figure 1.8: Interactions between a metallic sphere and an external electromagnetic

field.

1.7.2 Optical response of a gold particle and surface plasmon reso-
nance

The interactions between an electromagnetic field F and a small metallic sphere of

dielectric constant €, in an homogeneous media of dielectric constant ,, have been

described by the Mie theory.

The external electromagnetic field creates a force onto the electronic layer at the
surface of the particle, polarizing this electronic shell and creating negative charges on
one side of the particle (and thus, a positive charge on the other side) as described
in Figure 1.8. A force Eg, is thus created to depolarize this anisotropic charge den-
sity. The two antagonist forces E and Ey., leads to an oscillation of the electronic

103 When the wavelength of this “electronic

shell around the particle (see Figure 1.9).
oscillation” is resonant with the applied electronic field, this one is then absorbed and
this absorbance can be detected by spectroscopic methods. Such resonance is known
as surface plasmon resonance (SPR, see Section 1.8.1).

The resonance wavelength is dependent on many parameters, that are the nature
of the metallic sphere, the dielectric constant of the media, the size and shape of the

particles. 198110 The surface resonance plasmon of gold particles of various sizes is

presented in Figure 4.7.

15
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Figure 1.9: Representation of the surface resonance plasmon. The gray ares corresponds
to the electronic layer surrounding the particle.

1.8 Analytical methods

Since the physical and chemical properties of nanostructures are mainly governed by
their composition, structure, size, shape and surface properties, their accurate charac-
terization is crucial for assessing those parameters and understanding their effect on the
intrinsic properties of the materials. Thus, series of analytic tools have been developed
for this purpose. Electron microscopes, ! atomic force microscopy (AFM),112 scan-
ning probe microscopy (STM),!1? for example, can be used for structural analysis of
nanomaterials. Spectroscopic techniques, such as UV visible absorption spectroscopy
or Raman spectroscopy can also be used to reach information on the optical proper-
ties of the materials. 14 116 The various techniques used to characterize the structures

mentioned in this manuscript are described below.

1.8.1 UV-visible spectroscopy

UV-visible absorption spectroscopy is widely used for the characterization of gold (or
metallic) nanoparticles because they exhibit distinct colors (see Figure 1.10a) This is
due to the absorption of the light by the oscillation of the particle’s electronic layer
(see Section 1.7.2) The resonance plasmon band (and thus, the color of the colloidal

28,117

suspensions) is characteristic of the particles nature, size, shape or assembly, on

16
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Figure 1.10: Typical UV—visible absorption spectra of aqueous suspensions of gold
nanoparticles of 3nm (orange line), 9 nm (green line), 22 nm (blue line), 48 nm (red
line) and 99 nm (black line)in diameter.

the refractive index of the surrounding medium''® and on the nature of their protective
layer. 119120 The plasmon band intensity and broadness is dependent on the colloidal
suspension concentration (and extinction coefficient) and its size dispersion respec-
tively. 119120 The resonance plasmon of gold particles of increasing size is presented in
Figure 1.10b. 7

Particles smaller than three nanometer in diameter does not show any plasmon
band (Figure 1.10b, orange line). This difference in the UV—visible absorption profile
stems from the discrete electronic energy levels that arise for small clusters (see Section

1.7.1).121
1.8.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful imaging technique used to
determine the shape and size of materials at the nanometer scale. Electron micro-
scopes use in essence the same working principle than light microscopes, both tech-
niques relying on the focusing an electron or a light beam through magnetic or optical

lenses respectively.!!! The resolution 7 for both types of microscopes is defined by
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r=0.61 x X\ x pu(a) where A is the wavelength of the incident beam, p is the refractive
index of the medium and « is the semi-angle of the microscope aperture. !22:123

Since the wavelength of electrons is about ten thousand times smaller than the pho-
tons wavelength, the resolution of an electronic microscope is thus (in theory) about
the same order higher than an optical microscope resolution, allowing imaging of nano—
objects in the nanometer scale (however, TEM resolutions are limited by lenses aber-
ration). %2

In conventional TEM, a thin specimen is irradiated with an accelerated electron
beam of uniform current density. Electrons are emitted from the electron gun and illu-
minate specimen through a two or three stage condenser lens system. The transmitted
electron beam is magnified with a three or four stage lens system. TEM collects its
data from electrons that are transmitted (or diffracted) through the sample. Materials
for TEM must be thin enough (ly 10 to 100 nm) to transmit sufficient electrons such

that sufficient intensity falls on the screen or photographic film to give an interpretable

image in a reasonable time. %3

1.8.3 Dynamic light scattering

Dynamic light scattering (DLS) is a fast and straightforward method to measuring the
size of colloids in suspension. It involves the measuring of the radiations scattered at
an angle 6 = 90° originating from the passing of a laser beam through a dilute sample
of colloidal suspension. Since the particles in suspension are in constant movement, due
to molecules of solvent hitting them and creating the stochastic motion, or Brownian
motion, and since their movement becomes faster with their size decreasing , the inci-
dent light at a wavelength X is scattered after crossing the sample, with the scattered
light having a time—dependent wavelength equal to A + A\; the signal detected is an
interferogram, due to the random motion of the particles in solution. Analysis of those
interferences A\ yields to the diffusion coefficient of the suspensions, which in turn can
be related to the particles hydrodynamic radii. 124:12°

One advantage of DLS over other size characterization methods such as TEM and

SEM is this technique can study large samples of particle in solution. Consequently, in

combination with TEM results, more complete information on the particle sizes can be
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provided (see Chapter 3 Section 3.4.2).

1.8.4 Mass spectrometry

Mass spectrometry is seen as a useful tool for the characterization of gold clusters or
their protective layer, and conventional laser desorption and electron impact mass spec-
trometry have been used for the characterization of cluster—like compounds. However,
those techniques are severely limited due to the need of thermal stability and volatility
of the analyte.

Atom bombardment mass spectrometry have been successfully applied on gold clus-
ters. 20:127 In these techniques, the gold clusters and ligand shell are fragmented by a
beam of rare gas atoms, the fragments been eventually discriminated and detected ac-
cording to their ”* values. The so-acquired spectra show multiple peaks corresponding
to various isotopic combinations of gold, stabilizer and gold/stabilizer molecular for-
mula. However, the fragmentation of the gold core do not allow the determination of
its overall mass.

The successful way for assessing the mass and size of gold clusters and/or their
protective layer rely on the soft ionization of those compounds. Matrix—assisted laser
desorption/ionization mass spectrometry (MALDI MS) allow this type of ionization by
using a suitable matrix and avoiding degradation of the analyte within the ionization
chamber. Previous studies show that the major ionization effect is the loss of Au /
Au-S moieties from the main fragment ion, thus leaving the metallic core intact for its
mass analysis. 12812 MALDI-MS is used for the structural analysis of a pMAA-PTMP
polymer structure in Chapter 2 Section 2.3.5 and in Chapter 3 Section 3.3.1.5 for the
analysis of pMAA-PTMP stabilized small clusters.

1.8.5 Fluorescence spectroscopy

Quantum dots (semi—conductor particles, or small metallic clusters) can undergo radia-
tive desexcitation upon illumination, depending on their size, structure, or the nature
of their protective layer.3%:131 Thus, fluorescence spectroscopy can be used for quali-
tative measurements of the average number of absorbed photons ( excitation spectra)
or re—emitted photons (emission spectra). It also allows the determination of the emis-

sions and excitations wavelength, that can in turn be used to determine the energies
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Figure 1.11: Schematic of photo—ionization during X-ray photoelectron spectroscopy

of the excitation/desexcitation processes, and thus help to determine the origin of the

luminescence.

1.8.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy consists in the blasting of a solid sample with X-ray
photons, their energy being high enough to ionize the sample atoms and liberate a core
electron in the vacuum.

The energy of the incoming X-ray beam is gradually increased; when it reaches
a energy level high enough to ionize an core electron of an atom within the sample,
the photo—ionization of the considered element occurs, due to the absorption of the
X-ray photon and the excitation of this specific core electron. This photoelectron is
thus released and can travel thought the surface to the vacuum, and hit a detector (see
Figure 1.11).132

The x—ray photon energy needed to release an electron is characteristic of the elec-
tron binding energy (BE), and thus, of the considered element chemical nature and
oxidation state.

X-ray photoelectron spectroscopy is a useful technique to investigate the overall
charge state of metal clusters or particles and reach information on the clusters elec-
tronic structure since the binding energy shifts are sensitive to the local chemical envi-

ronment, of the considered atom (see Chapter 4 Section 4.4.1).
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1.8.7 Extended X-ray absorption fine structure

Extended X-ray absorption spectroscopy (XAS) is used to determine the radial proper-
ties of an element within the sample. A typical extended X—ray absorption fine structure
(EXAFS) experiment consists in blasting a sample with a monochromatic X-ray beam,
increasing gradually the photons energy. If the photon energy is below the absorption
edge of the elements present in the sample, it cannot excite the core electrons of this el-
ement. However, when the photon reaches energy values high enough to interact with a
core electron, a large absorption occurs, known as absorption edge. Like in XPS exper-
iments, this absorption leads to the formation of an hole in the core electronic structure
of the absorbing element, and the emission of a photoelectron which energy is equal to
the difference between the energy of the adsorbed photon and the binding energy of
the initial core state. These ejected photoelectrons have a relatively low kinetic energy
and interacts with other atoms surrounding the emitting elements, leading to a further
scattering events; this photoelectron can eventually be backscattered, depending on its
energy, 133134

The backscattered electron waves interfere with the forward—propagating waves, and
the resulting interference pattern shows up as a modulation of the measured absorption
coefficient, thereby causing the oscillation in the EXAFS spectra (see Figure 1.12).

The wavelength of the considered photoelectron is dependent on the energy and
phase of the backscattered wave that is present around the absorbing atom. This
wavelength varies as a function of the energy of the incoming photon, and the phase
and amplitude of the backscattered wave are dependent on the type of atom doing
the backscattering and the distance of the backscattering atom from the absorbing
atom. 1%>:136 Thus, from the evolution of the scattering wave, information on the chem-
ical coordination environment (oxidation state, inter—atom distance) of the absorbing

atom can be deduced. 1377139

1.9 Using polymeric stabilizers

Amongst all the various methods for the formation and stabilization of gold nanoparti-
cles that have been studied, polymer embedded gold particles have received a particular

attention due to their physical and chemical characteristics, and their potential use in
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Figure 1.12: Schematic representation of the interactions between the emitted (blue)
and two backscattered (red and green) photo—electron waves during EXAFS experiment
and the creation of interferences (c¢) due to the backscattered electronic waves.

various applications. 140142

Indeed, gold—polymer composites are potentially useful as light color filters, 4% po-

144,145 146

larizers, ultra-low refractive index materials, 4 nonlinear optical devices,*7 or
optical sensors. 148

However, synthetic routes for the production of core—shell composite metal nanopar-
ticles with a polymer layer that may be physically or chemically bound to a metal core
are still limited and the synthesis of monodisperse thiol-derivatized polymer embedded
particles with controlled size and size distribution remains challenging.

Most of the "in situ” reported methods for the synthesis of polymer embedded gold
particles are variations of the Brust-Schiffrin method (see Section 1.5.2) ™% which
lead to the formation of particles exhibiting a moderate size dispersion and can be
applied to a limited number of alkanes or arenes compounds due to ligands solubility
issues.”” Furthermore, the particles size can only be slightly varied through varying
the gold precursor concentration relatively to the stabilizing agent. Since gold particles
properties are size dependent, the ability to fine—tune their dimensions is of critical im-
portance. ”:9%:140 For example, Carotenuto et al. have reported the mixing of polyvinyl

pyrolidone (PVP) and ethyleneglycol with small quantities of concentrated solutions of

HAuCl,. 1491%0 Such preparation leads to an Au-PVP composite that can then used
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for the thiol-drerivatized gold preparation. Corbierre et al. also reported the synthesis
of polystyrene—functionalized gold nanoparticles (PS—Au) by the covalent attachment
of a thiol-terminated polystyrene prepared by anionic polymerization.!®® The use of
few other polymeric structures have also been reported, such as polyethylene oxyde
polypropylene oxide (star shape polymer structure, '? or thiol end—functionalized poly-

153.154) " or poly(N-isopropylacrylamide). ' However, those methods only allow a

mer
poor control on the size and size dispersion of the so—formed particles.

“Grafting from” approaches, i.e. the growth of a polymer chain from the gold
surface carrying suitable polymerization—initiating species, have also been studied.
Monomers have been polymerized from the particle surfaces via various polymerization
processes. Oxazolines have been successfully polymerized at the surface of gold particles
by cationic polymerization.!®® Polymethacrylic acid was also polymerized in a similar
manner. °” Low et al. reported the polymerization of various block co—polymers on
gold surfaces by radical addition fragmentation (RAFT) polymerization has also been
reported.'”® Atom transfer radical polymerization (ATRP) have also been used. '™

However, those methods remains relatively expensive, time consuming, and are

greatly dependent on the nanoparticles stability in the experimental polymerization

conditions.

1.10 Thesis outline

The work presented hereby reports the synthesis of series of linear water—soluble poly-
mer ligands, and the use of these ligands for the stabilization of gold nanoparticles in
the aim to achieve good size control over the particles, and improved size dispersion.
Chapter 2 reports the synthesis and characterization of series of polymers prepared
via chain—transfer polymerization, each series focusing on the variation of a specific
parameter of the polymeric structure. The studied parameters comprise the nature of
the polymer backbone (Section 2.3.1), the length and average molecular weight (M,,)
of the polymer chains (Section 2.3.2), the hydrophobicity of the polymers functional
end—groups (Section 2.3.3) and the use of multi—functional end—groups (Section 2.3.4).
The following Chapter (Chapter 3) treats of the formation and characterization of

gold nanoparticles using the polymeric structures described in Chapter 2 as steric or

23



Chapter 1. Introduction.

electrosteric stabilizers. Particles of different sizes are prepared by varying the relative
concentrations of polymer to gold precursor, and are analyzed using a combination of
techniques (i.e. UV—visible absorption spectroscopy, transmission electron microscopy,
dynamic light scattering, and in one case, matrix assisted laser desorption/ionization
mass spectrometry) to assess their size and dispersion in size.

Finally, Chapter 4 reports the formation of polymer coated gold nanoparticles ex-
hibiting a strong size-dependent fluorescence for particles diameter between 1.1 and 1.7
nanometers. Particular attention have been given to control experiments and analysis
of these materials to ensure the observed fluorescence originates from the gold particles
and not from any byproduct, unreacted polymer or oligomeric polymer/gold species.
Those particles exhibit a quantum efficiency of 3% and undergo photobleaching upon

laser excitation. The possible origins of this luminescence are discussed in Section 4.4.2.
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Chapter 2

Design of Polymeric Stabilizers
for Water—Soluble Gold
Nanoparticles

2.1 Introduction

UNCTIONALIZED METAL nanoparticles are of great interest in terms of their poten-
F tial applications in biomedical, electronic or optical materials.!™® The formation
of such materials has thus been of considerable interest since the first synthetic break-
throughs.%?

Among the many new techniques used to produce gold particles, particular atten-
tion has been focused on metal nanoparticles stabilized by polymers in solution, or
embedded in polymer matrices.® Interest in such systems is mainly due to the possi-
bility of nanoparticles self-assembly driven by the intrinsic organizational properties of
the polymeric stabilizers.”

Thus, several synthetic procedures for the synthesis of polymer—gold nanoparticles
composites can be found in the literature. Those procedures can be classified into
two main groups; the first synthetic route involves in the functionalization of the pre—
formed particles by a polymer precursor, and the subsequent growth of polymer chains
onto the gold surface.!” For example, thiol-terminated polystyrene and poly(ethylene
oxide)—poly(propylene oxide)-stabilized gold nanoparticles have been synthesized by

grafting to approaches.%!! However, these techniques involve multiple steps prepara-

Part of the synthetic and analytical data presented in this Chapter have been carried out by Dr.
B. Tan; his valuable contribution is hereby acknowledged.
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tions, making them time—consuming and not cost—effective. Furthermore, the limited
number of polymer initiators that can be adsorbed onto the gold surface and the reaction
conditions required for the subsequent growth of the polymeric chains are a limitation
to the polymer structures that can be formed and may jeopardize the stability of the
colloidal suspensions.

The second set of techniques consists on the in—situ preparation of gold particles
stabilized within a polymeric matrix. These methods rely on the reduction of a gold
precursor in the presence of a suitable polymer structure.'? '* A number of research
groups have investigated water-soluble polymers as stabilizing ligands for gold nanopar-
ticles, particularly with the aim of achieving size-controlled nanoparticle synthesis.
For example, poly(ethylene oxide)—poly(propylene oxide)-stabilized gold nanoparticles
were prepared but were found to be quite polydisperse.'® Star-shaped poly(ethylene
oxide)-block-poly(caprolactone) ligands have also been developed.'® These ligands led
to rather better control over particle size distributions but did not achieve monodisperse
samples. Thiol-terminated poly(ethylene oxide)—poly(propylene oxide) monomethyl
ether (MeO-PEG-SH) stabilized gold nanoparticles'”!'® and poly(N-isopropylacrylamide)—
monolayer—protected gold clusters'” have been produced, and the MeO-PEG-SH route
in particular can lead to well-defined (although not monodisperse) particles in wa-
ter, 17.18

More sophisticated structures have also been prepared. For example, poly(amido
amine) dendritic polymer ligands?" has not necessarily led to a greater degree of control
over particle size and particle size distribution.

However, despite the potential uses of polymer embedded gold nanoparticles struc-
tures, only a few examples of polymer stabilized nanoparticles using linear polymer
with a single anchor point as stabilizers can be found in the literature, and there is,
in general, an incomplete understanding of the relationship between the structure and
functional properties of linear polymeric ligands and their effect onto the gold particles
growth and stabilization.

The chain transfer polymerization process allow the preparation of linear polymeric
chains end—functionalized with a thioether containing end—group that can adsorb onto

the gold surface (see Figure 2.1). This polymerization can be readily applied to a wide
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Figure 2.1: Scheme representing the gold particle polymeric capping agent synthesis by
chain transfer polymerization.

range of monomeric species. Hence, it seems to be an interesting synthetic process for
the systematic preparation of linear polymeric stabilizer for gold nanoparticles.

In this Chapter, a methodology for the preparation by chain transfer polymerization
of series of water-soluble polymeric ligands containing a thiol and/or a thioether end—
group is described. The ability of those polymeric ligands to stabilize gold particles is

reviewed in Chapter 3.

2.2 Experimental

2.2.1 Materials

All monomers (methacrylic acid, acrylic acid, vinylpyrrolidone, vinylsulfonic acid, hy-
droxyethyl acrylate and poly(ethylene oxide)—poly(propylene oxide)methacrylate), chain
transfer agents (propane—1-thiol, pentane—1-thiol, heptane—1-thiol, dodecane—1-thiol,
octadecane—1—-thiol, 1,9-—nonanedithiol, 2-mercaptoacetic acid, 2-mercaptoethyl sulfide,
pentaerythritiol tetra(3-mercaptopropionate) and 2—-ethanedithiol), azobisisobutyroni-
trile (AIBN), polymethacrylic acid were purchased from Aldrich and used as received,
unless otherwise described. Dialysis membranes (7000 Daltons cut—off) were purchased

from Pierce Chemicals.

2.2.2 Methods

2.2.2.1 Polymeric stabilizer synthesis

The polymeric ligands were prepared as follows for a targeted molecular weight of
approximately 3000 g/mol. The monomer (50 mmol), chain transfer agent (5 mmol)
and AIBN (0.080 g, 0.50 mmol) were heated in ethanol (30 cm?) under nitrogen at 75°C
in a round-bottomed flask fitted with a reflux condenser (Radleys Carousel Reactor).

The reaction was carried out for five hours under agitation. The resulting product
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was precipitated into cold diethyl ether (100 cm?), filtered using a Buchner funnel, and
dried in vacuo at 45°C for 24 hours.

The preparation of pMAA-DDT polymeric ligands of various molecular weight was
carried out using the same protocol, however, the chain—transfer agent concentration
was varied from 5 mmol to 0.16mmol and the initiator and monomer concentrations

were kept constant (0.50 mmol and 50 mmol respectively).

2.2.2.2 Polymeric stabilizer characterization

'H NMR spectroscopy 'H NMR spectra were recorded on a 400 MHz Bruker DPX-
400 spectrometer using 66—DMSO or D20 as a solvent in a 5 mm quartz NMR tube.
The chemical shifts of the different polymers are depicted in Table 2.1

Gel permeation chromatography Gel permeation chromatography (GPC) was
performed using a Polymer Laboratories system equipped with a PL-ELS 1000 evapo-
rative light scattering detector and a series of PC mix gel columns 5 um MIXED C and
D. THF was used as the eluent at a flow rate of 1.0 ml/min at 40°C. Calibration was
carried out using EasiCal polystyrene standards (Polymer Laboratories). The polymer
was first converted to the methyl ester using TMS—diazomethane reagent to render it

soluble in THF.?!

Mass spectrometry of PTMP end—functionalized pMAA DHB and THAP
matrix solutions were made to a concentration of 10 mg/mL in 1:1 (vol/vol) HoO/MeCN.
DHB solution was also made to the same concentration in MeOH. Aqueous matrix solu-
tions were mixed with DAC solution (50 mg/mL in H2O) in a 9:1 ratio. pMAA-PTMP
solution was made to a concentration of 10 mg/mL in MeOH, and mixed with the ma-
trix solutions in a 5uL:50uL ratio. One pL of NaOAc solution (10 mg/mL in MeOH)
or 100% TFA was added as required. For IXB preparations, 0.5 mg of NH4™" loaded
IXB was added to 200 |mul of the pMAA-PTMP solution, which was agitated by
vortex mixer (at slow speed) for 20 seconds, before mixing with matrix; 0.5 uL of the
final mixture was spotted onto a stainless steel sample plate and dried in a stream of
cool air. MALDI-TOF-MS data were acquired using an Applied Biosystems Voyager
DE-STR spectrometer (Framingham, MA), which is equipped with a nitrogen laser
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Polymer solvent ‘ 'H NMR chemical shifts
Monomer Series

pMAA-DDT 06 DMSO | end—group: 0.9(b) CHj, 1.4 & 2.4 (CHj); backbone: 1.7-2.1
(CHz), 1.2 (CH3) 12.3(b) COOH

pAA-DDT d¢ DMSO | end—group: 0.9(b) CHs, 1.3 & 2.6 (CH;); backbone: 1.5-1.8(b)
(CH,, CH), 11.9(b) (COOH)

pVP-DDT 06 DMSO | end—group: 0.9(b) CHgs, 1.2 & 2.6 (CHg) backbone: 1.6-2.1(b)
(CHaz), 2.4&2.8&3.4(b) (CH; pyr.), 4.3 (OH)

pVSA-DDT 06 DMSO | end-group: 0.8(b) CHs, 14 & 2.5 (CHQ) backbone: 1.8-2.4(b)
(CHz), 3.6 (CH)

pHEA-DDT d¢ DMSO | end—group: 0.9(b) CHg, 1.4 & 2.7 (CHy); backbone: 1.7 & 2.0-2.4
(CHz), 4.5 (O-CHs), 3.4-3.8(b) (CH2-OH)

pEGMA-DDT ds DMSO | end-group: 0.9(b) CHg, 1.3 & 2.6 (CH;); backbone: 1.9 & 2.2-2.4
(CHy), 3.3-3.5 (CHs end—group), 4.4 (OH)

Molecular Weight Series PMAA-DDT XXXg/mol

pMAA-DDT ds DMSO | end-group: 0.9(b) CHs, 1.4 & 2.3 (CHj); backbone: 1.7-2.1

3640 g/mol (CHy), 1.2 (CH3) 12.3(b) COOH

pMAA-DDT 06 DMSO | end-group: 0.9(b) CHj, 1.4 & 2.4 (CHj); backbone: 1.7-2.1

7000 g/mol (CHz), 1.2 (CH3) 12.3(b) COOH

pMAA-DDT 06 DMSO | end—group: 0.8(b) CHj, 1.5 & 2.3 (CHj); backbone: 1.7-2.1

8610 g/mol (CHa), 1.2 (CH3) 12.3(b) COOH

pMAA-DDT d¢ DMSO | 0.9(b) end—group: 0.9(b) CHs, 1.3 & 2.4 (CHy); backbone: 1.7-

13500 g/mol

2.1 (CHy), 1.2 (CHs) 12.3(b) COOH

End-Group Hydrophobicity Series PMAA-MAT

pMAA-MAT D>,O end-group: 3.2 (CHy), 10.5 (OH); backbone:,
pMAAA-PropT | D20 end-group: 0.8(b) (CHj), 1.3&2.2 (CHz); backbone: 1.7-2.1
(CH,), 1.2 (CHs) 12.3(b) COOH
PMAA-PentT D>0O end—group: 1.0(b) (CHz), 1.3-2.2 (b) (CHs); backbone: 1.7-2.1
(CH,), 1.2 (CH;) 12.3(b) COOH
pMAA-HT 06 end-group: 0.8(b) (CH3), 1.2-2.4 (b) (CHy); backbone: 1.7-2.1
DMSO (CHy), 1.2 (CH3) 12.3(b) COOH
pMAA-ODT 06 end-group: 0.9(b) (CHj), 1.3-2.2.6 (b) (CHy); backbone: 1.7-2.1
DMSO (CHz), 1.2 (CH3) 12.3(b) COOH
Multiple Thiols Containing End-Grouyp series
pMAA-MES* D20 end—group: 1.5 (SH), 2.9 (CHs); backbone: 1.2 (CHj), 2.1 & 2.6
(CHy)
pMAA-EDT* D>O end-group: 1.5 (SH), 2.9 & 2.6 (CHy); backbone: 1.2 (CHj), 2.0
& 3.6 (CHy)
pMAA-NDT* D>O end-group: 1.4 (SH), 2.9 & 2.6 (CHz); backbone: 1.1 (CHg), 2
& 3.6 (CHy)
pMAA-PTMP* 06 DMSO | end-group: 1.5 (SH), 2.6 & 4.1 (CHz); backbone: 1.0 (CHs), 1.8

& 2.3 (CH,)

Table 2.1: 'H NMR shifts for the polymeric stabilizers. (*) See Figures 2.9, 2.10, 2.11
and 2.12 for details).
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(A=337 nm). The instrument was operated in positive or negative ion reflectron mode.
The accelerating voltage was 20 kV, while the grid voltage was maintained at 65.5%.
The delay time was 150 ns, and laser fluence was attenuated to just above the threshold
of ionization, which varied between matrices and preparations. The laser was fired at
a frequency of 3 Hz, and spectra were accumulated in multiples of 25 laser shots, with
150 shots in total. Postacquisition processing of data were performed utilizing Data

Explorer V4.0 software supplied by Applied Biosystems.

2.3 Results

All polymer ligands were synthesized by chain transfer methods using thiols (or diol /
multithiols) as the chain transfer agent. A feature of this methodology is that it leads
to a thioether and/or thiol functionalized polymeric chain of low molar mass oligomeric
species with relatively narrow molecular weight distributions with a polydispersity index
(PDI) typically below 1.5 (see Section 2.4.1 for details).

After each polymerization, any unreacted free thiol was removed by polymer re-
precipitation in cold diethylether which was a good solvent for the thiol chain transfer
agent. However, polymeric chains are slightly soluble in diethylether, this effect ex-

plaining the relatively low recovery yields.

2.3.1 DDT end—functionalized polymers with different main chains

A series of six water-soluble polymer ligands was synthesized using different monomer
repeat units (Figure 2.2) in order to study the effect of the ligand chain structure on
the average particle size and size distribution for the gold nanodispersions. The same
thiol-containing chain transfer agent (dodecanethiol, DDT) was used in each case; as
such, each ligand in the series was terminated with a dodecylthioether end group (see
Figure 2.2). The number average molecular weight (M,,) for the six ligands was found
to be in the range 1500-4500 g/mol (See Figures 2.2 and 2.3), the only exception
being the polymeryzation of vinylpyrrolidone. The high M,, of pVP obtained under the
same experimental conditions can be ascribed to the high VP chain transfer constant
that can tend to reduce the chain transfer capacity of dodecanethiol.,??%3 or to the fact

that the termination process in the VP chain transfer polymerization tends to occur by
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Figure 2.2: (Library of monomers used to produce the six dodecyl thioether containing
polymers and chain transfer polymerization reaction scheme.

coupling rather than disproportionation (see Section 2.4.1).

A commercially available linear poly(methacrylic acid) (pMAA) sample (2000 g/mol)
with no thioether end—group was also used as a control polymer to study the formation

of gold nanoparticle in the absence of a dodecylthioether end—group (see Chapter 2

40



Chapter 2. Design of polymeric stabilizers.

pEGMA-DDT

pHEA-DDT

pVSA-DDT

pVP-DDT

pAA-DDT

= ==~

pMAA-DDT

600 800 1000 1200

Retention Time (seconds)

Figure 2.3: GPC elution curves of dodecyl thioether terminated polymer ligands pre-
pared by chain transfer polymerization. (

Monomer molecular weight (g/mol) PDI | recovered yield
M, M,,
MAA 3220 3500 1.09 21%
AA 2560 3490 1.37 30%
VP 37320 77620 2.08 32%
VSA 2580 4850 1.88 27%
HEA 1816 2030 1.12 16%
EGMA 3470 4180 1.21 31%

Table 2.2: GPC elution data of dodecyl thioether terminated polymer ligands prepared
by (chain transfer polymerization.
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Section 3.3.1.1).

2.3.2 DDT end—functionalized pMAA of various molecular weights.

In order to study the influence of the polymeric stabilizer molecular weights on the gold
nanoparticle sizes and size distributions, a series of pMAA-DDT of various molecular
weight was synthesized. All polymers in this series were synthesized by chain transfer
polymerization, in using DDT as the chain transfer agent, as described previously in
Section 2.3.1. Polymers of different molecular weight were obtained by varying the
DDT to MAA ratio from 10/20 to 10/0.63 whilst keeping the initiator and monomer
concentrations constant (0.5 and 50 mmol/30ml respectively), a higher ratio leading to
smaller polymer chains (see Section 2.4.2). The characteristics of those polymer chains
are described in Table 2.3 and Figure 2.4.

The recovery yield tends to decrease whilst decreasing the polymers molecular
weight. This trend can be ascribed to the purification process; low molecular weight
polymers are more hydrophobic (mainly due to the presence of their hydrophybic end—
groups) and fractions of those hydrophobic species may be lost during reprecipitation

in diethylether.

2.3.3 pMAA chains with end—groups of different hydrophobicity

MAA/DDT (mol/mol) ;n/lolecular Wel%\f[lt (g/mol) PDI | recovered yield
100/10 3220 3500 1.09 21%
100/5 3640 4520 1.24 76%
100/2.5 7000 9540 1.36 86%
100/1.25 8610 11100 1.29 92%
100/0.63 13500 18600 1.40 89%

Table 2.3: GPC elution data of dodecyl thioether terminated polymer ligands of differ-
ent molecular weights prepared by chain transfer polymerization.

The influence of the hydrophobic end—groups of the polymeric stabilizer on the
formation of gold particles have also been studied. For this purpose, various pMAA
were synthesized by chain transfer polymerization using different chain—transfer agents

of increasing hydrophobicity (see Figure 2.5). This allowed the formation of various
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Figure 2.4: GPC elution curves of dodecyl thioether terminated polymer ligands of
different molecular weights prepared by chain transfer polymerization using different
ratios of MAA and DDT.

pMAA bearing different thioether containing end-groups of increasing hydrophobicity.
The characteristics of the polymers produced using those chain—transfer agents are
described in Figure 2.6 and Table 2.4.

The same molecular weight was targeted in each case (around 3000 g/mol) although
it was not possible to achieve identical M, for every sample using this chemistry (see
Table 2.4), probably because the various thiols in the series have slightly different chain
transfer constants (see Section 2.4.2).%%

Once again, the recovered yield tends to decrease whilst increasing the “overall”

hydrophobicity of the polymer chains (see Table 2.4).
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Figure 2.5: Library of chain—transfer agents of increasing hydrophobicity used to pro-
duce the six dodecyl thioether containing polymers and chain transfer polymerization
reaction scheme.

Chain Transfer Agent hmdolecular Weli/}[lt (g/mol) PDI | recovered yield
OoDT 2980 3480 1.17 28%
DDT 3220 3550 1.09 21%
HT 2180 2550 1.17 39%
PentT 2300 2670 1.16 53%
PropT 1960 2340 1.19 59%
MAT 1780 2060 1.16 61%

Table 2.4: GPC elution data of pMAA polymer ligands bearing end-groups of increasing
hydrophobicity prepared by chain transfer polymerization.
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Figure 2.6: GPC elution data of pMAA polymer ligands bearing end-groups of increas-
ing hydrophobicity prepared by chain transfer polymerization using constant MAA and
CTA concentrations.

2.3.4 pMAA chains with multiple thiols/thioethers containing end-
groups

The chain transfer methodology used to generate the thioether-terminated ligands dis-
cussed thus far can be readily adapted to produce ligands which contain both thioether
and primary thiol functionalities — that is, polymer ligands with a multidentate binding
capacity.

Herein, a series of pMAA ligands was synthesized using dithiols (2—ethanedithiol
/ EDT, 2 2-mercaptoethyl sulfide / MES, 1,9-nonanedithiol / NDT) or a tetrathiol
(pentaerylthritiol tetra(3—mercaptopropionate, PTMP) as chain transfer agents (see

Figure 2.7.
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Figure 2.7: Library of chain—transfer agents containing multiple thiols and/or thioethers
used to produce the six dodecyl thioether containing polymers and chain transfer poly-
merization reaction scheme.
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Chain Transfer Agent hmdolecular Weliﬁt (g/mol) PDI | recovered yield
PTMP 1988 2239 1.13 70%
MES 1509 1861 1.23 50%
NDT 1745 1984 1.13 62%
EDT 1809 2125 1.17 40%

Table 2.5: GPC elution data of pMAA polymer ligands bearing end-groups containing
multiple thiols and/or thioethers.

While it is not possible to entirely exclude the possibility of small amounts of product
where two or more thiols are converted into pMAA thioethers, theoretical kinetic studies
suggest strongly that the dominant average structure contains just one thioether—-pMA A
linkage per molecule (see Section 2.4.3). 'H NMR spectra of polymer prepared using
multiple thiols containing chain transfer agents show the presence of an SH chemical
shift at 1.4 — 1.5 ppm, confirming this trend (see Figures 2.9, 2.10, 2.11.%2%:26

These structures all contain a mixture of thioether and thiol units and have sulphur
denticities per chain ranging from two (pMAA-EDT and pMAA-NDT; one thioether
and one thiol) to three (pMAA-MES; two thioethers and one thiol) up to four (pMAA-
PTMP; one thioether and three thiols).

2.3.5 Protocols for MALDI-TOFMS analysis of pMAA-PTMP.

With one thioether and three free thiols containing end—group, pMAA-PTMP seems
to be a particularly good candidate for the synthesis and stabilization of gold parti-
cles. Thus, extensive matrix—assisted laser desorption / ionization time—of-flight mass
spectrometry (MALDI-TOF-MS) characterization of this polymer was carried out.
There has been considerable use of this technique for the characterization of syn-
thetic polymers and the large body of work in this area has been the subject of sev-
eral reviews.?” 30 However, only a few examples of the characterization of pMAA ho-
mopolymers by MALDI-TOF-MS can be found in the literature and the development
of an aqueous based sample preparation and analytical protocol was needed to improve
signal-to—noise ratios and resolution compared with existing methods. These protocols

will subsequently be used for the characterization of the pMAA-PTMP coated gold
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Figure 2.8: GPC elution curves for pMAA ligands synthesized using multiple thiol
containing chain transfer agents at constant MAA and CTA concentrations.

nanoparticles (see Section 3.3.1.5).

Since the matrix assisted laser desorption process is still ambiguous (see Section,
2.4.4.1),3149 several sample preparation protocols were evaluated in order to improve
the signal-to—noise ratio of the mass spectrographs and acquire structural data on the
polymer. The various protocols that have been tested are detailed in Table 2.6. These
strategies were based on existing methods that have proven useful for similar systems. 4!

Synthetic polymers are often ionized by cationization (positive ion mode). The dop-
ing of sample preparations with metal salts to achieve more homogeneous cationization,
rather than relying on ubiquitous impurities, has become common practice.*?

The THAP / DAC preparation (Figure 2.13f) is used for low molecular weight
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Figure 2.9: 'H NMR spectra of MES terminated pMAA ligand (see Table 2.1).

Mode Matrix Solvent Additive | Figure

Positive ion DHB MeOH 2.13a)
Positive ion DHB H20, MeCN 2.13b)
Positive ion DHB H20, MeCN | NaOAc 2.13c)
Positive ion DHB H50, MeCN IXB 2.13d)
Positive ion DHB MeOH TFA, IXB | 2.13e)
Positive ion THAP H>0, DAC 2.13f)
Positive ion | DHB DAC

Negative ion DHB H20, MeCN 2.14a)
Negative ion DHB H>0, MeCN IXB 2.14b)
Negative ion | DHB TFA MeOH IXB 2.14c)
Negative ion THAP H,0, DAC 2.14d)

Table 2.6: Strategies for the analysis of pMAA-PTMP by matrix—assisted laser des-
orption/ionization time—of-flight mass spectrometry.

oligonucleotides, with the NH4™ ions acting as a buffer preventing replacement of acidic
protons by metal ions.?*? IXB have been used previously for the characterization of

polymeric acids by negative ion mode MALDI-TOF-MS.4* TFA was also added to
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Figure 2.10: 'H NMR spectra of EDT terminated pMAA ligand (see Table 2.1).

promote the acid form of the pendant groups, before ionization.

The observed distributions acquired in positive ion mode are very similar for all
preparations (see Figure 2.13a,b,d,e and f), except when NaOAc was added (Figure
2.13c), and for DHB / DAC where no polymeric series were observed (not shown). In
general, two polymeric series were clearly observed and both are isotopically resolved.
Average molecular weight values obtained for the spectra are consistently slightly lower
that those obtained by GPC (M, 1500 g/mol). Such difference can be ascribed to the
calibration process of the GPC, which uses polystyrene standards. Thus, the analysis of
polymethacrylates (or other monomers) can be slightly over— or under—estimated due
to variations of their polarity and/or shape compared to the standards. Furthermore,
several MALDI studies of synthetic polymers show that this technique tends to under—
estimate the size distribution and molecular weight of such species. 3¢:37:42-49

The major series observed in Figure 2.13 corresponds to the [M + Na| ™ species, while
the minor series is mass—shifted by +16 Daltons, which could correspond to either the
[M + K]* species or the [M + Na]™ species of an oxidation product. Accurate mass
measurement would be required to differentiate between these isobaric species.

The data acquired in negative ion mode are presented in Figure 2.14. Again, no
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Figure 2.11: 'H NMR spectra of NDT terminated pMAA ligand (see Table 2.1).

polymeric series were observed with DHB / DAC (not shown). No significant shifts
of the polymer distribution or discrimination towards any mass region were observed
between different sample preparations, and average molecular weight values were con-
sistent with those obtained in positive ion mode (Figure 2.13). However, there were
considerable differences in the relative intensities of the species observed. The major
series in all the spectra were the [M - H|~ species. There were at least four minor
series observed; two series are mass-shifted by +22 and 438 Daltons from the major
series and are likely to correspond to the [M - 2H + Na]~ and [M - 2H + K]~ species.
Another series could correspond to the loss of HoO. However, these species are not of

sufficient intensity to confirm this assignment.

2.4 Discussion

2.4.1 Free-radical and chain—transfer polymerizations

The idealized process of free-radical polymerization, by comparison with other polymer-
ization methods,?* implies that the active center of a polymer chain (i.e. the radical)

is retained by a single chain throughout the course of its growth. The growth of the
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Figure 2.12: 'H NMR spectra of PTMP terminated pMAA ligand (see Table 2.1).

chain occurs by sequential addition of monomer units.

The initiation process constitutes the first reaction step, leading to the formation
of primary radicals. In this study, the formation of primary radicals is achieved by
the thermal decomposition of AIBN (see Figure 2.15). The degree of dissociation is
relatively low, but the so—formed radicals are sufficiently reactive to induce the poly-
merization, with an initiator efficiency close to the unity. "1

The chain propagation process consists essentially of successive free radical attacks
on one of the sp? carbon atoms of the monomer. One electron of the double bond pairs
with the odd electron of the free radical and forms a bond between the free radical and
this carbon atom. The remaining electron of the double bond shifts to the other carbon
atom, which becomes a new free radical, as shown in Figure 2.16.

During the polymerization process, the propagating macroradical can react with

other species in solution and transfer its active centre to this other species, stopping

chain growth and forming a new active centre that can start a new growth. During
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Figure 2.13: Positive ion MALDI-TOF-MS spectra for pMAA-PTMP. See Table 2.6
and Section 2.3.5 for detailed samples preparation protocols.

the free—radical polymerization process, such transfer can happen between the growing
macroradical and the initiator, the monomers, or the solvents. The addition of a species
of significantly higher transfer constant within the reaction, that is, a chain transfer
agent can decrease and control the molecular weight, structure, and functionality of
the so—formed polymeric chains. In this chain transfer polymerization process, thiol
containing molecules have been used as chain—transfer agents. Mercaptans are widely
used as CTA because of their readily abstractable hydrogen atom.?3

A mechanism of chain—transfer of this nature consists of the removal by the chain

radical of a hydrogen atom from the mercaptan. Thus, the chain molecule loses its
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Figure 2.14: Negative ion MALDI-TOF-MS spectra for pMAA-PTMP. See Table 2.6
and Section 2.3.5 for detailed samples preparation protocols.

ability to grow, and the chain—transfer agent acquires the radical character as a con-
sequence of the transfer process and can function as a new initiating species. Studies
show that approximately one mole of mercaptan is consumed for each mole of polymer
chain that is formed in the approximate ratio of one atom per molecule,”?? indicating
that each polymer chain produced in using this method is functionalized by, on aver-
age, a single thioether (when using a single thiol containing chain—transfer agent). This
chain—transfer process is shown in Figure 2.17.

Finally, the termination process is induced by bimolecular reaction between a pair of
chain radicals that annihilates their active centers. This may occur by chain coupling,
or by disproportionation, as depicted in Figure 2.18a) and b). However, studies show
that, under the conditions used during this study, the disproportionation process is the
dominant chain—-terminating process, and that coupling occurs in a minor extent, again

allowing the functionalization of the polymeric species by a single thioether. >
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Figure 2.16: Scheme of propagation steps in chain—transfer polymerization.

2.4.2 Polymer molecular weights and transfer constants.

In the case of a monofunctional chain transfer agent (i.e. containing a single thiol), the
kinetic of the polymerization is mainly governed by the transfer reaction. Thereby, the
relative rate of transfer agent to monomer is given by:

O[T 7]

o = O (2.1)

where [T] and [M] are the transfer agent and monomer concentrations respectively,
and Cp the transfer constant (with Cp = %TD, see Figure 2.19). Considering « the
conversion, with respect to the monomer, the polymer concentration can be written
[M] = [M]o % (1 —«). The degree of polymerization of instantaneously formed polymer
is described by the Mayo equation and can be written as:

1 1 [T

I o < | 2.2
D, Dy "M (22)

where ljp is the average degree of polymerization and D_po is the average degree of
polymerization in the absence of a transfer agent. Thus, the plot of the reciprocical of
the average degree of polymerization D%)against the ratio of transfer agent to monomer
concentration % should be linear, the slope of the line representing the transfer con-

stant to dodecanethiol in the present conditions.

Herein, the synthesis of pMAA-DDT polymer chains of various average number
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Figure 2.17: Scheme of chain—transfer step in chain—transfer polymerization.
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Figure 2.18: Scheme of termination step in chain—transfer polymerization; a) mecha-
nism of termination by coupling, and b) mechanism of termination by disproportiona-
tion.

molecular weight was achieved by varying the ratio of chain transfer agent to monomer,
a higher ratio leading to shorter chains of lower molecular weight (M,,). The Mayo plot
of the pMAA-DDT polymerization under the experimental conditions used in this
study (see Section 2.3.2) is presented in Figure 2.20

It shows a linear progression of D%o relatively to %, as expected; the transfer

constant to dodecanethiol Cr can be estimated as 0.22 and D_p as 166. Typical values

of Cr found in the litterature for similar systems range between 0.1 and 0.6.24:96:57

2.4.3 Polymers with multiple thiol containing end—groups.

In the case of a chain transfer polymerization involving a dithiol (double transfer agent),
the already—formed macrothiol can participate in subsequent chain transfer processes
(see Figure 2.21). In this case, equation 2.2 is written as:

[SH] [PSH]

1/D, = 1/D,, + Cr ] ]

+Cr (2.3)

with [SH] the concentration of thiols in solution (= 2 x [T'], [T] being the concentration
of chain transfer agent), and [PSH]| the concentration of macrothiol. In this case, the

concentration of PSH in the solution as a function of the concentration of monomers
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Figure 2.19: Overall mechanism of chain transfer polymerization in the presence of a
single initiator.
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Figure 2.20: Mayo linear plot for pMAA-DDT of various M,,.

concentration is obtained from the relationship between the relative variations in con-
centration of dithiol containing transfer agent [T] and concentration of macrothiol [PSH]

and can be written:
[PSH]|
M

_opsH]) _ o),
oM] oM T

(2.4)

The evolution of the primary chain transfer agent can be written as g[[j\j/j,]] = QC’T%,

the factor 2 representing the di—functional character of the initiator.

Considering « the conversion with respect to the monomer, the “instantaneous”
monomer concentration can be described as [M] = [M]o (1 — «) , with [M]o the initial
monomer concentration, and the “instantaneous” chain transfer can be written as [T] =

[T]o (1 — )T where [T]o is the initial chain transfer agent concentration. Substituting

[M] and [T] in equation 2.4 and integrating it over the conversion range up to « gives:
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Figure 2.21: Overall mechanism of chain transfer polymerization in the presence of a
double initiator. After formation of a “primary” macrothiol and subsequent propagation
along this reactive centre (steps d and e). If a second chain transfer with an unreacted
chain transfer molecule occur, there is a rapid termination of the chain growth and
formation of a new thiol radical (step f). However, in the case of a chain growth after
stage e, "single” polymer chains are formed along a single thiol of the chain transfer
agent and formation of PSH occurs (stage g). PSH might undergo a second chain
transfer process and subsequent chain growth (stages i and j), leading to the formation
of a “double” polymer along the two thiols of the chain transfer agent (PP).

— [PSH] = ([HDT]o (1 - )*" = 1)) - /Oa Cr[PSH]d (In(1 — a))

(2.5)

Thus, equation 2.5 gives the values of the concentration of macrothiols involved in
a single chain growth [PSH] at any conversion o
The instantaneous concentration of “double” polymer (i.e. polymer chains growing

from both thiols of a chain transfer molecule at a conversion « can be written as:

(PP] = /0 “\Cr[PSH]A (In(1 — o) (2.6)

Figure 2.22 show the relative variations in concentrations of both PSH and PP,
calculated a typical case of polymerization in presence of dithiol double chain transfer
agent (with arbitrary values of C|T]). [PSH] is seen to increase faster than [PP], this

effect being clearly marked at low conversion. As the chain transfer constant of the
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Figure 2.22: Theoretical variations in concentrations of PSH (red line) and PP (blue
line) with conversion of polymerization in the presence of a dithiol containing chain
transfer agent.

thiol groups in methacrylic acid polymerization is less than unity (dodecanethiol Cr was
estimated as 0.22 in Section 2.4.2), their conversion can not reach completion during the
polymerization process and is thus kept relatively low.®® Thus, the reactions described
in Section 2.3.4 can be described by the evolution of the curves depicted in Figure 2.22,
where the theoretical concentration of [PSH] is higher than the concentration of [PP],
meaning that most of the polymer chains are formed along a single thiol of the double

initiator, leaving the other one free.

2.4.4 Protocols for MALDI-TOF-MS analysis of pMAA-PTMP.
2.4.4.1 MALDI-TOF-MS principle

The MALDI (matrix—assisted laser desorption ionization) process consists in dissolving
the polymeric sample in a matrix, with a metallic ion salt when needed, and load
the resulting mixture onto a target surface.”” After evaporation of the solvent, the
solid sample within the matrix is bombarded with a laser light (see Figure 2.23a).
Here, a UV laser was used (A = 337 nm). The matrices used (DHB, THAP) were
chosen for their strong absorption at the laser wavelength.%Y Upon irradiation, the

crystalline sample mixture is desorbed from the target surface for 7* analysis. %962
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Analyte—analyte interactions, which would result in the formation of polymer clusters
within the chamber, are minimized by high dilution of the sample within the matrix
(typical dilutions of 1:1000).

a) v

UV irradiation f Polymer analyte

o Positive ions (Na*, H*)

W e
® o

Matrix

T
S

desorption

b)

e w8
T e Y
i 2 By

Absorption of UV Dissociation of the  Expansion of the matrix,
radiation by the matrix, phase change entrainment of the analyte in
matrix, ionization of to gas, transfer of the “matrix plume”, further
the matrix. charges to analyte. charge transfer to the analyte.

Figure 2.23: Schematic of a) the MALDI source and b) the detailed MALDI process.

Even though the desorption process is not yet completely understood, it seems
that the laser irradiation leads to the breaking of the crystalline matrix structure, thus
creating a pressured gas in which charge transfer between the matrix, the metal salt and
the analyte can take place.%? The so-formed gas transports the analyte, with further
charge transfer reactions, as depicted in Figure 2.23b.

The use of a matrix that can absorb most of the laser energy allows analyte molecules
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not to be broken, thus, making MALDI an interesting analytical methods for polymeric
structures and to obtain an “* distribution with no (or few) chain breaks.

The selection of a suitable matrix is still a trial and error process and the search of
useful matrix compounds has been an active area in MALDI research.?! 4" In general,
the choice of matrix materials is achieved more or less empirically and can be completely
unrelated to the analyte in terms of structure or physical properties. For the proto-
cols tested herein, matrices were chosen for their low molecular weight and high UV
absorbance (allowing vaporisation under laser excitation), the presence of carboxylic
acid for cationization process, and for their miscibility with the polymer structure in
water or ethanol.

After acceleration of the ions produced through an applied potential, separation of
species of different  occurs. Thus, the ions cross (“fly”) a distance d in a time ¢, with
a velocity of t = %. Their “time of flight” is dependent on their velocity, or kinetic

energy, which in turn, depends on their * values (see equation 2.7.

d
=2 Y LY - 2.7
v XzXexuv= R | avises 7 (2.7)

The formed ions impact onto an ion—detector, and the time interval between the
pulse of laser light and the impact of each ion on the detector is measured. This
produces signals whose intensities are proportional to the number of ions arriving at
the electron multiplier (molar response). The MALDI-TOF mass spectrum is then
obtained by recording the detector signal as a function of time.

Here, the use of a “soft” ionization process allow the analysis of “unbroken” polymer
structures; the distributions observed in Figures 2.13 and 2.14 are related, in some

extent, to the size distribution of the polymer chains.

2.4.4.2 Evaluation of the different sample preparations

The observed isotope distributions of each species in both positive and negative ion
mode extend 1 and 2 Daltons lower than the equivalent theoretical isotope distribu-
tions (Figure 2.14). The fractional masses of these additional ions are identical to the
expected ions indicating two chemically similar species are overlapping, which differ by

a single point of unsaturation. It has been shown previously that disulphide bonds may

61



Chapter 2. Design of polymeric stabilizers.

form during the analysis of peptides that contain thiol groups.®* The same changes may
occur with the PTMP end—group in this case. The observed polymeric distributions
are monomodal, and the relative intensities of the '2C-isotope for the expected and
additional species remain approximately constant across the distribution, which both
signify possible disulphide bonds would be intramolecular.

The use of IXB appears to have some benefit in improving the signal-to—noise ratio,
but it is interesting that the major series observed is still [M + Na]t when one would
have expected the [M + H|' series to be increased. Good quality data were achieved
with a significantly lower laser power compared with preparations without IXB. It
should be noted that this improvement in the signal-to—noise ratio can be ascribed to
the laser intensity as well as the use of IXB. Previous studies infer that analysis carried
out using laser power close to the “threshold intensity”, 7.e. close to the minimum energy
needed to break the matrix could benefit the quality of the spectra.% Little difference
was observed between the spectra acquired with the DHB prepared in MeOH and in
Hy0/MeCN.

The addition of TFA was intended to promote protonation, which succeeded for
low mass matrix or impurity species, but resulted in a reduction of the signal-to-noise
ratio of the cationized polymer species (Figure 2.13e). This result is contradictory to
earlier studies of how pH affects the MALDI analysis of poly(methyl methacrylate).%
The rationalization of this difference remains challenging since the desorption process
is not yet clearly understood.3! 34

The experiments realized in negative ion mode indicates that the use of IXB appear
to enhance deprotonation and / or suppress replacement of acidic protons by metal ions,
increasing the signal-to—noise ratio of the major series. Again, good quality data were
achieved with a significantly lower laser power compared with preparations without
IXB.%4 There is possibly a slight further enhancement and / or suppression when TFA
is added (Figure 2.14c), but the most significant increase in signal-to—noise ratio was
observed when the THAP / DAC method was used. This benefit must be balanced
against the loss of potentially useful information of other species within the sample.
The ions in each series were isotopically resolved and the additional ions observed 1

and 2 Daltons lower than the equivalent theoretical isotope distributions in positive ion
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mode were also observed. There is increased confidence that these additional ions are

not artifacts, even if they are a product of the MALDI-TOF-MS process.

2.5 Summary

Libraries of linear polymeric structures have been prepared by chain transfer poly-
merization, with the objective to use them as steric and/or electrosteric stabilizers for
the formation and stabilization of gold nanoparticles. All polymers’ backbones are
hydrophilic, thus allowing the subsequent preparation of water soluble gold particles.
They are all functionalized with a thioether (and/or thiol) containing end—group that
can act as an “anchor” site and allow their adsorption onto gold surfaces. Some of
those structures were prepared with end groups functionalities of various hydrophobic-
ity in order to study the influence of this parameter during the particles formation and
stabilization. The ability of those structures to stabilize gold particles is described in

Chapter 3.
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Chapter 3

Size—Controlled Synthesis of
Near—Monodisperse Polymer
Coated (old Nanoparticles

3.1 Introduction

N MODERN NANOSCALE science, it is important to understand and control the phys-
I ical and chemical properties of gold nanoparticles, which are generally size depen-
dent.!? Gold nanoparticles are commercially available in many forms, and numerous
preparative methods for particles from about 1 nm to several micrometers diameter are
documented in the literature.® " Nevertheless, only a handful of standard procedures
are employed routinely to prepare gold particles for a multitude of applications. These
methods are reliable, simple to carry out, and lead to uniform particles with a narrow
size distribution in the desired range. The most widely applied procedures to obtain
gold hydrosols are variations of the classic Turkevich-Frens citrate reduction route. %"
Most hydrophobic (and some hydrophilic) particles are prepared by borohydride re-
duction in an organic solvent in the presence of thiol capping ligands using either a
two-phase liquid/liquid system or a suitable single-phase solvent.!" ¥ The latter ap-
proach is usually employed for particles in the 1 to ca. 8 nm range.

Gold nanoparticles are useful in a broad range of applications,?’ 2 but practical
limitations are apparent when monodispersity is required, for example, in electrochem-

21-23

ical quantized capacitance charging, single-electron transistor assembly,?* and ap-

Part of the synthetic and analytical data presented in this Chapter have been carried out by Dr.
Z. Wang; his valuable contribution is hereby acknowledged.
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e )

NaBIly

Figure 3.1: Scheme representing the polymer stabilized gold nanoparticle preparation
(bottom).

plications such as thermal gradient optical imaging.?” In many cases, monodisperse
fractions of particles must be prepared, usually in low yield following cumbersome size
separation procedures, such as size exclusion chromatography, centrifugation or serial
filtration procedures. 292" Moreover, such fractionation methods do not necessarily lead
to monodisperse samples.?® The availability of a simple, robust protocol for the gram—
scale preparation of water—soluble uniform gold nanoparticles below 5 nm is thus of
great practical value for numerous applications.

Furthermore, there is a real need to introduce complementary characterization
methods to assess the degree of control over particle size for the bulk sample; many
studies rely exclusively on TEM measurements, often using a relatively small sampling
area. It is easy to significantly overestimate the monodispersity of a sample using TEM
analysis in isolation. 293"

In this Chapter, a methodology for the preparation of near monodisperse gold
nanoparticles using series of water-soluble polymeric ligands described in Chapter 2 is
presented (see Figure 3.1). The size of the so—formed particles can be adjusted between
one and five nanometres by varying the polymer/gold ratio.?! The near monodispersity
of the particles, their water solubility and the one pot synthesis all make this method
an attractive and versatile synthetic route when most other methods for producing
monodisperse particles use fractionation, adding a costly and time consuming step to
the synthesis.

All gold suspensions have been characterized by different analytical methods (i.e.

transmission electron microscopy, UV—visible absorption spectroscopy and dynamic
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light scattering) to ensure the observed sizes and dispersions are representative of the

whole samples.

3.2 Experimental

3.2.1 Materials

Hydrogen tetrachloroaurato trihydrate (HAuCls.3H20) and sodium borohydride (NaBHy)
were purchased from Aldrich and used as received, unless otherwise described. For all
experiments, Milli-Q water (18.2 MQ) was used, purified using an ultrapure system
MilliQ Plus 185 (Millipore purification pack). 0.45um pore size Millex-HA microfil-
ter were purchased from Millipore. Dialysis membranes (7000 daltons cut—off) were

purchased from Pierce Chemicals.

3.2.2 Methods
3.2.2.1 Gold nanoparticle synthesis

indexGold nanoparticles!SynthesisA general procedure for the preparation of polymer—
stabilized gold nanoparticles in water is described as follows. An aqueous solution of
HAuCly (10 ml, 0.5 mM) was added to an aqueous polymer solution under vigorous
stirring to give a final concentration of HAuCly of 0.5 mM. Each particle preparation
was repeated at four different polymer concentrations (0.006, 0.06, 0.6 and 6 mM)
— that is, four different particle preparations were produced for each polymer ligand.
Freshly prepared NaBHy solution (1 mL, 50 mM) was added after mixing the gold /
polymer solutions for one hour. The reducing agent was added rapidly in two aliquots (2
x 0.5 mL). The reaction was allowed to continue overnight under uniform and vigorous
stirring. The gold nanoparticles were separated from excess unreacted polymer ligand
by filtration through 450 um pore size filters three times and then, concentrated with
a Vivaspin centrifugal filter (Vivascience, Hannover, Germany; 10000 g/mol cut—off).
Lastly, the particles were dialyzed against water overnight using a 7000 Da cut—off

dialysis membrane in order to remove any last traces of unreacted polymer ligand.

3.2.2.2 Gold nanoparticle characterization.
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UV-visible spectroscopy UV-visible spectra were carried out using a microplate
reader (Quant, Bio—Tek Instruments). The aqueous gold nanoparticle solutions (200

pl) were analyzed in 96—well microplate at 25°C.

Dynamic light scattering Dynamic light scattering (DLS) measurements were car-
ried out with Zetasizer Nano ZS (Malvern, UK) instrument equipped with a 1 cm

optical path cell. Each sample was analyzed three times.

Transmission electron microscopy Transmission electron microscopy (TEM) mi-
crographs of the colloidal dispersions were obtained using a JEM-2000EX/FX instru-
ment operated at an accelerating voltage of 200 kV. A high-resolution carbon—supported
copper mesh was used to support the colloidal dispersions. Specimens for inspection by
TEM were prepared by evaporating a droplet of the filtered and dialyzed gold nanoparti-
cle solutions onto a carbon—coated copper mesh grid directly from water. The diameter
of each particle was quantified using ImagesJ software (1.34s, NIH, USA) to analyze
the digitized photographic images for each sample in the magnification range 200,000
— 500,000 times. A histogram of the particle size distribution and the average particle
diameter were obtained by measuring about 200 particles in arbitrarily chosen areas in

the photograph.

Mass spectrometry of gold nanoparticles. Ion exchange resin was loaded with
NH; ions. HPLC-grade acetonitrile (MeCN) and Milli-Q water were used where ap-
propriate. The DHB matrix solution was made to a concentration of 10 mg/mL in 1:1
(v/v) HoO/MeCN. A solution of pMAA-PTMP was prepared (10 mg/mL in H20),
and 200 pL was placed into a plastic, snap—top vial. Roughly 0.5 mg of NNHZr loaded
resin was added, and the solution was agitated via vortex mixer at slow speed for 20
s. Sample and matrix solutions were mixed in a 1:10 ratio in a separate plastic vial. A
0.5 puL amount of the final mixture was spotted onto a stainless steel sample plate and
dried in a stream of cool air. MALDI-TOF-MS data were acquired using an Applied
Biosystems Voyager DE-STR spectrometer (Framingham,MA), which was equipped
with a nitrogen laser (A = 337 nm). The instrument was operated in negative—ion, lin-

ear mode. The accelerating voltage was 25 kV, while the grid voltage was maintained
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Polymer concentration (mM)
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Figure 3.2: Color images of gold suspensions stabilized with various DDT terminated
polymers at different polymers concentrations.

at 91%. The delay time was 450 ns, and laser fluence was attenuated to just above
the threshold of ionization. The laser was fired at a frequency of 3 Hz, and spectra
were accumulated in multiples of 25 laser shots with 150 shots in total. Postacquisition
processing of data was performed utilizing Data Explorer V4.0 software supplied by

Applied Biosystems

3.3 Results

3.3.1 Gold nanoparticle synthesis

3.3.1.1 Influence of the polymer main chain

All six thioether-terminated polymer ligands (pMAA-DDT, pAA-DDT, pVP-DDT,
pVSA-DDT, pHEA-DDT and pEGMA-DDT described previously in Chapter 2 Sec-
tion 2.3.1 gave rise to stable red-colored gold nanodispersions at a polymer concentra-
tion of 0.006 mM. At higher polymer concentrations, the relative performance of the
ligands varied markedly. Color images of the as-produced polymer-stabilized gold nan-
odispersions are shown in Figure 3.2. In general, the color of nanodispersions changed
from red to yellow when the polymer concentration was varied from 0.006 to 6.0 mM,

indicating that particles of different average sizes were prepared in each case.
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Figure 3.3: TEM images of pMAA-DDT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and h)
histograms of the corresponding distribution of particle sizes of a), b), ¢) and d), re-
spectively. (i) UV-visible spectra of pMAA-DDT stabilized gold nanoparticles ob-
tained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-DDT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

The polymer ligand pVSA-DDT was an exception to this trend; at higher concen-
trations of pVSA-DDT (0.6 mM and 6.0 mM), the gold nanodispersion turned dark
blue / black and precipitation was observed (Figure 3.2) indicating that the particles
are not stable against aggregation with this ligand. The reasons of this effect are diffi-
cult to explain, however, one can arguably ascribe it to the presence of sulphurs along
the polymer backbone that might interfere during the gold particles growing process
and/or act as a “cross—coupling” agent after partial hydrolysis of the polymer, leading

to particles aggregation along the polymer chains. %233
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Figure 3.4: TEM images of pHEA-DDT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and h)
histograms of the corresponding distribution of particle sizes of a), b), ¢) and d),
respectively. (i) UV-visible spectra of pHEA-DDT stabilized gold nanoparticles ob-
tained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pHEA-DDT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

All of the stable nanodispersions were characterized by transmission electron mi-
croscopy (TEM), UV—visible absorption spectroscopy and dynamic light scattering, the
results are depicted in Figures 3.3, 3.4, 3.5, 3.6, 3.7 and 3.8.

Overall, ligands pMAA-DDT (M, = 3220 g/mol) and pAA-DDT (M, = 2550
g/mol) gave rise to gold nanoparticles with the most narrow size distribution over the
polymer concentration range 0.006-6.0 mM. The UV-visible absorption spectra vary
strongly as the concentration of the polymer ligands are changed and suggest that the

average particle size is below 5 nm for all samples since larger particles would exhibit

74



Chapter 3. Size—controlled synthesis of gold nanoparticles.

50 f)
60’
40j
20

0 o
2-3.4.56-7--8-9 234567829

Diameter (nm) Diameter (nm)
h
- g) )
g €40
5 0
2 2
S 20 §%

0 0
1 - 2 . 3 . 4 1 -2 - 3. 4
Diameter (nm) Diameter (nm)
i) 1 j)
1.0 161
o o 121
= £
© >S5 -
< G
9] > ]
2 05 8
< ]
4-
0.0 1= T T T T T i 0 T T T 1
300 400 500 600 700 800 900 0.1 1 10 100 1000
Wavelength (nm) Diameter (nm)

Figure 3.5: TEM images of pEGMA-DDT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and h)
histograms of the corresponding distribution of particle sizes of a), b), ¢) and d), re-
spectively. (i) UV-visible spectra of pEGMA-DDT stabilized gold nanoparticles ob-
tained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pEGMA-DDT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

a sharper and more intense plasmon absorption band close to 525 nm. %16

Some of the spectra for particles produced at higher polymer concentrations (6.0
mM) do not show a plasmon band at all, indicating that most particles are below
ca. 3 nm in size.?* The series of spectra obtained is well-known for size-separated
(fractionated) particles in the range below 5 nm but unprecedented for as—prepared
samples. 1331 The ability to prepare spectroscopically—distinct samples with diameters
below 5 nm suggests a narrow particle size distribution for each sample. To confirm

this by TEM, it was convenient to first isolate the particles from excess polymer by
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Figure 3.6: TEM images of pAA-DDT stabilized gold nanoparticles obtained from poly-
mer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and h) histograms
of the corresponding distribution of particle sizes of a), b), c¢) and d), respectively. (i)
UV-visible spectra of pAA-DDT stabilized gold nanoparticles obtained from polymer
concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange line) and 6.0 mM (blue
line), respectively. (j) DLS graphs of pAA-DDT stabilized gold nanoparticles obtained
from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange line) and
6.0 mM (blue line), respectively.

filtration and dialysis (dialysis membrane molecular weight cut-off = 7000 g/mol). This
procedure avoids the need to phase-transfer the particles into an organic solvent prior
to TEM analysis. '3

Characterization by TEM confirms that the particles produced using ligands pMA A—
DDT and pAA-DDT have very narrow size distribution (see Figures 3.3 and 3.6).
Since size non—uniformities can be easily underestimated by TEM due to size segrega-
tion phenomena during sample preparation, large and representative areas were imaged

in order to support the claim of near—-monodispersity.
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Figure 3.7: TEM images of pVP-DDT stabilized gold nanoparticles obtained from poly-
mer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and h) histograms
of the corresponding distribution of particle sizes of a), b), c¢) and d), respectively. (i)
UV-visible spectra of pVP-DDT stabilized gold nanoparticles obtained from polymer
concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange line) and 6.0 mM (blue
line), respectively. (j) DLS graphs of pVP-DDT stabilized gold nanoparticles obtained
from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange line) and
6.0 mM (blue line), respectively.

The average particle sizes and particle size distribution for all samples as estimated
from TEM are summarized in Table 3.1 (the error estimates were deduced from the
standard deviation to the gaussian distribution of particles size histograms built on
TEM observations).

By contrast, gold nanoparticles produced using a commercially—available PMAA
ligand with no thioether end—group were found to be larger (between 3 and 12 nm),
even at higher polymer concentrations (6.0 mM), and exhibited a much broader particle

size distribution (See Figure 3.9).
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Figure 3.8: TEM images of pVSA-DDT stabilized gold nanoparticles obtained from

polymer concentration at a) 0.006, b) 0.06; c¢) and d),

distribution of particle sizes of a) and b) respectively.

histograms of the corresponding
(e) UV-—visible spectra of pVSA-

DDT stabilized gold nanoparticles obtained from polymer concentration at 0.006 (red
line) and 0.06 (green line), respectively. (f) DLS graphs of pVSA-DDT stabilized gold
nanoparticles obtained from polymer concentration at 0.006 (red line) and 0.06 (green

line), respectively.

Polymer Ligand 0.006 mM 0.06mM
TEM DLS| TEM DLS

Particles Diameter

0.6mM 6mM
TEM  DLS TEM DLS

pAA-DDT 5.3£04 6.5 | 3.7£0.3 4.9
pMAA-DDT 5.3£0.7 5.0 | 4.0£04 3.6
pVSA-DDT 6.0£1.5 5.5 | 3.6£0.5 4.2
pHEA-DDT 5.2+1.0 6.4 |4.6+£08 4.3

pEGMA-DDT | 7.7£1.9 7.5 | 4.6£0.7 4.2

pVP-DDT 5.0£1.4 85 | 4709 5.6

2.7£0.2 3.8 | 11.8£0.2 14
28+0.3 2.8 | 1.7£0.3 1.5

2.7£0.5 3.2 | 2.0£03 28
3.6£0.7 3.9 | 2704 3.0
4.240.7 49 | 2.6+£0.6 3.6

Table 3.1: Effect of monomer main chain on gold nanoparticles produced using DDT

thioether—capped vinyl polymers (size distributions
pictures).
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Figure 3.9: TEM images of pMAA stabilized gold nanoparticles obtained from polymer
concentration at a) 0.006 and b) 6 mM; c¢) and d),histograms of the corresponding
distribution of particle sizes of a) and b) respectively. e) UV—visible spectra of pMAA
stabilized gold nanoparticles obtained from polymer concentration at 0.006 (red line),
0.06 (green line), 0.6 (orange line) and 6.0 mM (blue line), respectively. f) DLS graphs
of pMAA stabilized gold nanoparticles obtained from polymer concentration at 0.006
(red line), 0.06 (green line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

To further corroborate the near—-monodispersity and sample uniformity in these ma-
terials, bulk samples were also studied using dynamic light scattering. Like TEM, this
technique also has inherent limitations (e.g., limited measurement range) and should
not in any case be expected to give particle diameters which are similar to the TEM
observations since DLS gives an average measurement of the hydrodynamic radius of
the particles when TEM gives images of the gold core (see Section 3.4.2) Nonetheless, a
major advantage of DLS is that it gives a bulk measurement — that is, providing that
there is no settling or precipitation. The method avoids selective sampling as can occur
in TEM. As such, DLS can serve as a very useful corroboratory technique in combina-
tion with TEM and UV-visible measurements. Figures 3.3, 3.4, 3.5, 3.6, 3.7 and
3.8. show series of DLS measurements for the different gold nanoparticles stabilized
by DDT containing capping agents, as produced at the four different polymer concen-

trations. DLS data of the particles are summarized in Table 3.1 These measurements
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PMAA-DDT Polymer concentration (mM)

M M, (g/mol) 6 0.6 0.06 0.006

n

3220 3600 0 C
3640 4520 90
7000 9540 [ N Ea
8610 11100 C X N
13500 18800 ® 0 .

Figure 3.10: Color images of gold suspensions stabilized with pMAA-DDT of various
molecular weight at different polymers concentrations.

confirm that each sample exhibits a relatively monodisperse and unimodal distribution
of particle sizes. Moreover, using DLS it is possible to distinguish clearly between the
four samples and to gain a rapid estimate (typical measurement time below 5 minutes)

of the average particle size and the breadth of the particle size distribution.
3.3.1.2 Influence of the polymer molecular weight

Having established that the carboxylic acid—based monomers (acrylic acid and methacrylic
acid) gave rise to the most promising ligands, the influence of ligand number aver-
age molecular weight (M,,) was investigated. The series of five different molecular
weight pMAA-DDT ligands described in Section 2.3.2 (referred to hereafter as pMAA—
DDT3999, pMAA-DDT3640, pPMAA-DDT7000, pPMAA-DDTgg19 and pMAA-DDT13500
from lowest to highent M,,) were used as stabilizing agents. Colour pictures of the
produced particles are shown in Section 2.3.2 Figure 3.10.

The pMAA-DDT ligand system was chosen since this polymer gave rise to relatively
narrow particle size distribution and because it proved easier to achieve good molecular
weight control with the methacrylate monomer in comparison with the pAA-DDT sys-
tem (which also produced comparably monodisperse particles), as shown in Figure 2.3.
As before, the gold particle size was found to decrease with increasing polymer concen-
tration for all of the five ligands synthesized (pMAA-DDT3220 to pMAA-DDT3500, as
shown in Figures 3.3, 3.11, 3.12, 3.13, 3.14 and Table 3.2).
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Figure 3.11: TEM images of 3640g/mol pMAA-DDT stabilized gold nanoparticles ob-
tained from polymer concentration at a) 0.006, b) 0.06, c) 0.6 and d) 6 mM; e), f), g)
and h) histograms of the corresponding distribution of particle sizes of a), b), c¢) and
d), respectively. (i) UV-visible spectra of pMAA-DDT stabilized gold nanoparticles
obtained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-DDT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

Characterization by TEM, UV-visible spectroscopy, and DLS indicated that all
of the polymer molecular weights studied gave rise to size—controlled gold nanoparti-
cles with relatively narrow particle size distributions. It was apparent, however, from
the combined characterization data that the lowest molecular weight polymer ligand
(PMAA-DDT3290, Section 2.3.2 Figure 2.4) gave the best overall control of the gold
particle size distribution (see Figure 3.3). It is important to note that the gold par-
ticles were synthesized using a constant molar concentration of the ligands — that is,

the amount of ligand was adjusted to take account of the number—average molecular
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Figure 3.12: TEM images of 7000g/mol pMAA-DDT stabilized gold nanoparticles ob-
tained from polymer concentration at a) 0.006, b) 0.06, c) 0.6 and d) 6 mM; e), f), g)
and h) histograms of the corresponding distribution of particle sizes of a), b), c¢) and
d), respectively. (i) UV-visible spectra of pMAA-DDT stabilized gold nanoparticles
obtained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-DDT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

weight, M,. As such, the series of samples was prepared with (approximately) the same
molar ratio of polymer ligand chains to gold in each case. The average size of the as
produced particles (determined by TEM) seem to increase slightly when the polymeric

stabilizer molecular weight increases, as shown in Table 3.2 and Figure 3.15.

3.3.1.3 Influence of the polymer end—group hydrophobicity

Attention was then turned to the influence of the hydrophobicty of the thioether end—

group on the particle synthesis. The series of six low molar mass pMAA polymers with
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Particles Diameter
pMAA-DDT Mn 0.006 mM 0.06mM 0.6mM 6mM
TEM DLS| TEM DLS| TEM DLS| TEM DLS

13500 g/mol 7.6£2.3 179 | 5.2+1.0 7.0 | 4.2£09 54 |2.8+:06 24
8610 g/mol 5.2+1.5 9.1 |5.0+£1.2 6.6 |4.0£08 54 |2.7£05 3.2
7000 g/mol 5.5+09 5.6 | 4.3£0.7 49 | 3.1+£04 3.6 |24+04 3.0
3640 g/mol 49+08 6.5 |3.8£0.6 5.7 |29+04 3.1 |21£04 25
3220 g/mol 5.3+0.7 5.0 | 4.0+£04 3.6 | 2.8+03 2.8 |1.7+£03 1.5

Table 3.2: Effect of polymer molecular weight on gold nanoparticles produced using
pMAA-DDT ligands (size distributions were calculated using the TEM pictures).

increasingly hydrophobic end—groups described in Chapter 2 Section 2.3.3 (that is, Cg to
Cis) was used to stabilize gold particles (pMAA-MAT, pMAA—PropT, pMAA—PentT,
pMAA-HT, PMAA-DDT, and pMAA-ODT)

Again, a constant molar concentration of ligand was used in each particle prepa-
ration, adjusting for M, in each case. The first ligand in this series (pMAA-MAT)
has a carboxylic acid end-group which mimics the polymer repeat unit structure and
can be considered to be essentially hydrophilic. By contrast, pMAA—ODT has a Cig
end group which is comparable in length with the polymeric chain itself (total M, for
pPMAA-ODT = 2980 g/mol); that is, approximately 31 repeat units of acrylic acid and
9 repeat units of “ethylene” in the end group.

As such, one might expect that the end-group in pMAA-ODT could play a signifi-
cant mechanistic role and this structure is perhaps best considered as a low molar mass
thioether-linked diblock copolymer. As for all the polymer ligands reported here thus
far, the average gold particle size was found to have a strong dependence on polymer
concentration for the six ligands in this end—group series (see Table 3.3). Overall, the
combined results from TEM, UV-visible spectroscopy and DLS indicate clearly that
increasing the hydrophobicity of the thioether end—group leads to a greater degree of
control over the resulting gold particle size distribution. This is evident from examina-
tion of the TEM images and DLS data for the particles (see Figures 3.17, 3.18, 3.19,
3.20, 3.3, 3.21 and Table 3.3).

The polymer with the most hydrophilic end—group, 2-mecapto acetic acid (pMAA—
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Figure 3.13: TEM images of 8610g/mol pMAA-DDT stabilized gold nanoparticles ob-
tained from polymer concentration at a) 0.006, b) 0.06, c) 0.6 and d) 6 mM; e), f), g)
and h) histograms of the corresponding distribution of particle sizes of a), b), c¢) and
d), respectively. (i) UV-visible spectra of pMAA-DDT stabilized gold nanoparticles
obtained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-DDT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

MAT), gave rise to particles with a broad size distribution (see Figure 3.17).

The particle size distribution for samples prepared at all four polymer concentrations
was observed to decrease significantly as the length and hydrophobicity of the end—group
was increased from propyl- (pMAA-PropT, Figure 3.18) to pentyl- (pMAA-PentT,
Figure 3.19) to heptyl- (pMAA-HT, Figure 3.20) and dodecyl-thioether (pMAA—
DDT, Figure 3.3). This effect is apparent from both TEM images and DLS data for
the samples; the sizes and size distribution of the as—prepared particles are summarized

in Table 3.3.
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Figure 3.14: TEM images of 13500g/mol pMAA-DDT stabilized gold nanoparticles
obtained from polymer concentration at a) 0.006, b) 0.06, c) 0.6 and d) 6 mM; e), f),
g) and h) histograms of the corresponding distribution of particle sizes of a), b), ¢) and
d), respectively. (i) UV-visible spectra of pMAA-DDT stabilized gold nanoparticles
obtained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-DDT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

The influence of end—group structure appears to be somewhat greater than the
influence of ligand molecular weight over the range 1500 — 3000 g/mol (see Figure
3.15) and these changes in particle size were therefore ascribed primarily to an end-
group effect. Moreover, the most monodisperse particles were observed with the most
hydrophobic thiols (DDT, ODT) which gave rise to the highest molar mass ligands in
the series; that is, the trend is in opposition to the molecular weight variation described
in Section 3.3.1.2, confirming a more important influence of the polymers end—groups

hydrophobicity compared to their average molecular weight on the size distribution of

85



Chapter 3. Size—controlled synthesis of gold nanoparticles.

Average particle diameter (nm).
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Figure 3.15: Average gold particle size plotted against molecular weight of the capping
agent for particles synthesised using 6 mM (red), 0.6 mM (green), 0.06 mM (orange)
and 0.006 mM (blue) concentrations respectively.

Polymer concentration (mM)
0.6 0.06 0.006
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Figure 3.16: Color images of gold suspensions stabilized with pMAA bearing end-
groups of increasing hydrophobicity at different polymers concentrations.

the particles.
Interestingly, particles prepared using the polymer with the most hydrophobic en—
group, pMAA-ODT, at a concentration of 0.06 mM formed large aggregated supra—
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Figure 3.17: TEM images of pMAA—-MAT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and h)
histograms of the corresponding distribution of particle sizes of a), b), ¢) and d), re-
spectively. (i) UV-visible spectra of pMAA-MAT stabilized gold nanoparticles ob-
tained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-MAT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

particles when imaged by TEM but not at the other polymer concentrations which
were used (i.e., 0.006, 0.6, 6.0 mM). These large spheres are believed to be formed
as a result of the drying process involved in the sample preparation since they were
only observed by TEM and there was absolutely no evidence for such aggregates in
either DLS or UV-visible measurements for this sample. Indeed, DLS, UV-visible
spectroscopy and TEM images (Figure 3.21) suggest that ligand pMAA-ODT gives
rise to gold nanodispersions with comparably narrow size distribution to those observed
with ligand pMAA-DDT. This further highlights the advantage of using a range of

complementary characterization methods to analyze these materials.
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Figure 3.18: TEM images of pMAA-PropT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM,; e), f), g) and h) his-
tograms of the corresponding distribution of particle sizes of a), b), ¢) and d), respec-
tively. (i) UV—visible spectra of DDT-PMAA stabilized gold nanoparticles obtained
from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange line)
and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA—propT stabilized gold
nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green line),
0.6 (orange line) and 6.0 mM (blue line), respectively.

In summary, it is evident that control over particle size distribution is enhanced
when the length of the hydrophobic end—group is increased for pMAA ligands of M,
ranging from 1800 to 3000 g/mol, at least up to Cig hydrophobic chain lengths.

3.3.1.4 Influence of polymer with multiple thiol/thioether containing end—
groups

As before, the range of multidentate ligands was evaluated for the synthesis of gold

nanoparticles at four different polymer concentrations in the range 0.006—6.0 mM, using

the polymer structures described in Chapter 2 Section 2.3.4. As for all other ligands

studied, the average particle size decreased significantly as the polymer concentration
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Figure 3.19: TEM images of pMAA—PentT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and h)
histograms of the corresponding distribution of particle sizes of a), b), ¢) and d), re-
spectively. (i) UV-visible spectra of pMAA-pentT stabilized gold nanoparticles ob-
tained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA—PentT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

was increased and a colour shift from red to yellow can be observed for the so—formed
suspensions, as depicted in Figure 3.22.

In general, characterization by TEM, UV-visible and DLS indicated that these
multidentate ligands gave good (and in one case unprecedented) control over the gold
particle size distribution (see Table 3.4).

The broadest particle size distribution in this series were obtained with ligand
pPMAA-EDT (Figure 3.23); the particle size distribution for this ligand were compara-
ble to (though slightly narrower than) those obtained for ligand pMAA—PropT (Table

3.4 and Figure 3.23) which also contains a C3 end—group structure but just one sulphur
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Figure 3.20: TEM images of pMAA-HT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and h)
histograms of the corresponding distribution of particle sizes of a), b), ¢) and d), re-
spectively. (i) UV—visible spectra of pMAA-HT stabilized gold nanoparticles obtained
from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange line) and
6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-HT stabilized gold nanopar-
ticles obtained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6
(orange line) and 6.0 mM (blue line), respectively.

functionality per chain. This further supports the hypothesis that a significant hy-
drophobic end—group is beneficial in these ligands, as noted in Section 3.3.1.3. Indeed,
the particles obtained using ligand pMAA-NDT (which also contains one thioether and
one thiol) appeared to be more monodisperse than those prepared with pMAA-EDT
at all four polymer concentrations (see Figures 3.23, 3.24 and Table 3.4).

By contrast, the tetradentate ligand, pMAA-PTMP, behaved quite differently, both
in terms of phase behaviour during reaction and in terms of the nanoparticles that were
produced. First, an opaque white solution was observed immediately upon addition of

the polymer ligand to the AuHCIly solution and prior to the addition of the reducing
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Figure 3.21: TEM images of pMAA—-ODT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and h)
histograms of the corresponding distribution of particle sizes of a), b), ¢) and d), re-
spectively. (i) UV-visible spectra of pMAA-ODT stabilized gold nanoparticles ob-
tained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-ODT stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

agent. This effect was observed at all polymer concentrations (from 0.06 to 6.0 mM)

T ghecies was reduced to a Au! thiolate salt by the thiol-

and suggests that the Au
containing pMAA-PTMP ligand, as suggested previously for ligands such as p—HS-
CHay—(CgH4)C(CH3)3.%% This behavior was not observed with any of the other thiol
containing monomers (pMAA-EDT, pMAA-NDT, pMAA-MES), even at the highest
polymer concentrations studied (6.0 mM).

The fact that pMAA-PTMP gives rise to this effect even at the lowest polymer

concentration (0.006 mM) may suggest that phase separation occurs as a result of the
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Particles Diameter
pMAA-DDT Mn 0.006 mM 0.06mM 0.6mM 6mM
TEM DLS| TEM DLS| TEM DLS| TEM DLS

pPMAA-MAT 52428 9.3 | 5.0£22 7.5 |3.6£1.0 6.5 |22+£0.7 2.0
pMAA-PropT | 4.1£1.7 6.6 | 3.2+£0.9 5.0 | 24+0.6 2.1 |1.9+06 1.6
PMAA-PentT |494+1.1 5.8 |3.5+£0.8 4.9 |2.6+0.5 3.3 | 1.7£04 24

pMAA-HT 4.6+£0.7 5.8 |3.5%£04 5.1 |28+04 3.6 |1.7£03 2.6
pPMAA-DDT 5.3+0.7 5.0 | 4.0+£04 3.6 | 2.8+03 2.8 |1.7+£03 1.5
pMAA-ODT 4.5+£0.3 5.6 42 119£0.2 26 |1.7£0.2 2.3

Table 3.3: Effect of end—group hydrophobicity on the formation old nanoparticles pro-
duced using thioether—capped pMAA ligands (size distributions were calculated using
the TEM pictures).

Polymer concentration (mM)
0.6 0.06 0.006

6
PMAA-EDT . @ D
PMAA-MES . & "
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Figure 3.22: Color images of gold suspensions stabilized with bearing end—groups con-
taining multiple thiols and/or thioethers at different polymers concentrations.

multidentate nature of the pMAA-PTMP ligand which can, unlike the other three
thiol-containing ligands, react with more than one gold species. Upon addition of the
reducing agent, NaBH,, the opaque milky solutions became quite rapidly transparent
and assumed the yellow / orange / red colors observed for other ligands at these polymer
concentrations. However, inspection of the UV—visible spectra for the pMAA-PTMP
preparations reveals significant differences in comparison to the other PMAA ligand
structures studied (Figure 3.26). At equivalent polymer concentrations, the pMAA—
PTMP ligand leads to particles which exhibit UV—spectra with a much less pronounced
plasmon band at 515 nm (see Figures 3.3 and 3.26 for comparison). At the higher poly-
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Particles Diameter
pMAA-DDT Mn 0.006 mM 0.06mM 0.6mM 6mM
TEM DLS| TEM DLS| TEM DLS| TEM DLS

PMAA-EDT 4.5+0.5. 6.1 | 3.3£0.5 4.2 | 2.8403 3.9 |18£0.3 20
pMAA-NDT 4.7£06 5.6 | 3.5£05 4.9 | 25+05 3.0 | 1.7£03 2.1
pMAA-MES 4.0+£0.3 5.0 | 3.44+03 4.1 |2.7£0.2 3.2 |1.840.2 2.3
pMAA-PTMP 3.7£0.2 4.7 | 2.8£0.2 3.1 |19+£01 1.8

Table 3.4: Effect of end-group denticity on gold nanoparticles produced using
thioether—apped pMAA ligands (size distributions were calculated using the TEM pic-
tures).

mer concentrations in particular (0.6 mM and 6.0 mM), the plasmon band has entirely
disappeared. In general, the UV—spectra are consistent with this multidentate ligand
giving rise to significantly smaller particles at a given polymer concentration. This was
confirmed by both TEM and DLS analysis. Figure 3.26 shows the TEM analysis for
particles produced using pMAA-PTMP at 0.006, 0.06, and 0.6 mM, respectively. These
particles are both smaller and more monodisperse than any of the samples prepared
using other ligands at these concentrations (see Tables 3.1 and 3.4).

For example, the particles prepared using pMAA-PTMP at 0.006 mM had an av-
erage diameter as estimated by TEM of 3.7 £ 0.2 nm compared with 5.3 £ 0.7 nm
for particles produced using pMAA-DDT at the same concentration (Tables 3.1 and
3.4). Spreads on the particle size distributions are estimated from the full width at half
maximum of the gaussian fits of the particles size distribution histograms determined
by TEM.

Similarly, smaller and more monodisperse particles were observed at 0.06 mM and
0.6 mM (Figure 3.26 and Table 3.4). At a pMAA-PTMP concentration of 6.0 mM,
however, it was not possible to observe the particles by TEM suggesting an average
cluster size below 1 nm which is consistent with the UV-visible spectrum for par-
ticles produced at this concentration (Figure 3.26h). DLS analysis corroborates all
of these observations. By DLS, the particles produced at 0.006, 0.06, and 0.6 mM
PMAA-PTMP concentrations have narrow size distribution (Figure 3.26i) and average

diameters of 4.0 nm, 2.5 nm, and 1.8 nm, respectively. The DLS measurement for the
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Figure 3.23: TEM images of pMAA-EDT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM,; e), f), g) and h) his-
tograms of the corresponding distribution of particle sizes of a), b), ¢) and d), respec-
tively. (i) UV—visible spectra of pMAA-EDT stabilized gold nanoparticles obtained
from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange line)
and 6.0 mM (blue line), respectively. (j) DLS graphs of p-MAA-EDT stabilized gold
nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green line),
0.6 (orange line) and 6.0 mM (blue line), respectively.

particles produced at 6.0 mM pMAA-PTMP is suggestive of an average particle size
below 1 nm, although it must be noted that the DLS instrument used to calculate these
size distribution is not suitable for sizing particles with diameter that small and the
precise shape of the distribution shown in 3.26i) for this sample (particularly sub—1
nm) should not be over—interpreted. Nonetheless, all three characterization methods
(UV—visible spectroscopy, TEM and DLS) are consistent with a sample where the bulk
of the size distribution in the 1 nm range.

In general, the size distribution for the particles produced using pMAA-PTMP were

narrower than those observed using other ligands in this study. This was most evident
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Figure 3.24: TEM images of pMAA-NDT stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM,; e), f), g) and h) his-
tograms of the corresponding distribution of particle sizes of a), b), ¢) and d), respec-
tively. (i) UV—visible spectra of pMAA-NDT stabilized gold nanoparticles obtained
from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange line)
and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-NDT stabilized gold
nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green line),
0.6 (orange line) and 6.0 mM (blue line), respectively.

for the particles synthesized at a 0.006 mM pMAA-PTMP concentration where a very
monodisperse sample was observed which formed ordered hexagonal arrays on the TEM
grid, as shown in Figure 3.27a). A lower magnification TEM image presented in Figure
3.27b) confirmed that this monodispersity was a feature of the bulk sample and the
very narrow size distribution observed by DLS (black line, Figure 3.26i) further supports

this interpretation. The characteristics of those particles will be further developed in

Chapter 4.
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Figure 3.25: TEM images of pMAA-MES stabilized gold nanoparticles obtained from
polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM,; e), f), g) and h) his-
tograms of the corresponding distribution of particle sizes of a), b), ¢) and d), respec-
tively. (i) UV-visible spectra of pMAA-MES stabilized gold nanoparticles obtained
from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange line)
and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-MES stabilized gold
nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green line),
0.6 (orange line) and 6.0 mM (blue line), respectively.

3.3.1.5 MALDI-TOF-MS analysis of pMAA-PTMP stabilized gold nanopar-
ticles.

Gold particles prepared using a 6 mM pMAA-PTMP concentration could not be imaged
by TEM, and DLS measurements cannot be completely interpreted (Section 3.3.1.4,
Figure 3.26). Thus, in an attempt to determine their size and mass, the gold suspension
was investigated by MALDI-TOF-MS according to the protocol determined previously
for pMAA-PTMP polymeric chains (see Chapter 2 Section 2.3.4).

Several preparations of different concentration were tested with a DHB matrix in

positive ion mode, but no clear result could be obtained. Thus, the sample was analyzed
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Figure 3.26: TEM images of pMAA-PTMP stabilized gold nanoparticles obtained
from polymer concentration at a) 0.006, b) 0.06, ¢) 0.6 and d) 6 mM; e), f), g) and
h) histograms of the corresponding distribution of particle sizes of a), b), ¢) and d),
respectively. (i) UV-—visible spectra of pMAA-PTMP stabilized gold nanoparticles
obtained from polymer concentration at 0.006 (red line), 0.06 (green line), 0.6 (orange
line) and 6.0 mM (blue line), respectively. (j) DLS graphs of pMAA-PTMP stabilized
gold nanoparticles obtained from polymer concentration at 0.006 (red line), 0.06 (green
line), 0.6 (orange line) and 6.0 mM (blue line), respectively.

in negative ion mode, in a 3-MTA / DAC matrix (3-MTA was used instead of THAP
because it is more suitable for analysis of high molecular weight species®®), in using
Hy0/MeCN as a solvent.

The spectrum shows a broad multimodal mass distribution ranging from m/z values
between about 5 and 17 kDa. This is broadly consistent with LDI mass spectrometry
data reported for thiolate monolayer protected Auys clusters,?” although the high molar

mass “tail” for the produced pMAA-PTMP stabilized nanoparticles sample extends to
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Figure 3.27: Low magnification TEM images of pMAA-PTMP stabilized gold nanopar-
ticles obtained at a polymer concentration of 0.006 mM.

lower mass values. This may suggest that the clusters are somewhat smaller or may be
a function of the analysis conditions.

The data are consistent, however, with the absence of particles containing more
than 100 gold atoms and confirms the nanometer cluster size suggested by UV—visible
spectroscopy and DLS.

The fine structure of the MALDI-TOF-MS distribution shown in Figure 3.28 shows
a multitude of peaks separated by = values of 32 Daltons, which may suggest loss of

Au / Au-S moieties from the main fragment ion.37:38
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Figure 3.28: Positive ion mode MALDI-TOF-MS spectrum for pMAA-PTMP pro-
tected gold clusters.

3.4 Discussion

3.4.1 Synthesis process rules.

The synthetic procedure described above does not differ from other methods reported

1639 in a sense that it involves the reduction of Au’!! into Au’ by the thiol /

elsewhere
thioether—containing stabilizer in the reaction vessel, and then, the complete reduction
of Au! to Au® by addition of a strong reducing agent (NaBHy).

The mechanism of gold particles formation and the causes of their dispersion in size
using different methods are not completely understood.!” Therefore, the rationalization
for the formation of highly monodisperse nanoparticles using the procedure described
in this Chapter remains challenging.

However, from the various data described above, a number of basic design rules can

be formulated for the effect of the polymeric ligands nature on the formation of gold

nanoparticles.
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Polymeric main chain. For the DDT—capped ligands, pMAA and pAA were found
to be the most effective polymers with the pVSA-DDT ligand in particular showing
incompatibility with this synthetic route (Figure 3.8). pAA-DDT ligands (Figures
3.6) gave somewhat narrower particle size distributions (7 — 9% standard deviation
by TEM) than the pMAA-DDT ligand series (10 — 14% standard deviation) at all
concentrations studied (Figure 3.3) possibly because of its higher water solubility. Both
of these carboxylic-acid-containing polymers gave rise to much narrower particle size
distributions than ligands pHEA-DDT, pEGMA-DDT and pVP-DDT, which led to
standard deviations in the range 15 — 28% (Table 3.1 and Figures 3.4,3.5 and 3.7).
PAA and pMAA are polyfunctional molecules bearing a carboxylic acid group on each
monomer and, as such, have the potential to stabilize these particles by a combination
of both steric and electrostatic mechanisms (see Chapter 1 Section 1.4). Both pAA 4041
and pMAA*? (without thioether end groups) have been used previously as stabilizers

40

for the preparation of stable nanodispersions of materials such as cerium oxide,*” nickel

41

ferrite,! and zinc oxide.*?

Polymers concentrations. The resulting particle size is strongly dependent on the
polymer concentration over the range 0.006 — 6.0 mM, with higher polymer concen-
trations leading to smaller particles. It is quite common to produce small particles
when using a high polymer concentration and can be explained by seeding and growth
mechanistic considerations (see Chapter 1 Section 1.6).%:%9:4344

Polymer molecular weight. A consistent but relatively modest molecular weight
trend was observed for the pMAA-DDT ligands, and at a given molar concentration,
lower molar mass pMAA-DDT chains give rise to smaller and more monodisperse
particles (Figure 3.15). It should be stressed however that the four “standard” polymer
concentrations (0.006, 0.06, 0.6 and 0.6 mM) were defined on the basis of the molar
mass of the polymer repeat unit and not on the polymer molecular weight; as such,
the number of polymer chains (and hence the number of available reactive thioether
end groups) depended on the total M, for each sample. This effect was weak but
reproducible at all ligand concentrations. It has been predicted that, in the small

particle limit, a weak increase in particle size will be observed for larger (i.e., higher
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M,,) passivant molecules because they require more time to diffuse and passivate the
growing nanoparticle.?® This prediction was not supported by data for Me-PEG-SH
ligands of various molecular weights,*® but our observations are broadly consistent with
this hypothesis. An alternative hypothesis, put forward by the same research,*’ is that
heteroatom—containing polymers such as Me-PEG-SH (and by analogy pMAA and
pAA) act as a net which assists in particle nucleation by more rapidly supplying gold
atoms to small, unstable gold clusters. In this case, larger polymers might enhance the
effect by being larger nets.?® Our data for pMAA-DDT ligands do not suggest that
this is the main effect, although it is possible that both gold atom sequestration and
ligand diffusion play opposing roles in the system with ligand diffusivity (for lower M,

species) dominating in this case.

End—group hydrophobicity. An increased particle monodispersity was observed
for the pMAA ligands with more hydrophobic ends groups (Ci2 and Cjg containing
thioethers, Figures 3.21 and 3.3). It is known, that alkanethiols physisorb onto Au(1D)
surfaces through van der Waals interactions and that this physisorption enthalpy de-
pends on the alkyl chain length.4% The physisorption enthalpy per CHy group was
found to be of the order of 6.1 kJ/mol, which implies that for alkanethiols longer than
about 14 carbon atoms the physisorption enthalpy may exceed the chemisorption en-
thalpy.4® The pMAA ligands produced using monofunctional alkanethiol chain-transfer
agents contain thioether,*” not thiol end-groups. Dialkyl sulfides bind less strongly to
Au, having bond strengths near 60 kJ/mol as compared with the 130 kJ/mol value
typical of chemisorbed alkanethiol-Au bonds. 4948 Unlike alkanethiols, where both ph-
ysisorbed (approximately 60 kJ/mol) and chemisorbed (approximately 120 kJ/mol)

(111) and only

forms have been observed, dialkyl sulfides do not readily chemisorb to Au
physisorption (60 kJ/mol) occurs.?%*® On the basis of these previous observations, it
is conceivable that the pMAA ligands with longer hydrophobic alkyl end—groups ph-
ysisorb more strongly to the growing Au particles and that this causes the enhanced

control over particle size distribution.

End—group denticity. End-group!Multiple thiol containingThe multidentate ligand
PMAA-PTMP gave rise to gold particles which were quite distinct from those obtained
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with the other ligands studied here. In particular, the particles were much smaller at a
given ligand concentration and more monodisperse. Remarkably narrow size distribu-
tions were observed at a ligand concentration of 0.006 mM (Figure 3.26 and 3.27). At
this stage, this effect could not be fully rationalized, but it is clear that the structure of
the pMAA-PTMP ligand differs in a number of respects. First, one might expect the
tetradentate end group to have a larger footprint'” and hence for each pMAA-PTMP
ligand to passivate an increased area on the gold particle surface at a given molar cov-
erage. Second, it is possible that the sticking probability for this ligand is enhanced and
that this affects the kinetics of passivation. Third, the end—group, if multiply bound
to the gold surface, may help to stabilize very small clusters, which is consistent with
the marked decrease in particle size that was observed with this ligand at a given poly-
mer concentration. These particles are also very stable toward the presence of salt, or
pH variations.?! The characteristics of those pMAA-PTMP gold particles are further
investigated in Chapter 4.

In combination, these “rules” have allowed the production of ligands that are signifi-
cantly more effective than those reported previously. '* The precise physical explanation
of these various effects is more complex, although some trends may be rationalized quite

readily. 3!
3.4.2 Combined characterizations and correlations

All the gold suspensions produced in this study have been analyzed by TEM and
DLS, so as not to overestimate sizes and distributions. The DLS average particle size
measurements are quite close to those measured by TEM over the different samples
analyzed, and a correlation between the sizes measured by both DLS and TEM is
presented in Figure 3.29. It should be noted that the sizes observed by DLS are slightly
bigger than the ones determined by TEM. The reason for this difference is that the
DLS gives a measure of the particles hydrodynamic radius (i.e. the gold core, the
polymer layer, and a layer of solvent around the particles, see Chapter 1 Section 1.8.3)
when the TEM gives images of the electron dense core. In this study, DLS results
were presented in volume, rather than in scattered light intensity. The scattered light

intensity increases by 10% with the square of the particles molecular weight, thus, small
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Figure 3.29: a) Correlation between particle diameters measured by TEM and mea-
sured by DLS for nanoparticles produced using capping agent of different main chains
(red), capping agents of different molecular weight (green), capping agent with end-
groups of different hydrophobicity (orange) and capping agents containing multiple
thiols and/or thioether (blue). (b) Correlation between TEM and DLS measurements
excluding samples with broad particle size distribution (more than 1 nm by TEM).

amount of impurities in the micrometer range would show a large peak on the spectra.
Presentation of DLS data in volume is herein used to correct this difference in intensities

and make the results easier to read.*”

3.5 Summary

In conclusion, a simple protocol for the preparation of near monodisperse gold hydrosols
in the small size regime below 5 nm has been developed. The particle size is controlled

by varying the concentration of the stabilizing polymer. Polymer structures have been
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optimized to control the growth of gold nanoparticles (polymer main-chain, molecular
weight and end-group), leading to an unprecedented narrow size distribution in the 1 - 5
nm size range. This simple, one pot protocol is a particularly good alternative to replace

previous methods whenever precise size control and monodispersity are required.
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Chapter 4

Size—Dependent Fluorescence
Switching of Polymer—Stabilized

Gold Clusters

4.1 Introduction

N THE LAST DECADES, nanoparticles, and particularly noble metal nanoparticles,
I have been intensively studied because of their size—dependent physical and chemi-
cal properties. ! 4 Since nanoparticle’s dimensions are comparable to biomolecules, they
can be used as probes for sensitive biosensors and as building blocks for biologically

driven self-assembly of nanostructures.® ! Therefore, the design and preparation of

1 .8,12,13

nanoparticles linked to biological molecules, such as peptides,?!! proteins or
DNA strands!'?1® has been a focus of research. Semi-conductor nanoparticles have
been commonly used as biolabels, because they exhibit a strong visible fluorescence
upon UV-visible excitation when their size is smaller than the Bohr radius (a tenth of
nanometer for spherical CdSe particles).®"1? Such an effect is not present in the case of
noble metal nanoparticles, because metals do not have a band gap (see Chapter 1 Sec-
tion 1.7). However these particles strongly affect the properties of organic dyes in their
vicinity, inducing fluorescence quenching or, in the contrary, fluorescence enhancement,
in a distance-dependant manner. 2" 26

In the past few years, new synthetic routes have allowed the manufacture of small
metal nanoparticles, some of them exhibiting a strong fluorescence (compared to the
bulk??) in the visible or near—infrared region when excited upon UV-visible light. Al-

though the photophysical mechanism leading to such optical properties is not yet com-
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Figure 4.1: Colour picture of a) 1.7 nm and b) 1.1 nm pMAA-PTMP gold nanoparticles
suspension under UV-visible irradiation (A = 345 nm).

pletely understood, it is thought to be induced by the electronic transitions that occur
upon excitation between the occupied d bands and the sp bands above the Fermi
level.?%:29 This effect is dependent on the size of the particles, typically occurring only
for diameters smaller than ca. 2 nm.?"3? It is also, in some extent, dependent on
the nature of the protective capping monolayer.333% Most methods reported for the
synthesis of fluorescent metal nanoparticles involve multiple-steps preparations, e.g.

3537 or the use of organic solvents,*®3? with

etching the surface of a larger particle,
the exception of tiopronin and glutathione protected nanocrystals.?’3? Zheng et al.
reported the formation of gold clusters with an intense blue fluorescence and a 41 +
5% efficiency using polyamidoamine (pAMAM) dendrimers as stabilizers.*’ However,
other studies suggest that the fluorescence can be attributed to the dendrimers rather
than to the dendrimer-nanoparticle conjugates.4'4? This highlight the importance of
cautious characterization when dealing with fluorescent metalic clusters of this kind.
In Chapter 3, the one—step synthesis of highly monodisperse gold nanoparticles has
been described, the particles size could be tuned between 1.7 nm and 6 nm by changing
the polymer backbone structure, the nature of the polymer end—group and the relative
amount of gold precursor to polymer. 4344
In this Chapter, using a higher molecular weight pMAA-PTMP polymeric stabi-

lizer, the size-range tunability of the so—formed gold particles has been extended to the

sub 2 nm range and a transition from non—fluorescent to fluorescent nanoparticles be-
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tween 1.1 nm and 1.7 nm has been demonstrated (see Figure 4.1. The most fluorescent
nanomaterial has a 3% quantum yield, and is made of a 1.1 nm gold core and a 6.9
nm hydrodynamic radius. Extensive characterizations and control experiments demon-
strate that the fluorescence originates from the polymer—capped gold nanoparticle and
is strongly dependent on the nanoparticle size and capping agent nature. A model of
the core / shell nanoparticle structure, based on different characterization methods, is

proposed.

4.2 Experimental

4.2.1 Materials

Hydrogen tetrachloroaurate!!! trihydrate, pentaerythritol tetrakis (3-mercaptopropionate),
2,2—-Azobis(2—methylpropionitrile, methacrylic acid, and sodium borohydride (NaBH4,)
were purchased from Aldrich, sodium perchlorate (NaClOsfrom AnalR, tris(2,2-bipyridyl)
ruthenium!/ chloride hexahydrate from Acros Organics. All chemicals were used as re-
ceived. For all experiments, Milli-Q water (18.2 M|Omega ) was used, purified using

an ultrapure system MilliQ) Plus 185 (Millipore purification pack). 0.45um pore size

Millex-HA microfilter were purchased from Millipore.

4.2.2 Methods
4.2.2.1 Polymeric stabilizer synthesis

The methacrylic acid monomer (50 mmol), chain transfer agent (PTMP, 1 mmol) and
Azobismethylpropionitrile (0.080 g, 0.50 mmol) were heated in ethanol (30 mL) under
nitrogen at 75°C in a round-bottomed flask fitted with a reflux condenser (Radleys
Carousel Reactor). The reaction was carried out for 5 hours under agitation. The
resulting product was precipitated into cold diethyl ether (100 mL), filtered using a

Buchner funnel, and dried in vacuo at 45°C for 24 h.

4.2.2.2 Polymeric stabilizer characterization

'H NMR !'H NMR spectrum was recorded on a 400 MHz Bruker DPX-400 spec-
trometer using 6 DMSO as a solvent in a 5 mm quartz NMR tube. 'H NMR of
pMAA-PTMP (66 DMSO) chemical shifts (ppm): end-group: 1.5 (SH), 2.6 & 4.1
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(CHs); backbone: 1.0 (CH3), 1.8 & 2.3 (CHz)

Gel permeation chromatography Gel permeation chromatography (GPC) was
performed using a Polymer Laboratories system equipped with a PL-ELS 1000 evapo-
rative light scattering detector and a series of PC mix gel columns 5 pm MIXED C and
D. THF was used as the eluent at a flow rate of 1.0 ml/min at 40°C. Calibration was
carried out using EasiCal polystyrene standards (Polymer Laboratories). The polymer
was first converted to the methyl ester using TMS-diazomethane reagent to render it

soluble in THF.

Elemental analysis An inductively coupled plasma atomic emission spectroscopy
(ICP-AES) (Spectro Ciros CCD) was used to measure the composition of the gold
suspensions. The signal intensity to concentration was calibrated on a six points plot

determined using standard commercial solutions of gold and sulphur.

4.2.2.3 (Gold nanoparticles synthesis

In a typical experiment, 25 pl. of a 20 mM HAuCly solution was added to a 1 mL
aqueous polymer solution and left for two hours. The final reduction step was achieved
by adding 100 pL of a freshly prepared 5 mM NaBH4 aqueous solution. The nanopar-
ticles were allowed to form and after 24 hours, the unreacted polymer was removed by

dialysis against water and / or by size exclusion chromatography.

4.2.2.4 Gold nanoparticles characterization

UV-visible absorption spectroscopy UV-visible spectra were carried out on a
spectromax plus 384. The aqueous gold nanoparticles solutions (300 pL) were analyzed

in a 1 cm path length quartz cuvette at room temperature.

Fluorescence emission and excitation spectroscopy Fluorescence spectra were
carried out using an Aminco—Bowman Series 2 luminescence spectrometer. The aque-
ous gold nanoparticles solutions (200 L) were analyzed in quartz cuvette at room

temperature.
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Quantum yield calculations The quantum yield of the most fluorescent gold nanopar-
ticles suspension (prepared using 4 mM pMAA-PTMPA and 0.5 mM HAuCly concen-
trations, see Section 4.3.2 for details) was calculated in using tris(2,2-bipyridyl) ruthe-
nium hexahydrate!! as a standard. five aqueous solutions of different concentrations
were prepared for both the standard and the nanoparticles suspensions. The quantum
yield was calculated by comparing the plots of the integrated emission spectra against
the UV-visible extinction spectra for the standard and the gold suspension (at A = 436
and 450 nm respectively).

High resolution transmission electron microscopy The specimens were exam-
ined by high resolution transmission electron microscopy (HR-TEM) on a Jeol JEM-
2011 electron microscope operated at 200 kV and FEI TITAN 80 / 300 microscope
operated at 300 kV. Gold suspensions were deposited on a copper specimen grid sup-
ported by a holey carbon film and left for drying. The diameter of each particle was
quantified using ImagesJ software (1.34s, NIH, USA) to analyze the digitized photo-
graphic images for each sample in the magnification range 200,000 — 500,000 times. A
histogram of the particle size distribution and the average particle diameter were ob-

tained by measuring about 200 particles in arbitrarily chosen areas in the photograph.

Size exclusion chromatography Size exclusion chromatography was carried out on
a 50 cm length Sephadex G25 at a flow rate of 0.680 mL/min at room temperature. 15ml
of gold nanoparticles suspension prepared in using an Au/S ratio of 1/8 (that is, 4 mM
pMAA-PTMP and 0.5 mM HAuCly concentratiions) were freeze—dried, redispersed in
1 mL of water and eluted through the column. The output was detected by UV—Visible
absorption (detection at A = 206 nm) and the chemical composition of the fractions

(gold and sulphur) was analysed by ICP-AES.

Multiphoton confocal microscopy Multiphoton confocal microscopy was carried
out on a Zeiss microscope. A drop of gold suspension was allowed to dry onto a glass
layer and examined under laser excitation (A = 458 nm, P = 0.94 W) at a magnification

of 65x%.
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Fluorescence recovery after photobleaching FRAP measurements were carried
out in a capillary (1 mm diameter) loaded with a gold nanoparticles suspension (4 mM
pMAA-PTMP and 0.5 mM HAuCly). Photobleaching was induced by illuminating the
capillary (Section: 1mm) by using an argon laser (A = 488 nm, P = 1 W) during 500 to
1000 ms. After photobleaching, the beam was attenuated by using a OG515 filter, 90%
of the fluorescence intensity was recovered after approximately 180 s. The evolution of

the fluorescence was monitored by a CCD camera.

Photothermal microscopy A non-resonant probe laser beam (HeNe, A = 633 nm)
and an heating beam (Nd:YAG laser, A = 532 nm) were overlaid and focused on the
sample by means of a high NA microscope objective (x 100, NA=1.4). The intensity
of the heating beam was modulated by an acousto—optic modulator. The sample con-
sists on a dried film of pMAA-PTMP stabilized nanoparticles prepared in using a 4
mM ligand concentration diluted in a PVP matrix (1/1000) on a glass slide. It was
mounted on a piezoelectic scanner (see Section 4.3.6.1 for details). The size of the
observed particles was deduced by comparaison with a commercial colloidal gold sus-
pension (dodecanethiol stabilized AuNPs, 3 nm) analysed using the same experimental

conditions.

X-ray photoelectron spectroscopy (XPS) Samples were prepared for XPS by
pipetting solutions of the polymer capped gold nanoparticles onto adhesive carbon discs.
Solvent was allowed to evaporate off under ambient conditions to leave a waxy film.
A gold foil (Au) foil, AuyO3 and AuCl(PPhs) were mounted directly on the adhesive
carbon discs. X-ray photoelectron spectra were collected on a Kratos Axis Ultra X-ray
photoelectron spectrometer with monochromatic Al-ka radiation and charge neutral-
ization. Survey scans were ired in one sweep in 250 meV steps with a dwell time of
200 ms / step and pass energy of 80 electronvolts. High resolution scans of the C!®
region were acquired in 1 sweep in 100 meV steps with a dwell time of 200 ms/step and
pass energy of 20 eV. The Au*/ X-ray photoelectron spectra for all samples (except
those prepared from 0.4 mM pMAA-PTMP and 0.5 mM HAuCly were acquired in 5
sweeps in 100 meV steps with a pass energy of 20 eV and a dwell time of 200 ms / step.
Au*f X-ray photoelectron spectra of the sample prepared from 0.5 mM pMAA-PTMP
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Figure 4.2: GPC elution curve of pMAA-PTMP stabilizer.

and 0.5 mM HAuCly were acquired in 10 sweeps with a dwell time of 500 ms and pass
energy of 20 eV. For analysis, six of these scans were averaged after calibration to the

to the C'* carbonyl peak of acrylic acid units at 289.33 electronvolts.

Extended X—Ray absorption fine structure (EXAFS) X-ray absorption spec-
tra of the (Au in the polymer films) at the Au-L3 absorption edge were collected
at beamline 12-BM-B of the Advanced Photon Source (APS) in Chicago, USA. The
bending magnet beamline uses a water—cooled, double-crystal, fixed-exit monochroma-
tor with Si(111) crystals capable of operations between 4.5 and 30 keV. A double mirror
system (flat plus torroid) with a cutoff energy of 22 keV focuses the beam in the exper-
imental station to 0.8 mm x 1 mm. Data were collected on polymer films mounted on
adhesive backed carbon tabs in fluorescence-yield mode with a Canberra 13—element Ge
detector. Eight spectra collected sequentially on each sample were averaged for further

analysis of the EXAFS.

4.3 Results

4.3.1 Polymer stabilizer synthesis

In Chapter 3, the one—step synthesis of various water—soluble, polymer—stabilized monodis-

perse gold nanoparticles has been reported.?*4* It was shown that their sizes and dis-
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persions are governed by he polymer stabilizer structure (main chain and thiol and/or
thioether containing end-group), the molecular weight (M,,) of the polymeric stabilizer,
and more importantly, the relative amount of gold and stabilizer ligand used during
the synthesis; a higher gold / polymeric ligand ratio leading to the formation of larger
particles.

It was also found that, amongst all the different polymeric stabilizers that were
used, pMAA-PTMP (pentaerythritol tetrakis(3—-mercaptopropionate) terminated poly-
methacrylic acid) produced the most promising results, since it allows making small and
monodisperse nanoparticles, that are also chemically and physically stable (to the pres-
ence of salt, or pH variations for example).** This polymeric stabilizer is made up of a
linear chain of water—soluble methacrylic acid units and of an hydrophobic end—group
that contains, on average, three thiols and one thioether (see Section 2.3.4 Figure 2.7).
This ligand is believed to be an efficient capping agent probably because of the presence
of the three sulphurs that can form quasi—covalent bonds with gold.

In the study presented in Chapter 3 Section 3.3.1.4, the highest polymeric ligand
concentration used for the synthesis of gold particles was 6 mM. This is the higher
polymer concentration that could be reached in aqueous conditions, due to limited
solubility of the polymers containing an end—group of relatively high hydrophobicity,
like PTMP.

In this Chapter, a pMAA-PTMP with a higher molecular weight than in the previ-
ous study was targeted in order to counterbalance the hydrophobicity of the end—group,
thus obtaining a better solubility in water up to approximately 30 mM. Increasing the
solubility of the polymer allows a lower gold / ligand ratio to be used. Since the size
of the so—formed gold particles is directly dependent on the relative concentration of
gold initiator and polymeric ligand, the use of this polymer should therefore lead to the
formation of smaller nanoparticles.

The pMAA-PTMP used in this Chapter was synthesized as described previously in
Section 2.4.1)%% using PTMP (pentaerythritol tetrakis(3—mercaptopropionate) as the
chain transfer agent and AIBN (2,2'-Azobis(2—methylpropionitrile) as the initiator.
The relative amounts of initiator and methacrylic acid monomers was decreased com-

pared to the synthesis described previously. 'H NMR spectroscopy (Figure 4.3) show
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Figure 4.3: 'H NMR spectra of pMAA-PTMP polymeric stabilizer.

the presence of an SH peak at 1.3 ppm, implying that most of the polymeric chains are
formed alongside a single thiol on each PTMP unit, as described in Section 2.4.3.4°47

Gel permeation chromatography data (Figure 4.2) indicates that the polymer molec-
ular weight is higher than the one used previously in Chapter 2 and that the molecular
weight distribution is relatively narrow (M,, = 6359 g/mol, M,, = 7524g/mol and PDI
= 1.2). As mentioned in Section 2.4.2, the molecular weight, and thus, the size of
the hyhdrophylic polymer main—chain is dependent on the relative ratio of monomers
and chain—transfer agent (for a fixed initiator concentration, under similar experimen-
tal conditions) used during the chain—transfer polymerization process. For comparison,
the polymer prepared using a similar ratio (i.e. pMAA-DDT prepared in using 5 mmol
of monomer and 1.25 mmol of chain—transfer agent) allowed the preparation of a poly-
mer with and average number molecular weight M,, = 7000 g/mol and weight average
molecular weight M,, = 9540. Those data a roughly in accordance with the molecular
weight of the polymer described here, and the variations observed between those two
polymers can be ascribed to different chain—transfer constant between DDT and PTMP

(see Chapter 2 Section 2.4.1).
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Figure 4.4: Colour image of gold suspensions prepared with a fixed gold concentration
(0.5 mM) and various ligand concentration under a) daylight and b) UV visible light
(345 nm wavelength).

4.3.2 Formation of gold nanoparticles

This PTMP terminated pMAA was then used as a "multi-dentate” capping agent to
control the growth of gold nanoparticles in a manner similar as the one described in
Section 3.3.1.4 and different sizes of particles were obtained by varying the polymer/gold
ratio in the 0.05 mM to 15 mM range (for a fixed HAuCly) concentration of 0.5 mM.
The so—formed gold suspensions are shown in Figure 4.4a).

When the capping agent / gold ratio is increased, a change of the colour of the
nanoparticles solutions from red to yellow is observed for a polymer concentration
ranging from 0.05 to approximately 5 mM while keeping the amount of HAuCly constant
(Figure 4.4a). These observations are in accordance with those described in Chapter 3
and Section 3.3.1.4. This tends to indicate that spectroscopically—distinct particles of
different sizes are formed. "

However, at polymer concentrations above 5 mM, colourless solutions are observed.
The presence of nanoparticles in those samples could not be confirmed, neither ruled
out, and those colourless are believed to be due to the formation of very small gold
clusters or to gold! complexes.*®

The size of some of those so—formed particles was studied by TEM and HR-TEM,
as depicted in Figure 4.5. Once again, the size of the particles seems to be dependent
on the polymeric ligand concentration used during the synthesis, a higher polymer
concentration leading to the formation of smaller particles in the 2.5 to 1.1 nm range.

This trend is shown in Figure 4.6
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Figure 4.5: TEM, HR-TEM pictures and size distribution histograms of pMAA-PTMP
stabilized gold nanoparticles prepared using a 0.5 mM HAuCly concentration and var-
ious polymer concentrations.

The sizes of the gold particles determined by HR-TEM are roughly in accordance
with the data presented in Section 3.3.1.4 and Figure 3.26. The slight increase in the
particles size distribution observed between the two sets of experiments (in using a
M,, = 1988 g/mol pMAA-PTMP in Chapter 2 and a M,, = 6359 g/mol pMAA-PTMP
herein) corroborates the previous observations describing the influence of the polymeric
stabilizer molecular weight on the gold nanoparticles average size, a longer polymeric

chain leading to the formation of particles slightly larger (see Section 3.3.1.2).43
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Figure 4.6: Plot of the pMAA-PTMP stabilized particles diameter (determined by
TEM) against the polymer concentration used for their synthesis. No particles smaller

than 1.1 nm could be observed (preparations using polymer concentrations above 5
mM.
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Figure 4.7: UV—Visible extinction spectra of gold suspensions with various ligand con-
centration; 0.05mM (black line), 0.2mM (blue line), 0.5mM (red line), ImM (dark
green), 2mM (orange line), 3mM (dark yellow line), 4mM (grey line), 6mM (green
line).

4.3.3 Gold nanoparticles optical characteristics

The UV visible spectroscopyUV—Visible extinction spectra of the various gold suspen-
sions show that only solutions prepared with a polymer concentration below 0.2 mM

(larger nanoparticles) exhibit a weak plasmon band at 510 nm, whereas the solutions

119



Chapter 4. Fluorescence of polymer—stabilized gold clusters.

-
c -
SRR
S

>
= £
g c

(]
w 5

£

Emission
Intensity (a.u.)

15"-_"'--.___ e
10 T R '00 800

Polyme, ° 0500 690
Concep, r \aveleng®h (nm)

tratiop, (M M)

Figure 4.8: Excitation spectra (emission at 695nm) of gold suspensions against ligand
concentration (for a fixed concentration of 0.5mM of gold). An experimental artifact due
to second order excitation (between 340 and 360nm) was intentionally deleted. Emission
spectra (excitation at 450nm) of a gold suspension against ligand concentration (for a
fixed concentration of 0.5mM of gold).

prepared using a higher polymer concentration (small nanoparticles) do not show any
plasmon band at all (Figure 4.7).

Interestingly, the gold nanoparticles prepared using a polymer / gold ratio between
1/1 and 1/12 (that is a polymer concentration ranging between 0.5 mM and 15 mM, for

a fixed gold concentration of 0.5 mM) exhibit a red visible fluorescence when excited
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Figure 4.9: Emission intensities at 695 nm as a function of ligand concentration.

under UV-visible light (A = 345 nm), as shown in Figure 4.4b). Fluorescence (excitation
and emission) spectra were recorded on all samples, revealing a broad excitation band
centered at 450 nm and a broad emission band at 700 — 750 nanometers (Figures 4.8).
The magnitudes of the emission and excitation bands are strongly dependent on the
polymer concentration with a maximum intensity for a polymer concentration of 4 mM
(Figures 4.8 and 4.9).

The excitation spectra exhibit a fine structure and the emission spectra show a
sharp secondary peak at 800 nm. These characteristics are reproducibly observed on
excitation and emission spectra recorded on batches of gold suspensions obtained in
different independent syntheses. The relation between these peaks and the detailed
electronic structure remains challenging. However, it has been shown previously that
the emission and excitation energies were dependent on the gold clusters size and elec-
tronic structure.?*?? This fine structure (Figure 4.10) can then arguably be assigned
to different electronic transitions occurring in small clusters of slightly different sizes,

or between different electronic states (see Section 4.4.2.1 for details).4:%"

4.3.4 Fluorescent particles quantum yield calculations

The quantum yield ©f of a fluorescent species is the ratio of photons absorbed to
photons emitted through luminescence, and the probability of the excited state being

deactivated by fluorescence (or phosphorescence) rather than by another, non-radiative
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Figure 4.10: Fine structure of excitation spectra of fluorescent gold suspensions (emis-
sion at A = 750 nm).

mechanism. It is given by Equation 4.1.

hot
_ photonsem (4.1)
photonsgps

Herein, the quantum yield of the most fluorescent nanomaterial (prepared us-
ing a 0.5 mM HAuCly concentration and a 4 mM pMAA-PTMP concentration) was

I.,°! which involves the

determined using the comparative method of Williams et a
use of a well characterized standard species with a known quantum yield. Here,
tris(bipyridine)ruthenium!/ chloride was chosen as a standard because it has a sim-
ilar absorbance than the gold suspension at approximately the same excitation wave-
length. 723

Hence, the quantum yields of the gold suspensions and the standard was calculated
as the ratio of the integrated fluorescence intensity (between A = 450 and 950 nm) to
their respective absorbances at their maximum excitation wavelengths (that is, A =
443 nm for the standard and A = 450 nm for the gold suspensions). This process was
repeated at five different concentrations for the standard and the gold suspensions, and
the plot of the integrated intensities against the absorbances is shown in Figure 4.11,
typical absorption and excitation spectra for the standard and the gold suspensions are

depicted in Figure 4.12.

The quantum yield of the gold suspension, © 4,yp was then calculated in using the
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Figure 4.11: Quantum yield of the most fluorescent gold nanoparticles suspension (4
pMAA-PTMP and 0.5 mM HAuCly) calculated in using Tris(2,2-bipyridyl) ruthenium
hexahydrate (II) as a standard.

respective slopes of the two linear fits of the plots shown in Figure 4.11 as:

Slope aunp
Slopes;.

with Og. the quantum yield of the standard (O, = 4.2%),”* and Slope 4,y p and

6AuNP - @st. X (42)

Slopeg:. the director coefficient of the linear plots of the gold suspensions and the

standard respectively. The quantum yield of the fluorescent gold suspension was found

_ 243 __
t0b69—4.2>< m—g%

4.3.5 Purifications and controls

4.3.5.1 Removal of excess unreacted polymeric ligand

Size exclusion chromatography was carried out on the gold suspension samples in order
to remove the excess polymer after the synthesis of gold nanoparticles (see Section
4.2.2.3). In order to assess the efficiency of this purification process, an unpurified
gold nanoparticles sample synthesized using a 4 mM polymer and 0.5 mM HAuCly
concentrations was eluted through preparative scale size exclusion chromatography. the
sample (15 mL) was first freeze-dried, and resuspended in Milli-Q water (1 mL) No
signs of aggregation could be observed when comparing the UV—visisble spectra of the

suspensions before and after freeze—drying, no significant difference in their fluorescence
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Figure 4.12: Excitation spectra of a) Tris(2,2-bipyridyl) ruthenium and b) the pMAA—
PTMP gold suspensions at various low concentrations.

excitation and emission spectra could be noticed either, as shown in Figures 4.13 a)
and b).

The output of the column was followed by “online” UV—visible detection (tracking
eluted species’ absorbance at A = 208 nm), and the resulting UV-visible trace is pre-
sented in Figure 4.15. The fractions were analyzed by fluorescence spectroscopy and
ICP-AES. The setup of this experiment is described in Figure 4.14.

The UV-visible trace show a sharp peak at 9 minutes reduced retention time, and
a second broad one at approximately 40 minutes can also be observed. The first peak
is related to largest species (shorter elution time) that are yellow upon daylight (gold
particles) and fluorescent when excited by UV—Visible radiation (A = 345 nm) The
second peak is related to smaller (longer elution time) colourless and non—fluorescent
species, and is attributed to the excess unreacted polymer.

After elution, the fractions were collected, and their fluorescence intensities recorded,
as well as their chemical composition, which was determined by ICP—AES. The results
of those controls are shown in Figure 4.16. Once again, the results show a separation
of two species. The largest yellow species exhibit a strong fluorescence when excited
by UV-visible light (peak at 9 minutes, Figure 4.16a). Elemental analysis of the same
fractions showed that the fluorescence is related with the amount of gold. The smallest

species on the curve representing the sulphur concentration can be attributed to the
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Figure 4.13: a) UV visible spectroscopyUV—Visible absorption spectra of a gold
nanoparticles suspension prepared using a 4 mM pMAA-PTMP and a 0.5 mM concen-
tration of HAuCly before (black line) and after (red line) freeze—drying. b) Excitation
and emission spectra of the same gold suspension before (black and grey lines respec-
tively) and after (red and orange lines respectively) freeze drying. Because the particles
have been concentrated, and due to saturation of the detectors (for both UV-Visible
and fluorescence spectroscopies), the samples were diluted (in Milli-Q water) prior to
analysis, and the spectra shown have been normalized.

excess polymer (peak at 40 minutes (Figure 4.16).
Taken together, these experiments clearly demonstrate that the fluorescence cannot

be attributed to the polymer by itself.

4.3.5.2 Oxidation, reduction adducts and Au’ oligomers

To test whether the observed fluorescence could be due to the polymeric species, or
a byproduct, excitation and emission spectra were recorded on the polymer itself in
aqueous solutions for all the concentrations that were used during the synthesis of the
particles (Figure 4.17 a). The same control experiment was repeated on the oxidized
form of the polymer (by adding 100 pL of a freshly prepared 50 mM NaClO4 aqueous
solution to a 1 mL polymer solution) and its reduced form (by adding 100 uL of a
freshly prepared 50 mM NaBH, aqueous solution to a 1 mL polymer solution). Only
a weak emission could be observed on those controls, at A = 400 nm; the excitation
wavelength could not be detected and is thought to be at a wavelength below 200 nm.
The weak fluorescence is observed at high polymer concentrations, at a wavelength

different from the one observed for the gold colloids. It is thus unlikely that it is related
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Figure 4.14: Experimental setup of the size exclusion experiment. the output of the
column is controlled using a UV—Visible detector (A = 208 nm), the fractions are then
analyzed by emission spectroscopy and ICP-AES.

to the fluorescence of the gold particles, and is probably due to a weak emission of the
polymer itself. (see Figure 4.17 b and c).

The fluorescence of gold! complex has been reported in the literature. ®>*® Therefore,
the luminescence of Au! complex that could have been formed during the synthesis
was investigated to elucidate if the observed fluorescence could originate from such
complexes rather than from Au' clusters. A series of solutions containing pMAA-
PTMP and HAuCly in different ratios were prepared. These solutions were identical
to the one used for nanoparticles synthesis except that no reducing agent (NaBH, was
added. All the solutions were pale yellow after addition of the gold salt and turned
rapidly to colourless, indicating that gold’!! was reduced to gold! by the polymer in
solution.*® Emission and excitation spectra were recorded and no fluorescence could be
detected (Figure 4.17 d).

Furthermore, the oxidation state of the gold in some of the fluorescent gold nanopar-

ticles samples was investigated by X-ray photoelectron spectroscopy (XPS) in order to
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Figure 4.15: UV-visible (A = 208 nm) detection of size exclusion chromatography
elution.

assess the metalic state of the gold clusters. The XPS spectrum exhibits two peaks at
81.83 eV (Au 4f7/2) and 85.47 eV (Au 4f°/2) that are consistent with the presence of
gold® nanoparticles (Figure 4.28).3!:3457 No peak corresponding to the binding energy
of gold!) containing species could be observed.

This set of experiments tends to indicate that the observed fluorescence cannot
be attributed to the formation of a gold! complex. The XPS analysis of the gold

suspensions is discussed in details in Section 4.4.1

4.3.6 Photobleaching

In order to confirm the size of the luminescent particles observed by HR-TEM and
to relate the fluorescence to the presence of the particles, photothermal spectroscopy
coupled to confocal fluorescence spectroscopy was carried out. The former technique
allows the detection of single particles by scanning a specific area of a dry film of the
sample, the latter can detect small fluorescent dots on the same area. The superposition
of two images, the first one showing the position of the particles and the second one
showing the presence of fluorescence, would prove that the fluorescence originates from

those particles.
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Figure 4.16: Top: Gold (red) and sulphur (blue) concentrations determined by I.C.P.-
A.E.S. (Inductively Coupled Plasma - Atomic Emission Spectrometry) of various frac-
tions of an unpurified (unreacted polymer-containing) gold nanoparticles suspension
after elution through size exclusion chromatography (Sephadex G25). The sample was
prepared using a 4 mM polymer concentration and a 0.5 mM gold concentration. Bot-
tom: Emission intensity of those fractions (excitation and emission wavelength are 485
nm and 645 nm respectively).

4.3.6.1 Photothermal and fluorescence microscopy

Photothermal spectroscopy can detect gold nanoparticles as small as 1.4 nm taking
advantage of the large absorption cross section of a nanoparticle that induce a local
temperature increase around the particle when illuminated by a laser. 60
Photothermal images of the gold particles prepared using a 4mM pMAA-PTMP
and 0.5 mM gold concentrations were taken using the experimental setup presented
in Figure 4.18. This setup involves a heating beam absorbed by the particles (green
laser, A = 514 nm) and a superposed probe beam (red laser, A = 633 nm) weakly
absorbed, polarized horizontally. An accousto—optical modulator is used to modulate

the intensity of the green laser at a frequency 2 . The sample which is mounted onto

a piezoscanner and can move along two axes.
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Figure 4.17: Excitation (left) and emission (right) spectra (emission at 695nm) of the
polymeric stabilizer (a), the same polymer in the presence of a reducer (b), an oxidant
(c) and HAuCly at various concentrations. An experimental artifact due to second
order excitation (between 340 and 360nm) was intentionally deleted. Emission spectra
(excitation at 450nm) of a gold suspension against ligand concentration (for a fixed
concentration of 0.5mM of gold).

When a gold nanoparticle is illuminated with an intensity modulated green laser

beam, the particle behaves like a heat point source, its heating power being dependent
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Figure 4.18: Schematic of the photothermal microscope experimental setup. The heat-
ing beam intensity is stabilized by an electro-optic modulator. It is overlaid with the
probe beam on a broad band dichroic mirror. A combination of a polarizing cube
and quarter wave plate is used to extract the reflected probe beam which contains the
photothermal signal.

on the laser modulation frequency. The laser absorption by the particle generates a
time—-modulated index of refraction in the vicinity of the particle. The probe beam
interacting with this profile gives rise to a scattered field containing sidebands with
frequency shifts w Interferences between the reference field and the scattered field pro-
duces a beatnote at the modulation frequency w that can be extracted and are recorded
for each point of the sample, giving an two dimensional image of the recorded interfer-
ences.

A photothermal image taken on a dried film of gold particles (4 mM PTMP p-MAA
and 0.5 mM HAuCly) show the presence of nanoparticles and confirmed an average
diameter of approximately 1 to 1.5 nm by comparison with a standard (commercial 2 nm
dodecanethiol stabilized colloids). This comparison is built on the relative intensities of
the interferences recorded on the pMAA-PTMP coated particles and the commercial
sample, and on the fact that those intensities are proportional to the volume of the

particles.” The photothermal image is presented in Figure 4.19.

4.3.6.2 Confocal fluorescence microscopy

In order to establish a direct link between the presence of a nanoparticle and fluo-

rescence, the photothermal technique was combined with a confocal fluorescence mi-
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Figure 4.19: Photothermal image of approximately 1 to 2 nm gold nanoparticles in a
few tens of nanometers thick polyvinyl alcohol film on a glass substrate. The average
heating power was 10 mW.

a) Sample on b) Sample on

Piezoscanner Piezoscanner

— —
Objective Objective
lens lens
— -

........... : Dichroic e z , Spectrometer|
ﬂ mirror /

e |

plate \
polarizing r | Avalanche
photodiode i cube Dichroic N | photodiode

mirror

Figure 4.20: Experimental setup of photothermal and fluorescence microscopy.

croscopy setup. The experimental setup is described in Figure 4.20.
This system allow the acquisition of fluorescence images as well as photothermal
images of the same sample. The luminescence images were acquired using an excitation

laser at a wavelength A = 540 nm. The emission signal was detected using a fast
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Figure 4.21: Photothermal (a) and fluorescence (b) spectroscopy images of a dried film
of fluorescent pMAA-PTMP stabilized gold particles.

photodiode after being filtered through a filter at 600 + 75 nm.

Figure 4.21 show images taken on a pMAA-PTMP stabilized fluorescent gold par-
ticles in “fluorescence” mode (right hand side) and in “photothermal mode” (left hand
side).

Even though the correlation between the photothermal and fluorescence images is
possible for some spots, the signal to noise ratio in the fluorescence image is relatively
high. This effect can be attributed to the relatively low quantum yield of the pMAA—
PTMP stabilized particles.

Furthermore, some spots observed on the photothermal image are missing from the
fluorescence image. This can be due to the presence of non—fluorescent particles in
the sample, or to rapid photobleaching of the particles upon laser excitation. Indeed,
photobleaching of the particles could be directly observed during fluorescence images

acquisition.

4.3.7 Induced photobleaching
4.3.7.1 Optical microscopy

Photobleaching can be clearly seen on the fluorescent image of a dried film of pMAA-
PTMP coated fluorescent nanoparticles (Figure 4.22 and 4.23). The film shown here
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Figure 4.22: Multiphoton microscope image of a dried film of gold nanoparticles (4 mM
pPMAA-PTMP and 0.5 mM HAuCly) dried film; the dark area is a part of the droplet
that undergo photobleaching after a few seconds upon laser excitation (458 nm, 0.9W).

is simply obtained by drying a droplet of particles suspension on a glass slide. Fig-
ure 4.22a shows the aggregated particles after drying at low magnification. Figures
4.22b and c show the edge of one of those aggregates, the red colour being due to the
nanoparticles emission. The dark square on Figure 4.22 ccorresponds to an area that
has been scanned several times at 458 nm, resulting in the desactivation of the gold
nanoparticles fluorescence. To our knowledge, it is the first time that photobleaching
of gold nanoparticle has been reported, and this phenomena could be due, for example,
to heat induced structural changes in the particles. Gold nanoparticles with diameters
less than 5 nm have melting temperatures that are much lower than bulk gold (300 —
500°C wversus 1063°C), this properties have been used for laser curing of printed gold

nanoparticle inks.%! This differences in melting points are due to the surface atoms
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Figure 4.23: Evolution of photobleaching of dried aggregates of fluorescent particles
with laser illumination time.

that tend to be coordinatively unsaturated at such a size scale.%? Photobleaching can
also be ascribed to morphological changes under laser irradiation (fragmentation and

photofusion); such processes have been reported previously. %3 71

4.3.7.2 Fluorescence recovery after photobleaching

Building on this observation, fluorescence recovery after photobleaching (FRAP) in a
capillary was used to measure the hydrodynamic radius of the fluorescent species. In
this case, dynamic light scattering (DLS) was not used to assess the hydrodynamic

radius of the particles, due to their emission wavelength that slightly overlaps the
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Figure 4.24: Schematic representation of the fluorescence recovery after photobleaching
process.

wavelength of the DLS laser (A = 532 nm).

Fluorescence recovery after photobleaching allows the measurement the diffusion
coefficient of fluorescent colloids in a solvent.” In practice, the FRAP experiment
consists in a local photobleaching by laser illumination. Fluorescence recovery results
from the movement of unbleached particles from the surrounding zone into the bleached
area due to Brownian motion, as shown in Figure 4.24. The fluorescence recovery is
time dependent and follows a Gaussian profile (see Figure 4.25) The evolution of this

Gaussian profile is described by:

— Z2
2 4Dt+£
“o 2

i
I(Z,t):I[) -2z :I() 2
ADt+ D -

with w the width of the Gaussian (and wg the width at t = 0), I it’s intensity and
D the diffusion coefficient of the colloids in suspension. The diffusion coefficient of
those colloids is sensitive to the temperature and solvent viscosity, thus, the D value

calculated from equation 4.3 is normalized using the relation:

n(T) X TO

D(20°C) =D x V———
( ) n(To) x T

(4.4)

From the values of the diffusion coefficient calculated using equations 4.3 and 4.4,
the hydrodynamic radius of the same sample is then calculated applying the Stokes—

Einstein equation (equation 4.5, where k is the Boltzman constant (k = 1.38x10723).

(kxT)

D=——-—
6xmTXxnXR

(4.5)
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Figure 4.25: Schematic representation of the gaussian profile of the bleaching area of
the particles during the FRAP experiment.

FRAP measurements were carried out in a Imm wide capillary on a nanoparticles
suspension(4 mM PTMP p-MAA and 0.5 mM HAuCly). The sample was scanned 50
times over seven days, the calculated values of D are reported in Figure 4.26. No sign
of aggregation could be observed over those measurements after a week; the diffusion
constant distribution from those measurements are presented in Figure 4.27 and the
corrected average D value was found to be on average 62.3 m.s~!. It is related, according

to equation 4.5, to the presence of 6.9 nm hydrodynamic diameter gold particles.

4.4 Discussion

4.4.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy was used to investigate the overall charge states
of the gold nanoparticles, as mentioned in Section 4.3.5.2. Since the number of the
free electrons in the metal nanoparticles is strongly dependent on the charge states
of its constituent metal atoms, XPS technique was employed to measure the bind-
ing energies of core electrons and considered as being indicative of the overall charge
states of gold atoms in some of the luminescent and non—luminescent pMAA-PTMP
coated gold nanoparticles. Au 4f7/2 and 4f>/2 binding energies in the luminescent and

non—luminescent gold nanoparticles were investigated and XP spectra of various gold
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Figure 4.26: Evolution of the diffusion constant D after 50 FRAP measurements with
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Figure 4.27: FRAP (Fluorescence recovery after photobleaching) histogram. The mean
diffusion constant of a nanoparticles suspension prepared using a 4 mM polymer and 0.5
mM gold concentrations is 62.3 mm/s (standard deviation = 2.3 m.s-1) corresponding
to a 3.45 nm hydrodynamic radius species (standard deviation = 0.1nm).

suspensions are depicted in Figure 4.28 with XP spectra of standard commercial gold

compounds (i.e. AuaOs, AuCIPPhs and gold foil) for comparison.
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Figure 4.28: X-ray photo-electron spectra of AuNP of various sizes and gold containing
references.

Samples were prepared for XPS by pipetting solutions of the polymer capped Au
nanoparticles onto adhesive carbon discs. Solvent was allowed to evaporate off under
ambient conditions to leave a waxy film. Au foil, AusO3 and AuCIPPhs were mounted
directly on the adhesive carbon discs.

X-ray photoelectron spectra were collected on a Kratos Axis Ultra X-ray photo-
electron spectrometer with monochromatic AlI-Ka radiation and charge neutralization.

High resolution scans of the C!® region were acquired for calibration (C'* = 285.0 eV
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Sample BE calibration to | BE Au 4f7/2 [eV] | FWHM [eV] |
Au foil C 1s 285.0 eV 84 0.74
0.2 mmol | C 1s C=0 289.33 eV 84.8 1.37
0.5 mmol | C 1s C=0 289.33 eV 84.7 1.49
2 mmol C 1s C=0 289.33 eV 84.7 1.21
4 mmol | C1s C=0 289.33 eV 84.9 1.33
AuCl(PPhs) C 15 285.0 eV 85.4 0.74
85.8 1.65
Auy,03 C 1s 285.0 eV 84.8 1.23
86.7 1.06
87 1.99

Table 4.1: X—Ray photoelectron data acquiered on various pMAA-PTMP coated gold
particles, and standards.

for carbon, and C'* = 285.0 for C' = O groups). The values of the Au*/ bonding energy
after calibrations are summarized in Table 4.1.

The Au*/ emission lines (Figure 4.28) have symmetric peak shapes. They are
broadened and shifted in binding energy (BE) by approximately +0.7 eV relative to
bulk metallic gold (compared to Au foil). This indicates that the gold samples are
electronically different from bulk metallic gold. The Au’ reference sample (AuCl(PPhs),
exhibits slightly larger BE shift. Assuming a linear relationship between the Au*f
binding energy and Au valency in bulk compounds,”™ one may, on first sight, conclude
that the photoelectron spectra are associated with Au species with an oxidation state
close to +1. Indeed, binding energies similar to those of fluorescent gold suspensions
shifts are have previously been observed for polymeric Au! complexes.™

However, such BE shifts also occur in small, essentially metallic gold nanoparticles
such as those in the pMAA-PTMP coated particles samples.”® The origin of these
shifts is ascribed to a retardation of the emitted photoelectron, either by less efficient
screening of the core hole created during the photoemission process, or due to Coulomb
retardation, i.e. accumulation of charges on metallic particles in an electrically insulat-
ing matrix. Superpositions of these effects are likely and it is not possible to disentangle

their effects. However, it can be noted the lower BE component visible in the Au*f
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emission of the polycrystalline AuyOgs reference sample (Figure 4.28), which is due to
small metallic gold particles formed by slow photo—induced decomposition processes at
room temperature. "%

It should also be noted that the full width at half maximum (FWHM, see Table 4.1)
and the binding energy shift of the AusOgs standard are of similar magnitude, namely
1.23 eV and +0.8 eV respectively as for the gold component in the pMAA-PTMP
stabilized gold samples.

Interestingly, no difference can be detected between the XP spectra of the highly
fluorescent sample (4 mM pMAA-PTMP) and the less fluorescent sample (0.2 mM
pMAA-PTMP) within the signal-to-noise limits of the XP measurements, indicating
that the variations in fluorescence behavior could be caused by the interaction with the

polymer matrix (see Sections 4.4.2.2 and 4.4.2.3).

4.4.2 Origin of photoluminescence.

4.4.2.1 Electronic transitions

The photoluminescence of small gold clusters have been investigated previousely, and
even if the exact photochemical process leading to this phenomena is not yet completely
understood, rationalizations of such effect have been attempted. A theoretical study
from Apell et al. relates the observed luminescence of gold (and other noble metal)
clusters to electronic transitions between the occupied d bands and the energetic states
above the Fermi level (Figure 4.29 a).? In a similar manner, Link et al. attribute
the near infrared luminescence of small glutathione stabilized Auog clusters to the
same radiative electronic recombination.”” However, this second study infers that the
luminescence can also be attributed to a radiative interband treansition within the sp
bands across the HOMO-LUMO energy gap (Figure 4.29b).

Furthermore, Wang et al., and Huang et al. attribute the luminescence not only
to HOMO-LUMO interband transitions, but also to localized core—surface states of
size-independent energetics. 339

The two possible radiative electronic desexcitation that could lead to fluorescence
emission are schematized in Figure 4.29.

Herein, it is evident that the observed fluorescence intensity is dependent on the
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Figure 4.29: Proposed solid state model for the origin of luminescence by a) radiative
inter—band transition within the sp band across the HOMO LUMO gap and/or b) by
radiative recombination between the sp band and the d band.

polymer concentration used during the synthesis, and thus to the size of the so—formed
clusters. However, no significant shift in the excitation or emission spectra could be
observed for samples prepared using various polymer concentrations. A decrease in the
cluster size would, in theory, lead to an increase of the HOMO-LUMO energy band gap
of the clusters, thus a shift in the luminescence spectra would be observed.” Thereby,
the red fluorescence cannot be ascribed to an HOMO-LUMO band gap electronic re-
combination, but is more consistent with an sp to d energy states recombination. Fur-
thermore, the energy of the observed desescitation (1.65 eV) is consistent with previous
studies for the same type of electronic transitions.”’

Herein, the variations of fluorescence intensity with the variations of polymer con-
centrations used for the preparation of the gold clusters can be explained with the
formation of clusters with a size distribution, a single gold—containing species leading
to fluorescence. For example, the relatively low fluorescence intensity observed when
using a 1 mM pMAA-PTMP concentration can be ascribed to the formation of a small
fraction of fluorescent clusters and a higher ratio of larger gold structures, and the
higher fluorescence intensity observed when using a 4 mM pMAA-PTMP concentra-

tion ascribed to the formation of a higher number of fluorescent gold species relatively

to larger structures or gold species.
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Figure 4.30: Molecular model for the origin of the two possible luminescence origin.
Excitation to higher energy (S,)is followed by relaxation (internal conversion, IC) to
the lowest excited singlet state (S1). Fluorescence can occur by radiative recombination
with the ground state (Sp). Inter-system crossing (ISC) to the lowest triplet state
(T1)and subsequent radiative relaxation to the ground state (Sp) involves a forbidden
transition (T Sp) and causes phosphorescence.

Figure 4.29 refers to the electronic structure of the gold suspensions considered as
clusters. However, clusters in this size range have only a few number of gold core atoms,
most of the gold atoms being on the surface of the cluster.”™ Thus, the energetics of
those clusters can also be described using a molecular model. Such representation is
proposed in Figure 4.30. This model describes the two radiative electronic recombina-
tions processes in the case of molecule-like structures.’

The transition from the lowest excited singlet state (S1) or from the lowest triplet
state (T1) to the ground level (Sg) leads to fluorescence through internal conversion
(IC) or to phosphorescence through the “forbidden” transition (inter system crossing,
ISC) respectively. Herein, the sp—d inter-band transition described in the previous
model is consistent with the internal conversion process. However, no luminescence life
time could be recorded on the fluorescent suspensions, and the desexcitation process
through ISC and the presence of phosphorescence could neither be confirmed nor ruled

out.
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Figure 4.31: Schematic of the possible sulphur-gold bonding leading to a ligand to
metal, or ligand to metal-metal charge transfer.

4.4.2.2 Charge transfer

Fluorescence from alkenethiols / gold structures has also been argued to stem from
ligand to metal charge transfer (LMCT) "® or from ligand to metal-metal charge transfer
(LMMCT).?®2 In both cases, such effect appears when in the presence of oligomeric
gold(I) complexes, when two gold atoms are adjacent and their distance is less then
3.61&,83 and their bonding forces are in the 30 to 45 kJ/mol, comparable to hydrogen
bonding forces. 3

Herein, the direct observation of gold structures by HR-TEM in the fluorescent
samples in Figure 4.5 and not in the case of colourless suspensions (for higher polymer
concentrations), the size exclusion chromatography experiment (Section 4.3.5.1) and
the XPS data (Figure 4.28 and Table 4.1) tend to rule out the presence of exclusively
gold(I) complexes or oligomers within the fluorescent suspensions. However, such effect
can arguably happen in the case of small clusters, depending on the gold / thiolate

bonding nature, as described in Figure 4.31.
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Figure 4.32: FT-EXAFS spectra of the gold nanoparticles prepared using 0.2 mM
(red line), 0.5 mM (orange line), 4 mM (blue line) and 15 mM (brown line) polymer
concentrations for a 0.5mM gold concentration. The black line corresponds to metallic
gold (gold foil).

4.4.2.3 Extended X-ray absorption fine structure

In an attempt to get a better understanding of the structure of the gold / sulphur layer
on the surface of the fluorescent particles, and to corroborate the presence of Au® in the
sample, extended X-ray absorption fine structure (EXAFS) was carried out on various
samples of fluorescent and non fluorescent species. The results are depicted in Figure
4.32.

EXAFS spectra arise from the oscillations in the photoelectron cross section because
of the scattering of the ejected potoelectron by atoms in the vicinity of the absorbing
atom (see Chapter 1, Section 1.8.7).%°

This set of data (Figure 4.32) show that the Au-S contributions (Au-S >~ 2 EA) to the
Fourrier transformed EXAFS are visible in all samples regardless of fluorescent activity
and their intensity is directly proportional to polymer concentration (relative to a fixed
Au concentration of 0.5 mmol). Thus, one can conclude that the Au-S contributions are
probably not associated with the Au species responsible for the fluorescent activity since
they are visible in both fluorescent and non-fluorescent samples. Rather they represent
the presence of an Au—S polymeric structure. Those contributions are present on all

samples, even after extensive purification by size exclusion chromatography. Thus, they
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cannot be ascribed to the presence of loosely bound polymers around the particles,
or any other synthesis byproduct.® However, they can arguably be ascribed to the
formation of S—Au-S structures onto the particle surface, as described in Figure 4.31.
The possibility of the fluorescence being related to LMMCT becomes then possible
under those conditions (see Section 4.4.2.2). Those conclusions are in accordance with
the luminescence originating from the stabilized—particles, as mentioned in Sections
and 4.3.5.1 and 4.3.6.2 and Figures 4.16 and 4.3.6.2

It is unclear why the Au—Au contribution at 2.9 and 3.2 are weakly visible, or
completely absent for samples prepared using polymer concentrations between 0.2 to 4
mM. However, it can be ascribed to an experimental artifact, since HR-TEM pictures
show the presence of “crystalline” gold (for particles prepared using a 0.5mM pMAA-
PTMP concentration, see Figure 4.5) and no Au—Au contribution is visible on the
EXAFS spectra. 87

Overall, the observed photoluminescence can be ascribed to one of those two pro-
cesses, a radiative electronic recombination between the sp and d energy levels, or to a
metal-metal ligand charge transfer. However, none of these processes could be clearly

confirmed or ruled out.

4.4.3 Proposed model of the fluorescent material

A simple model of the core shell nanoparticle can be inferred from the analytical data;
electron microscopy images show the presence of 1.1 nm nanoparticles, and FRAP data
indicate the presence of a 6.9 nm hydrodynamic diameter species. Moreover, ICP-AES
carried on an extensively purified nanoparticles solution (4 mM PTMP p-MAA and 0.5
mM HAuCl4) indicate a polymer/gold ratio of 5/41. It has been reported previously
that a gold core of 1.1 nm is likely to be made up of 38 atoms of metallic gold. %
Building on this information, it can be deduced that each gold core is surrounded by,
on average four or five polymer chains. Thus, a molecular model of the core—shell
nanoparticle is proposed. Four or five pMAA-PTMP chains were “attached” to a 38
atoms gold core through the three thiol end-groups, with the polymeric chains evenly
spaced onto the gold surface (Figure 4.33 a and c respectively). The polymer chains were

then allowed to relax and coil around the particles (Figure 4.33 b and d respectively).
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Figure 4.33: Simulation of the core—shell structure of the most fluorescent material
consisting of a 1.1 nm gold cluster (38 gold atoms) surrounded by 4 (a and b) and 5 (c
and d) pMAA-PTMP chains before (a and ¢) and after (b and d) allowing the polymer
to relax around the gold core.

The proposed model is a 6.3 nm diameter core—shell system, which is consistent with
the experimental data.

This model confirms that a system made up of a 1.1 nm gold core surrounded by
five polymeric chains is stericly possible in theory, and that all fifteen thiols and five

thioethers can bound to the gold surface.

4.5 Summary

The simple protocol reported here for the synthesis of fluorescent nanoparticles opens a
wide field of investigations. The photophysical properties of these nanoparticles could
be further improved by optimizing the structure of the polymer layer and the synthe-
sis conditions. Indeed fluorescence is very sensitive to the structure of the polymer.

Preliminary results indicate a complete loss of fluorescence upon a small change of the
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polymer structure: no fluorescence is observed when PTMP p-MAA is replaced by

PTMP p-AA (Pentaerythritol tetrakis(3-mercaptopropionate)-terminated polyacrylic

acid), a polymer which has the same terminal group but lack an additional methyl

group on the monomer unit.
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Chapter 5

Conclusions and Perspectives

5.1 General conclusions

N THE FIRST CHAPTER of this thesis, the systematic synthesis and characterization
I of series of potential gold nanoparticles polymeric stabilizers is reported. Several
parameters were varied; those are related to the main chain structure of the poly-
meric species (through the synthesis of polymers of various main chain nature, and
of polymethacrylic acid chains of various chain sizes), and to the end— functionality
of the polymers (through the preparation of polymethacrylic acid chains containing
end—groups of increasing hydrophobicity, and polymer chains functionalized with mul-
tiple thiols and/or thioethers end—groups). Those polymeric species were synthesized
by chain transfer polymerization; this method is relatively straightforward, fast and
cost—effective. It allows the production of polymers with a desired functionality (here,
a thiol or thioeteher containing end—group) of low molecular weight, polymeric species
monodisperse in size. The chain transfer polymerization can be applied to a wide range
of water soluble (and organic soluble) monomers, beyond the ones used in this study. '

The second Chapter describes a new and simple method for the preparation of
gold nanoparticles in the ca. 1 to 5 nm diameter range using the polymeric stabilizers
described in Chapter 2. This method can easily be scaled up to the gram range and
does not involve multiple preparative steps, or cumbersome purification procedures that
would lower the yield of the as—produced gold particles, and not necessarily compel to
particles monodisperse in size, even after fractionation and size segregation. The effect
of the various polymer properties (in terms of main chain structure and end group

functionality) on the growth process and stabilization of the particles was investigated.
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Overall, the acrylic acid and methacrylic acid based dodecanethioether end—terminated
polymers gave rise to the formation of particles between 2 to 5 nanometers in diameter,
the size of the so—formed particles being controlled by the polymer to gold relative
concentrations. More importantly, the dispersion in size of the particles have been im-
proved compared to previous studies. The influence of the polymeric stabilizer molec-
ular weight on the formation of gold particles have also been investigated in the case
of dodecanethioether end—functionalized polymethacrylic acid, and it was found that,
even though the effect of the polymer chain size on the particles size is relatively low,
particles formed using longer polymeric stabilizers are slightly smaller over the range
of polymer concentrations studied. The effect of the polymer end—group hydrophobic-
ity, for polymethacrylic acid chains of similar sizes was found to be more important
than the stabilizer molecular weight, with the so—formed gold particles being slightly
smaller and more monodisperse in size for relatively hydrophobic end—groups. Finally,
the presence of free thiols on the polymer end—group has led to a further increase in
the particles dispersion in size, with the particles getting smaller. Unprecedented size
and size dispersion was achieved in the case of particles stabilized using pMAA-PTMP.
This polymer, and the particles formed using it as a stabilizing agent were analyzed
by matrix assisted laser desorption ionization time of flight spectrometry, and a new
strategy for the analyte preparation that leads to an improvement of the signal to noise
ratio of the mass spectra have been developed for those two structures.!:?

By increasing the size of the pMAA—PTMP used in Chapter 3, the solubility of the
polymer in water was increased, allowing the formation of smaller, and still monodis-
perse gold clusters which exhibits a strong size dependent red visible fluorescence. The
quantum yield of this nanomaterial was found to be 3%, that is 10 to 100 times higher
than the values reported in the litterature for this kind of compounds. Extensive charac-
terization of this fluorescent nanomaterial clearly shows that the observed luminescence
stems from the gold particles / polymers structures as a whole, and is not due to the
presence of a byproduct, an oligomeric gold / polymer species or to the polymer itself.
This luminescence is thought to originate from a radiative electronic recombination
between the gold cluster’s sp and d energy level , or from a metal to ligand charge

transfer. Rapid photobleaching of those cluster has also been observed upon intense
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illumination. To the best of our knowledge, it is the first time that photobleaching
of fluorescent gold clusters is reported. The origin of this effect can arguably be as-
cribed to structural changes in the polymer layer surrounding the gold cluster and/or
the gold cluster itself. Finally, a simple core/shell model for this fluorescent material is

proposed.?

5.2 Perspectives and suggestions for future work

Beyond the possible use of small monodisperse gold nanoparticles in various scientific
areas, such as materials chemistry, biosciences, nanoelectronics devices manufacture,
catalysis and optics, and the ability to use routinely a one—step rapid and cost—effective
preparative method for the production of those nanoparticles at the gram scale, the
so—formed particles are interesting candidates for self-assembly experiments. Indeed,
the particle surface properties are mostly dependent on the nature of their polymeric
shell. Thus, taking advantage of the intrinsic properties of various polymers to self—
assemble, one can imagine various possibilities of using those particles as building blocks
for the formation of larger structures, such as multi-dimensional networks, amphiphilic
structures, micelles, etc...*

Such assemblies could, in theory, be achieved either by reacting the hydrophylic
polymer coated nanoparticles with hydrophobic polymer structures to induce phase
separation, or by taking advantage of the potential reactions that can occur between two
sets of particles coated with different polymers. The synthesis of particles embedded in
a mixed polymer shell and their ability to self-assemble could also be investigated.® !°

In this regard, the development of a method for the solid—phase preparation of mono-
functionalized amphiphilic gold nanoparticles (i.e. hydrophobic nanoparticles bearing
a single thiol terminated hydrophylic poly(2—(dimethylamino)ethyl methacrylate at-
tached to each particle was attempted. This method relies on electrostatically binding
thiol-terminated polymer chains onto a silica surface whilst keeping the grafting density
relatively low so as to avoid overlapping of polymer chains and thiols. **'2 The function-
nalized silica is then incubated with butanethiol stabilized gold nanoparticles so as to
allow ligand place exchange reaction between the butanethiols and the thiol-terminated

pDMAEMA chains.'*14 Finally, the polymer / gold nanoparticles are desorbed from
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Figure 5.1: Scheme for the preparation of pDMAEMA mono—functionalized gold
nanoparticles.

the silica (see Figure 5.1).1%1°

The study the adsorption of different pDMAEMA polyelectrolytes onto a silica sur-
face and the demonstration that the subsequent bonding of butanethiol stabilized gold
particles onto the so—formed polymer / silica structures occurs through ligand place
exchange reaction between the gold particles butanethiol layer and the thiol end—group
from the polymers, and is not due to non—specific interactions between the silica surface
and / or any other chemical function present onto the polymeric chains (amines, car-
bonyls) was carried out using five different pDMAEMA chains. Those polymer chains
were synthesized by atom transfer radical polymerization, free radical polymerization
and chain transfer polymerization.!®'® Those polymerization processes allowed the
formation of pDMAEMA chains end—functionalized with a thiol-containing, thioether—
containing or “blank” end—group, or containing a central disulfide bond. ¥*?" Figure 5.2a
shows that the adsorption of butanethiol stabilized particles occurs onto silica particles
functionalized with thiol-containing pDMAEMA, and not onto the silica functional-
ized with the control polymers. Figure 5.2b infers that the desorption of the particles
after adsorption onto the silica is possible. However, quantitative measurements of the

amount of functionalized particles and adsorbed polymer, and complete characteriza-
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Adsorbed Polymer Adsorbed Polymer
a) Concentration Increasing b) Concentration Increasing

S rmS(CsHie)SH

Figure 5.2: a) Adsorption and b) desorption of butanethiol stabilized gold nanoparticles
on silica particles functionalized with various end—group terminated pDMAEMA.

tion of the pDMAEMA-gold particles amphiphilic structures characterization is still
under investigation.

Fluorescent pMAA-PTMP passivated gold clusters can find applications as biolog-
ical markers. Such application would involve their functionalization with appropriate
receptors and/or drugs that can interact in a specific biological environment. Post
functionalization of the fluorescent clusters (i.e. substitution of the polymeric chains
by a suitable bio—organic molecule after formation of the clusters through ligand place
exchange), could be seen as a strategy; however, this route might be quite challeng-
ing due to of the difficulty to displace the polymer chains that are bound to the gold
through three thiols and one thioether. Cross—linking reactions between the polymeric

shell and a bio—organic molecule could be seen as a more realistic approach.
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