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Abstract

Colloidally-stable inorganic nanocrystals have a wide range of envisaged
applications in biological environments. To reach their potential, the nanocrys-
tals need to be stable in aqueous environments and have pendant functionality
available for attachment of biomolecules. In this thesis, new methods for the
transfer of nanocrystals from organic to aqueous media are developed and the
interaction of aqueous stabilised particles with serum proteins is investigated.

In Chapter 3, a new method for the synthesis of a thin silica layer upon the
surface of nanocrystals is demonstrated. The method uses the hydrophobic in-
teraction between an amphiphilic polymer and nanocrystal ligands to provide
a foundation for growth of a silica layer. The coated nanocrystals are char-
acterised using a wide range of techniques confirming that the presence and
location of the silica shell.

In Chapter 4, custom-synthesised amphiphilic polymers for water transfer
and functionalisation of nanocrystals are synthesised, characterised and tested.
Commercially-available polymers used for this purpose are examined, leading
to a rationale for custom-design. Partial water transfers were achieved using
activated ester copolymers with styrene but no transfers were achieved the
octadecylacrylate copolymers. Poly(ethylene glycol) containing monomers
were also used but yielded no transfers. This suggests that behaviour of the
polymer during the coating procedure is intimately linked to the structure of
the polymer.

In Chapter 5, small-angle neutron scattering is used to elucidate structural
information for the protein corona formed on nanocrystals and silica nano-
particles. Information on the packing of ligands on colloidal nanocrystals
without a amphiphilic polymer coating was determined. The fitting of the
protein corona upon silica nanoparticles was explored using core-shell form
factors but was hampered by complexities within the scattering profiles which
were not accounted for using simple form factors.
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CHAPTER 1

Introduction

“What could we do with layered structures with just the right layers? What

would the properties of materials be if we could really arrange the atoms the

way we want them? They would be very interesting to investigate theoretically.

I can’t see exactly what would happen, but I can hardly doubt that when we

have some control of the arrangement of things on a small scale we will get

an enormously greater range of possible properties that substances can have,

and of different things that we can do.”

From “There’s Plenty of Room at the Bottom” by Richard P. Feynman, 19591

1.1 Nanomaterials

Materials allow us to construct various structures to develop tools to perform tasks. A
group of materials that have emerged over the past decades are designed and constructed
with dimensions in the region of between one and a hundred nanometers, nm. These
materials have been coined as nanomaterials. Although these materials are relatively new
the concept of increasingly smaller materials and devices was brought to public attention
by Richard P. Feynman in a talk entitled “There’s Plenty of Room at the Bottom” to
the American Physical Society in December 1959.1 Decades before Feynman gave his
1959 talk, the imagination of scientists was already fuelled. The development of new
techniques allowed the characterisation of structures smaller than previously achieved. A
key event leading to the envisioning of nanometer sized structures was the development
of the electron microscope in 1931. This allowed the visualisation of nanometer sized
structures making the region feel more tangible and fired the imagination of scientists for
years to follow.

Although Feynman had identified the potential for the materials with dimensions in
the range of nanometers there was already a well established field of interface and col-
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loid chemistry. The synthesis of “gold sols”, spherical gold colloids, had been achieved
by Michael Faraday in 1857 who attributed their unusual colours to the nature of finely
divided gold.2 In 1925 Richard A. Zsigmondy was awarded the Nobel prize in Chem-
istry for his work into the characterisation of gold colloids performed in 1909 using his
ultramicroscope.3

It was in the 1980s that modern “nanotechnology” was born with discoveries such as the
Buckminsterfullerene by Harold W. Kroto and coworkers4 and the scanning tunnelling mi-
croscope at IBM. The manipulation of xenon atoms with a scanning tunnelling microscope
to spell “IBM” earned Binnig and Rohrer the 1986 Nobel prize in Physics. Since the 1980s
the wide reaching research area of nanomaterials has formed. Developing nanomaterials is
an interdisciplinary exercise and requires work between chemists, physicists, biologists
and other disciplines. The size of the materials fits between the realms of the physicist
and chemist. Coincidentally, the smaller nanomaterials are on the order of magnitude of
proteins. This allows the introduction of nanomaterials to biological systems and therefore
a range of applications is possible due to the unique properties of nanomaterials.

1.2 Colloidal nanocrystals

Nanoparticles are a large family of nanomaterials. Spherical nanoparticles are zero-
dimensional and can vary in diameter from one nanometer to hundreds of nanometers.
As the size of a nanoparticle is decreased the properties they possess change from that of
the bulk to atomic / molecular properties. Large nanoparticles (>20 nm) have properties
which show a smooth scaling with size that derives from the properties of the bulk. Below
20 nm nanoparticles become more similar to their atomic / molecular counterparts and may
show more erratic changes in properties which no longer scale smoothly. Properties which
vary include surface reactivity, electronic structure, interactions with light and magnetic
characteristics. Nanoparticles can be made from a wide variety of materials and can be
either amorphous or crystalline. If crystalline the nanoparticle can also be described as a
nanocrystal.5

1.2.1 Noble metal nanocrystals

As previously described in Section 1.1, nanoparticles have been studied for over 150
years by colloidal chemists. In fact some of the earliest nanoparticles studied were gold
nanocrystals by Michael Faraday.2 One of the observations that was made by Faraday was
that the finely divided gold had colours of red and purple and not the typical yellow colour
of bulk gold. This observation was a consequence of the interesting absorption profile that
nanocrystals of metals such as gold and silver possess.

These metal nanocrystals have a strong absorption feature which is dependent on
the size of the nanocrystal known as the Surface Plasmon Resonance (SPR), Figure 1.1.
The electrons in the conduction band undergo a collective oscillation across the particle

2
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Figure 1.1: The absorption profile of AuNP showing the characteristic surface plasmon reson-
ance

when excited by the appropriate wavelength of light.6 In 1908 Gustav Mie modelled the
conditions required for the SPR to occur by solving Maxwell’s equations for a sphere
interacting with light using a quasi-static approximation, i.e. the change in electric field
of light experienced across the particle is approximately zero.7,8 This can only be the
case when the particle is much smaller than the wavelength of light. Mie’s model for the
extinction coefficient of a small particle is shown in Equation 1.1.

Cext(λ ) =
24πr3ε

3/2
m

λ

ε2(λ )

(ε1(λ )+2εm)2 + ε2(λ )2 (1.1)

Where Cext(λ ) is the wavelength dependent extinction coefficient, r is the radius
of the particle, λ is the wavelength of the light, εm is the dielectric constant of the
surroundings and εAu(λ ) = ε1(λ )+ iε2(λ ) is the dielectric constant of gold, which has
real and imaginary components. The plasmon resonance occurs when ε1(λ ) = −2εm.
This condition is met in the visible region for gold and silver. Due to the sensitivity of
the SPR to changes in the dielectric constant of the surroundings, metal nanoparticles
which experience the SPR can be used in sensing applications where the particle surface
is changed.9 The plasmon resonance is observed in metal nanocrystals between 2 and
approximately 100 nm in diameter.10

1.2.2 Semiconductor nanocrystals

Metals are able to conduct electricity due to the presence of easily accessible unoccupied
energy levels, called the conduction band, found above the Fermi level of the metal. If the
gap between the valence and conduction bands, known as a band gap (Egap), is large the
electrons cannot enter the conduction band and the material is an insulator. Semiconductors
have a band gap which is small enough that it can be overcome by exciting the system, e.g.
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by heating the material, allowing some conduction to occur.
When an electron is excited from the valence band to the conduction band a positive

electron hole is created in the valence band. The promoted electron and the electron hole
act as a quasiparticle with a hydrogenic wavefunction known as an exciton. Consequently,
the spatial separation of the electron and the hole can be determined using a modified Bohr
model. The binding energy between the electron and the electron hole is much weaker than
that of the proton and electron in a hydrogen atom due to shielding of the electron hole by
other electrons and the small effective masses involved. The resulting size of the exciton is
much larger than that of a hydrogen atom. For most semiconductors the electron-hole pair
separation is approximately 1 to 10 nm.

Once the semiconductor nanocrystal is smaller than this size the exciton is confined in
the same way as the quantum mechanical “particle in a box” and quantum confinement
occurs within the nanocrystal. Semiconductor nanocrystals that are small enough to
undergo quantum confinement are known as Quantum Dots (QDs). The effect of this
confinement is that the band gap of the nanocrystal, ENC

gap, becomes related to the size of the
nanocrystal and the observed result is the band gap increasing with decreasing size. This
behaviour was modelled by Brus and coworkers where the band gap of the nanocrystal,
ENC

gap, was described as the band gap of the bulk semiconductor, EB
gap, plus the internal

energy of the exciton, Eex, resulting in Equation 1.211–13

ENC
gap = EB

gap +
h2

8r2

(
1

me
+

1
mh

)
− 1.8e2

4πε0εBr
(1.2)

where ENC
gap is the band gap of the nanocrystal, EB

gap is the energy of the band gap in
the bulk semiconductor, me is the effective mass of an electron in the bulk material, mh is
the effective mass of the hole, εB is the dielectric constant for the bulk semiconductor, ε0

is the vacuum permittivity, e is the elementary charge, h is Planck’s constant and r is the
radius of the nanocrystal. The Brus equation shows as the nanocrystal radius, r, increases
the contribution from the exciton decreases and ENC

gap will tend to EB
gap.

As the band gap widens it allows visible light to be used to excite electrons to the
conduction band. When the electron relaxes a lower energy photon of visible light is
released from the QD, Figure 1.2 (top). The QDs act in the same manner as organic dyes
except the excitation and emission wavelengths, which are intimately linked to the band
gap, are tunable with nanocrystal size, Figure 1.2 (bottom). The semiconductor used,
particle size, size distribution and chemical nature of the surface all influence the optical
properties of QDs.14,15 The molar absorption coefficients for QDs are between 100,000 and
1,000,000 M−1 cm−1 which is approximately four times that of most dyes. The fluorescence
Quantum Yields (QYs) are typically between 0.65 and 0.85 for CdSe.16
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Figure 1.2: The optical properties of Quantum Dots with the absorption profile, full line, and
emission profile, dashed line, for an InP@ZnS sample (top) and a photo showing
the range of emission colours for InP@ZnS of different sizes synthesised during
the course of this work. The size of the Quantum Dots decreases from left to right.
A typical InP core diameter is 3.2 nm.

To improve the optical properties a shell of a second semiconductor can be grown on
the surface of the QD to form a core-shell nanocrystal.17 If the shell semiconductor has a
wider band gap than that of the core the exciton is confined to the core resulting in a type-I
system. A common type-I core-shell combination is CdSe@ZnS. The shell also provides
a barrier which physically protects the core which results in reduced photobleaching and
fluorescence quantum yield.

1.2.3 Magnetic nanocrystals

The properties of magnetic materials also vary with size and exhibit special properties
when reduced to the size of a small nanocrystal, d < 10nm. Iron can form a range of
oxides each with interesting magnetic properties. The three main stoichiometric forms of
iron oxide are FeO (wüstite), Fe2O3 and Fe3O4 (magnetite). Fe2O3 commonly exists as
two crystal forms: γ-Fe2O3 (maghemite) and α-Fe2O3 (hematite).18 Fe3O4 and γ-Fe2O3

are commonly used as nanocrystal cores.19 γ-Fe2O3 is ferromagnetic in the bulk, i.e. the
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individual magnetic moments are of equal magnitude and aligned in the same direction.
In the bulk Fe3O4 is a ferrimagnetic material, i.e. neighbouring magnetic moments are
opposed and unequal so a net moment is present. There comes a point in a magnetic
material where the ongoing alignment of moments becomes energetically unfavoured and
domains, which are regions containing moments of a uniform direction, form which oppose
one another. Many domains exist in the bulk forming a random pattern in the material.
Above the Néel temperature the thermal energy is enough to make the moments to fluctuate
randomly, causing order of the magnetic moments to disappear and the long range order
collapses resulting in the material becoming paramagnetic.

SP

SD MD

d / nm

H
c 

 / 
O

e

Figure 1.3: Illustration of the change of coercivity with nanocrystal size. The size regions for
multidomain (MD), and single domain (SD) iron oxide are shown as well as the
superparamagnetic region (SP). Adapted from [20].

As a particle of Fe3O4 or γ-Fe2O3 is made smaller the magnetic properties change.
The magnetic coercivity, Hc, increases with smaller particle size till it reaches a maximum.
This maximum coincides with the particle size becoming so small that the particle contains
only a single domain, d ≈ 40nm depending on the material. Below this size Hc decreases
till it becomes zero, Figure 1.3.5,20 Particles below this size are superparamagnetic as
they are small enough that thermal energy is enough to overcome the magnetic anisotropy
barrier. This causes the random distribution of magnetic moments to be restored after a
saturating applied field is removed, i.e. Hc = 0. Thus the domains have no memory of the
applied field. Particles above this threshold do have a memory and exhibit hysteresis when
taken to saturation resulting in a characteristic Hc.21

1.3 Methods of stabilising / functionalising colloidal nano-
crystals

As mentioned in Section 1.2 many of the syntheses that produce the highest quality
colloidal nanocrystals result in nanocrystals, which are stabilised by hydrophobic ligands.
Typically, ligand used during synthesis contain alkyl chains between 12 and 18 carbons:
for instance oleic acid, dodecanethiol, hexadecylamine, stearic acid, trioctylphosphine and
trioctylphosphine oxide. The ligand is bound to the surface by the interaction between
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the ligand head group and the surface of the nanocrystal. The best known example being
the interaction of a thiol and a gold surface. The alkyl chain points outwards into the
solvent providing stability in non-polar solvents. Often the ligands used for nanocrystal
synthesis do not have any pendant functionality to perform further chemistry. If the ability
to chemically connect a nanocrystal to a molecule, biomolecule, surface or another colloid
is desired the nanocrystal surface needs to be modified to allow this to occur.

Each potential application will have criteria about the solvent the nanocrystals are
required in, their total size and what functional groups are present on the surface. For
instance, biological applications require that the particles are compatible with environments
found in organisms, i.e. aqueous solutions with appropriate salt concentrations. A small
size also is desirable as the ability to migrate in biological environments is hindered.
Methods to modify the surface of nanocrystals are required to allow nanocrystals to be
applied to these environments.

A range of different techniques now exist to modify the surfaces of nanocrystals.
Largely these techniques fall into two categories: ligand exchange based and amphiphilic
molecule bi-layers. An overview of this wide ranging field has recently been published by
Sperling and Parak.22

If the nanocrystal has been synthesised with an aqueous method the particle can have
pendant functionality on the surface. For instance iron oxide particles can have OH on the
surface which can be directly reacted with another molecule to bestow new functionality
to the nanocrystal.

1.3.1 Colloidal stability of nanocrystals

The initial surface adsorbed ligand has two roles. Firstly, the affinity of the ligand to the
growing crystal has a large influence on shape and size of the resulting particle. Secondly,
after the crystal has grown the surface ligand provides colloidal stability to the nanocrystal.
Also, it is important that the nanocrystal is still colloidally stable after the surface has
been modified for an application. Colloidal particles are attracted to each other through
van der Waals interactions. Unlike van der Waals interations between molecules the
interaction energy decays over a longer distance. To prevent the van der Waals forces
causing nanocrystal aggregation, a repulsive force between particles is required. This can
be provided electrostatically or sterically.

If charge is located at the surface of particles, Coulombic repulsion occurs. The balance
between van der Waals and Coulombic forces is described by Derjaguin, Landau, Verwey
and Overbeek (DLVO) theory.23 In the presence of an electrolyte, an electrical double
layer of ions is formed at the particle surface. This comprises of a strongly attracted layer
of an ion of the opposite charge, the inner layer, followed by a less tightly bound layer of
ions and counter ions of decreasing electric potential. Provided there is enough charge at
the surface the attractive van der Waals forces will be overcome by repulsion between the
electric bilayer of approaching nanocrystals. The influence of the surface charge can be
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minimised to the point where it is weaker than the van der Waals forces by increasing the
ionic strength of the electrolyte. Under such conditions the particles will aggregate.

Particles can also be stabilised by using sterically bulky groups, typically macromolec-
ules, at the surface. Steric interactions are not incorporated into the DLVO model. These
interactions are thought to work for a number of reasons upon approach of particles in-
cluding an entropic decrease of the stabilising macromolecule, osmotic forces and the free
energy cost being too high. Consequently sterically stabilised particles are immune to
changes in ionic strength. This may have particular benefits in biological systems where
the ionic strength if often high and electrostatic stabilisation is less effective.

1.3.2 Nanocrystal functionalisation

As already described, a nanocrystal surface may not have the correct properties after
synthesis to be used for a desired application. The largest challenge is changing the solvent
in which the nanocrystals are dispersed. Introducing points of attachment to allow the
construction of more complicated structures can also be achieved by modifying the nano-
crystal surface. The main themes of nanocrystal surface modification and functionalisation
will be reviewed in this section.

1.3.2.1 Ligand exchange

The ligand exchange strategy is based on the replacement of the ligands that are on
the surface of the particle from the synthesis with a new ligand. The driving force for
the ligands to exchange is the stronger ability of the new ligand to bind to the surface.
Ligand exchange can be used to change the pendant functionality or preferred solvent
of nanocrystals. Simple ligands are small molecules, which contain two parts: a group
which has an affinity to the surface and another part that provides stability in the desired
medium. The region providing colloidal stability may also have functional groups for
further attachment, Figure 1.4.
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Figure 1.4: The ligands on a nanocrystal are stabilised with a ligand which is anchored by
group X (left). The ligand is exchanged/displaced by a ligand with a higher affinity
anchoring group, Y (right). The new ligand can also bestow the nanocrystal with
new functionality or solubility, Z.
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The best known example of a ligand that binds strongly to a surface is thiols and
gold surfaces. AuNP synthesised using the Turkevich method use citrate as the reducing
agent and final stabiliser and are thus electrostatically stabilised.24 These nanocrystals are
colloidally stable and can be for years. Citrate stabilised AuNPs are prone to irreversible
aggregation when concentrated. If the nanocrystals are mixed with compounds containing
sulphur, such as thiols, dithiocarbamates, disulphides etc., the citrate will be displaced
by the new ligand. Popular ligands include short aliphatic compounds terminated with
thiols and carboxylic acids such as mercaptoundecanoic acid, mercaptopropanoic acid and
mercaptoacetic acid.

Ligand exchange, or ligand place exchange reactions, have also been studied on
AuNP synthesised via the Brust method by the group of Royce W. Murray.25 The AuNP
synthesised by the Brust method are typically formed in the presence of alkanethiols (C >

3), which control the size of the resulting particles and stabilise the final nanocrystal.26,27

If another thiol is introduced to the dispersion with the original ligand, the introduced
ligand will compete for the surface, Equation 1.3. This can be used to develop mixed
ligand systems or totally replace the initial ligand.

x(RaSH)+(RbS)mAuNP−−→ x(RbSH)+(RaS)x(RbS)m− xAuNP (1.3)

The binding of a ligand to the surface of a nanocrystal has a slightly different relation-
ship with the various parts of the crystal. The crystal has many different exposed faces
and edges and it has been shown that the ligand binding affinity is different depending on
which part of the crystal it is interacting with.28

With the advent of QDs, similar requirements for functionalisation and phase transfer
were found for envisaged applications. In the case of CdSe or CdSe@ZnS the most
common syntheses result in nanocrystals stabilised with trioctylphosphine or trioctyl-
phosphine oxide. The ligand is bound by the phosphorous or oxygen respectively to the
Cd or Zn at the surface. Depending on the type of QD and the method used fatty acids
and alkylamines can also be used as ligands during synthesis.29 These can be exchanged
with thiols, in a similar manner to AuNPs, in a ligand exchange reaction to bestow
the nanocrystals with new functionality or solubility. The affinity of a thiol to a QD
surface is lower than that for a AuNP resulting in the bound and unbound ligand being in
equilibrium.30,31 As with AuNPs, the optical properties of QDs are affected by the nature
of the ligand that binds to the surface.32,33

QD ligands have received much attention in the literature with the development of
different methods of anchoring the ligand such as dithiocarbamate34 or polydentante
ligands.35,36 Multifunctional ligands have been designed where the ligand contains a
region for anchoring, solubility and attachment for biomolecules.37,38

In the case of metal oxides, the ligands that are used during synthesis are typically
fatty acids such as oleic acid. The ligand exchange procedure on metal oxide surfaces is
not widely used as compared to AuNPs or QDs. Iron oxide particles have been studied
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the most extensively due to their potential in therapy and imaging. The design of ligands
for metal oxides and a discussion of their binding has been covered in recent reviews by
Neouze and Schubert39 and Amstad et al.40

For iron oxide nanocrystals the most common ligand exchange is the exchange of the
carboxylic acid for another carboxylic acid.41–43 Exchange for citric acid allows water
transfer of the particles and potential further modification of the outward pointing groups.
Another popular anchoring group is the catechols, which have a mode of interaction similar
to a bridging carboxylate.44–46 This has also been extended to derivatives of catechols
which also show strong binding to iron oxide surfaces.46,47 Other less common ligands for
iron oxide particles include phosphonates43,48 and silanes.49

Due to the range of affinities of ligands to surfaces, the ligand exchange approach is
complex and it is hard to develop a universal coating procedure for all hydrophobic colloidal
nanocrystals. Oxidation of the ligand, through chemical or photophysical processes, is an
issue particularly for QDs where the colloidal stability is compromised after prolonged
illumination.50,51 Ligands without high affinities are in equilibrium with the unbound
ligand. This results in multiple washings or increased dilution compromising colloidal
stability. For AuNPs and QDs, the interaction of the ligand can significantly alter the
absorption and emission profiles, changing the desired properties of the nanocrystals.

1.3.2.2 Amphiphile intercalation

Amphiphilic molecules have two regions, one of which prefers aqueous, or hydrophilic
environments and the other which prefers hydrophobic environments. Classic examples
of amphiphiles include compounds such as phospholipids, sodium dodecyl sulphate and
dioctyl sodium sulphosuccinate where there is a head group, which is hydrophilic, and
hydrophobic tails. These compounds can self-assemble in solvents to form regular struc-
tures due to the hydrophobic effect, i.e. solvent entropy driven assembly. For instance, in
water the surfactants can assemble to minimise the exposure of the hydrophobic groups to
water causing the formation of spheres, called micelles, with the hydrophobic region of the
surfactant pointing inwards and the hydrophilic region pointing toward the solvent.

This ability for amphiphilic molecules to assemble can be used to create assemblies
with the ligands on the surface of a nanocrystal.52 The interaction of the surfactant and the
nanocrystal is driven by the hydrophobic ligand and the hydrophobic part of the surfactant
assembling preferentially. A bilayer is formed upon the surface of the nanocrystal with
the ligand resulting from synthesis bound to the particle and an intercalated surfactant
molecule which points the hydrophilic head group outwards, Figure 1.5. As a consequence
this removes the strict requirements that the surface of a nanocrystal provides through
the chemistry of the core material. In principle the methodology could be applied to any
nanocrystal stabilised with hydrophobic ligands. Additionally, the exterior surface of all
the nanocrystals would have the same chemical character making future functionalisation
also more uniform across nanocrystals.
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Figure 1.5: Ligand stabilised nanocrystals (left) are mixed with an amphiphile and the solvent
is removed. A hydrophobic interaction occurs between the ligands and am-
phiphiles resulting in a bilayer forming around the nanocrystal. After addition of
aqueous media the nanocrystals redisperse (right).

The amphiphiles most commonly used to transfer nanocrystals to the aqueous phase
are fatty acids,53–56 cetyltrimethylammonium bromide,57–61 phospholipids,62–64 gem-
ini surfactants,65–67 organo silanes68 and poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock copolymers.69 Of these fatty acids and phospholipids are
found in nature and have potential for biological uses of nanocrystals.

Even though there is a great deal of scope for a “one amphiphile for all” approach much
of the work done with a given amphiphile has been performed largely on one nanocrystal
type. Much of the work on metal oxides, particularly iron oxides, has been achieved using
fatty acids as the amphiphile.53,55,56 This is presumably to maintain high compatibility
with the surface bound ligand which, is typically a fatty acid, and to encourage bio-
compatibility. AuNPs and Gold Nanorods (AuNRs) have largely been transferred using
cetyltrimethylammonium bromide57–60 and QDs with phosphlipids.62–64 This is probably
not due to the surfactants not being compatible with a particular nanocrystal but more due
to the research interests of the researchers being focussed on a particular nanocrystal or
subsequent application.

A concern with surfactant stabilised nanocrystals is that the surfactant is in equilibrium
with free surfactant, which is the case with traditional surfactant assemblies. This concern
has not prevented amphiphile stabilised nanocrystals being used in vivo but has likely
contributed to ligand exchange being the more popular method of interacting with a
nanocrystal surface.

A closely related alternative is to use amphiphilic polymers. The term amphiphilic
polymer covers many families of polymers but the polymers referred to are random or
alternating copolymers that have a subunit which branches from the backbone, providing
a hydrophilic component, and another subunit that has a branch which provides the
hydrophobic component.70,71 Hence, these polymers do not include poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) triblock copolymers. The hydrophilic pendant
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functionality is typically a carboxylate group and the hydrophobic group is normally an
alkyl chain. The pendant alkyl group is able to form a bilayer with the nanocrystal surface
ligands in the same manner as a traditional surfactant. The polymer can be thought of as a
“poly-surfactant” in essence being a chain of amphiphiles.

Amphiphilic polymers are more attractive when compared to individual amphiphiles.
Having multiple points of interaction with the nanocrystal means that once wrapped the
desorption of the polymer would be an unfavourable process. A proportion of the outward
facing carboxylic groups can undergo reactions to attach a desired compound to the surface
without compromising the colloidal stability. Cross-linking between polymer chains has
also been achieved with the aim of further reducing the likelihood of polymer detachment,
although the majority of polymers are used without cross-linking. The structural features
of amphiphilic polymers are discussed in detail in Chapter 4.

1.3.2.3 Ligand modification

The final option for adjusting the properties of an as-synthesised nanocrystal with hydro-
phobic ligands is to modify the ligand that is on the surface. This option is typically not
available as the ligands used in the nanocrystal synthesis are chosen with tolerance to high
temperatures and other chemical reactions in mind. In the case of octadecanethiol it has
been shown that cyclodextrin rings can complex with the alkyl chain of octadecanthiol ren-
dering the particle hydrophilic.72 Complexing of cyclodextrin to nanocrystals stabilised by
oleic acid has also been demonstrated.73 If the nanocrystal was synthesised in an aqueous
environment and has carboxylic acid functionality it can be transferred using coupling
chemistry. For instance mercaptoacetic acid functionalised AuNPs have been transferred
to organic solvent by coupling dicyclohexylamine.74 Ligand modification is not widely
used to transfer hydrophobic nanocrystals to water due to the limited options.

1.3.2.4 Methods that descend from ligand exchange and amphiphilic intercalation

There are many techniques that descend from the three aforementioned themes for inter-
acting with nanocrystal surfaces. Encapsulating the nanocrystal in a shell of a protective
material is very attractive. By encapsulating the nanocrystal it can be shielded from the
chemically active environment it resides in, potentially prolonging the functional lifetime
of the particle. Some nanocrystals contain elements that are well known for their toxic
effects, e.g. QDs containing Cd. Adding a shell can protect the environment from the
nanocrystal as well as the nanocrystal from the environment. Unlike particles with only
ligands and amphiphiles on the surface, a shell acts as a cage, which traps the nanocrystal
within, removing any issues of equilibria. However, the addition of a shell inevitably
increases the total size of the structure, which is a problem when biological applications
are the target.

Silica shells around nanocrystals have been an attractive structure to produce due to
their optical transparency, low toxicity and wealth of coupling options. The chemistry of
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silanes to form silica is well understood and furthermore the synthesis of spherical colloidal
silica Nanoparticles (NPs) is well established. However, both methods for synthesising
silica NPs are performed in solvents that hydrophobically stabilised nanocrystals are incom-
patible with: ethanol in the case of Stöber methods75 and water in reverse microemulsion
methods.76 To solve this the surface of the nanocrystal needs to be modified to allow the
nanocrystal to be in the same solvent. The methods for silica coating of nanocrystals have
been extensively reviewed in Chapter 3.

Combining polymers and nanocrystals allows for a large range of materials to be
made.77 Strategies to attach polymers include “grafting to”, “grafting from” and “grafting
through”. In “grafting to” methods a polymer is synthesised that has an anchor group
allowing ligand exchange to occur. “Grafting from” is where the polymerisation initiator
is located on the surface, usually by ligand exchange, and the polymer grows from the
surface. Finally, “grafting through” is where a monomer is attached to the surface and the
initiator is in the surrounding solution. Once again, all the strategies depend on modifying
the surface of the nanocrystal before the shell can be grown.

1.3.2.5 Comparison of techniques

Smith et al. compared how QD properties were effected by the type of coating.78 All meth-
ods of transfer caused a decrease in QY with both the ligand exchanged and amphiphilic
polymer coated experiencing 19 % decreases. Amphiphilic polymer coated QDs were
more resistant to photobleaching than the mercaptopropanoic acid functionalised QDs
which precipitated under prolonged irradiation. The bilayer provided some protection
against chemical oxidation by hindering access to the particle surface.

The cytotoxicity of CdSe and CdSe@ZnS with different surface functionalisations
were studied by Kirchner et al.79 It was found that QDs which were stabilised using
mercaptopropanoic acid were very poor at preventing the release of Cd2+. The addition of
a silica shell allowed the concentration at which toxic effects were observed to increase by
a factor of six. Use of an amphiphilic polymer appeared to double the toxicity of the QDs
as compared to mercaptopropanoic acid functionalised QDs. The unexpected pattern was
attributed to the reduced ability of the amphiphilic polymer fuctionalised QD to migrate in
the cell, through either being too big to pass or sticking to the cell wall.

13



CHAPTER 1

1.4 Uses of colloidal inorganic nanocrystals

Nanocrystals have been envisaged to have many possible uses. These largely fall into two
categories: biological and materials.

1.4.1 Biological uses

Nanocrystals that are smaller than 10 nm possess a range of unique physical properties.
This size range is also relevant in biology as it is approximately the same size as a large
protein. Being in the same size domain as proteins allows for the potential migration
of a nanocrystal through a biological system. This, combined with a range of intrinsic
nanocrystal properties and the potential for bio-conjugation through functionalisation, see
Section 1.3, allows the development of nanomaterials with biological objectives in vivo.
This very active field has been recently reviewed by Bear et al.80

1.4.1.1 Therapy

Traditional drugs are delivered in a non-specific manner, i.e. they reach many parts of the
body. This means that the dose needs to be higher for the drug to have the required effect
at the target location and also that it may have undesired interactions elsewhere. More
sophisticated drug delivery techniques are being developed to release or localise the drug
at the site where it is needed. Drug delivery nanomaterials come in two classes: capsule
like structures, such as micelles and liposomes, and carriers with drugs attached to their
surfaces. Nanocrystals have been used as drug carriers due to their large surface to volume
ratio and the range of methodologies for the attachment of drugs. Gold nanoparticles
have been used due to the low toxicity of gold and the ready attachment of thiols to the
surface.81,82 The high surface area allows for a high loading of the drug. The surface would
typically have a mixed functionality with another component allowing targeting to occur.
Iron oxide nanocrystals have also been investigated but the weaker binding to the surface
causes greater drug loss whilst travelling to the target.83

Cells are very sensitive to their temperature. Elevated temperatures can interfere with
the internal function of a cell to the point where cell death occurs. For instance, if the
temperature of a human is raised to 42 ◦C it is potentially fatal. An excited nanocrystal will
release much of this energy as heat. If localised, this effect can be used to trigger cell death
and when targeted on a diseased region can be used therapeutically, particularly for the
treatment of cancer. Use of magnetism or light external to the patient as an excitation source
allows for non-invasive treatment. Nanocrystals that have weak luminescent pathways, i.e.
Fe3O4 and Au, have the greatest potential for hyperthermia.

The deep penetration of magnetic waves through the human body combined with the
efficient heating provided by iron oxide nanocrystals has allowed for the development of
magnetic hyperthermia treatments.84 Iron oxide nanocrystals below a certain size contain
a single magnetic domain and are superparamagnetic. When placed in a magnetic field
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the domain aligns with the external field. In a magnetic field that is oscillating faster than
the relaxation time of the particles magnetic moment, the majority of the particles are
being forced from one magnetic state to another each time passing over the energy barrier
separating them. The energy that is taken in to change the magnetic moment is released
thermally. The magnetic moment can relax through two mechanisms: within the particle
(Néel) and rotation of the particle (Brownian). Iron oxide nanocrystals less than 20 nm in
diameter have been used to perform magnetic hyperthermia.84

AuNPs have also been used for hyperthermia treatments by use of the SPR.85 Plasmonic
photothermal therapy is where the gold nanoparticles are excited in the SPR band and the
energy leaves the particle through non-radiative pathways, i.e. as heat. This is hindered by
the narrow absorption window in the near infra-red provided by haemoglobin and water in
biological systems. The position of the SPR can be tuned by adjustment of the size of the
particle to match the absorption minimum. A high intensity light source such as a pulsed
near infra-red laser is used as the excitation source.

Photodynamic therapy is when a therapeutic material triggers cell death by the gener-
ation of singlet oxygen following excitation with light. Traditional photosensitisers are
administered to the patient and light is applied to the region where the therapy is to occur.
Due to their large absorption cross-section nanocrystals, such as gold, Up Converting
Nanocrystals (UCNs) and QDs, can be used to harvest light. Nanocrystals functionalised
with traditional photosensitisers, such as porphyrin derivatives, potentially can be used to
significantly improve the yield of singlet oxygen produced, although the limiting step is
the energy transfer process from the particle to the photosensitiser.86 Also, biofunctional-
isation of nanocrystals offers improved targeting of cancerous regions for photosensitisers
potentially allowing lower doses to be used. This has been explored for various QDs,87,88

UCNs88,89 and AuNPs.90

1.4.1.2 Imaging

Non-invasive imaging of the body has huge potential for the diagnosis and discovery of
a range of medical conditions. The main forms of imaging are based on the use of light,
magnetic contrast and vibrations.

Due to their photostability, size and tuning of emission profile QDs have enormous
potential in optical bioimaging as compared to organic dyes.16 QDs have molar absorption
coefficients and fluorescence QYs (≤ 0.85) much higher than that of organic dyes. The
thermal and photochemical stability of surface passivated QDs is much better than that of
organic dyes, such as fluorescein and tetramethyl rhodamine isothiocyanate, which bleach
preventing long term imaging. The surface of a QD has a range of surface functionalisation
techniques available allowing for biomolecules to be attached to the surface. Biomolecules
allow targeting of the QD to a particular region of a body to occur.91,92 The ability to
tune the absorption and emission profiles by controlling the particle size allows the near
infra-red window to be used with QDs.
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UCNs are another family of fluorescent nanocrystals that have potential for nanocrystal
based optical imaging.89,92 Unlike QDs, light absorbed by UCNs undergoes anti-Stokes
processes. Low energy light, typically multiple photons of near infra-red is absorbed
and visible or UV light is released. The two photons are not simultaneously absorbed as
in two-photon absorption processes and consequentially have higher efficiencies. High
intensity near infra-red sources are used which is an advantage over QDs, eliminating
non-specific autofluorescence.

AuNRs can undergo a plasmon-enhanced two-photon absorption resulting in lumin-
escence.93 The benefits of exciting in the near infra-red window are similar to that of
UCNs. Gold has the advantage of a perceived low toxicity compared to QDs and UCNs.

Nanocrystals can also serve as contrast agents in magnetic resonance imaging. The
relaxation times of water are observed in two dimensions to form an image. Contrast
agents influence the T1 or T2 relaxation of protons in water, allowing enhancement of the
image. In the case of superparamagnetic iron oxide the T2 relaxation is lengthened. In a
T2 weighted image the iron oxide will produce a region of low intensity.21

AuNR have been used to perform imaging by photoacoustic tomography. In this the
AuNRs absorb light and releases heat. When using a high intensity pulsed light source the
rapid thermal expansion generated a sound wave that travels through the tissue, which can
be imaged.93,94

1.4.2 Non-biological materials

The light harvesting properties of QDs allow their use in energy harvesting materials.
The ability to tune the absorption profile through the quantum confinement effects allows
materials that effectively absorb particular frequencies to be developed. QD-based solar
cells are an attractive alternative third generation of solar cell. This is due to their extinction
coefficients being much higher than that of the dyes used in dye sensitised solar cells. The
lower cost of manufacture and the potential to exceed the current maximum efficiency
available to previous generations of solar cells make QD based systems very attractive.95,96

The generation of H2 from water offers a source of clean and potentially renewable fuel.
QDs surface functionalised with catalysts for the reduction of water have been developed.97

Once again the photostability and high molar decadic absorption coefficient make QDs a
good alternative to organic compounds, which have been previously used.

The use of the ability to tune the emission colour through the size of QDs and a narrow
full width at half maximum has resulted in light emitting diodes incorporating QDs being
developed. QDs offer purer colours and a wider range closer to that of the human eye than
current light emitting diode technologies provide.98,99
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Colloidal inorganic nanoparticle synthesis and
characterisation techniques

2.1 Nanocrystal synthesis - Theories

2.1.1 Routes to monodisperse nanocrystals

The synthesis of nanocrystals can be categorised into two different approaches: “top-down”
methods involve the physical destruction of a bulk material and “bottom-up” syntheses,
which are based upon solution-phase chemistry starting from molecular precursors. Phys-
ical methods offer the possibility of making large quantities of nanocrystals but more
complex structures such as core-shell particles would be difficult to synthesise. Bottom-up
methods, employing the already established field of colloid chemistry, offer a more simple
route to monodisperse spherical particles and greater flexibility towards more complex
structures, but suffer from limitations of scale.

To date, the synthesis of nanocrystals using bottom-up methodologies follows two
themes: high temperature thermal decomposition of metal precursors and reduction of
metal salts.100 Common to all methodologies is the requirement that the resulting particles
are colloidally stable, according to DLVO theory,23 see Section 1.3.1. Without colloidal
stability, further modification or use of the nanocrystal for any potential application is
difficult. Colloidal stabilisation can be provided electrostatically by ions produced during
the particle synthesis or sterically by ligands added before or after the synthesis.

It is important to remember that the unique properties of nanomaterials are size de-
pendent and as a consequence minimising the polydispersity of particle size is crucial. The
synthesis of truly monodisperse colloids, where there is no variation in size, is synthetically
challenging and as a consequence a relaxed definition of the term monodispese is widely
accepted; Equation 2.1.101 A monomodal system is to be considered monodisperse if 90 %
of the population (1.645σ , where σ is the standard deviation) lie within ±5 % of the mean
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particle size, 〈d〉. Otherwise the system is considered as polydisperse.

1.645σ

〈d〉
≤ 0.05 (2.1)

2.1.2 Nucleation and growth

To achieve greater control over the polydispersity of a nanocrystal suspension using
“bottom-up” methods, a consideration of the formation of the suspension is required. As
with bulk crystals, control over the final nanocrystal structure is thought to be governed
largely by processes during the nucleation and growth phases.

It must be stated that the development of models and experimental data to thoroughly
explain the nucleation and growth of nanocrystals is still ongoing. There have been a
number of different studies on a range of types of nanocrystal materials and a single model
does not fit all. The field has recently been reviewed by Finney and Finke.102

2.1.2.1 Nucleation

Classical nucleation theory treats the nucleus as a bulk phase, using the Gibbs capillary
approximation.103 Nucleus formation is described using two terms: a term for the favour-
able formation of a more thermodynamically stable new phase and a unfavourable term
from the development of an interface between the old and new phases, Equation 2.2. The
displayed relation assumes that the nucleus is spherical, as this minimises the surface area
of the nucleus, where r is the radius of the nuclei, γ is the surface free energy per unit area
and ∆Gv is the difference in free energy per unit volume between the new and old phases.

∆G =−4
3

πr3|∆Gv|+4πr2
γ (2.2)

Using Equation 2.2, a plot of ∆G against r will result in a curve with a maximum free
energy at a radius known as the critical radius r∗; Figure 2.1. This is due to the stabilising
influence of the formation of the thermodynamically stable new phase prevailing over the
unfavourable interaction at the surface of the spherical nucleus. For nuclei with r < r∗

growth is unfavourable and the nuclei will dissolve, whereas, when r ≥ r∗ the growth of
the nuclei is favoured.

Although there are now many models for explaining the process of nucleation, LaMer’s
descriptions of the formation of sulphur sols from the 1950s are still widely quoted and
have directed many studies into the formation of nanocrystals.104 Since 1997 there has
been a resurgence in interest in the mechanisms of nucleation and growth of nanocrystals
where transition metal and semi-conductor systems have been investigated.102

LaMer’s sulphur sol system works by the generation of S2 from sodium thiosulphate
in hydrochloric acid. As time progresses the concentration of S2 increases; Phase I in
Figure 2.2. When a critical supersaturation level is achieved, nucleation of the nanocrystal
precursors occurs; Phase II. Nucleation is said to occur over a short period of time with the
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Figure 2.1: A plot showing the critical radius, r∗, in terms of free energy, ∆G.

generation of multiple nuclei resulting in a burst of nucleation. As nucleation occurs the
concentration of the precursor falls resulting in no new nucleation events. The nanocrystals
continue to grow by diffusion of the precursor to the surface, Phase III.

Growth by diffusion
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Figure 2.2: LaMer’s mechanism for the nucleation and growth of sulphur sols. The phases
shown are: I) concentration increase of precursor, II) supersaturation of precursor
is achieved and nucleation occurs and III) growth of nuclei beneath the supersat-
uration concentration. Adapted with permission from [104]. Copyright (1950)
American Chemical Society.

It is well known that LaMer’s mechanism for nanocrystal formation is not applicable to
most transition metal and semi-conductor nanocrystal systems.102 Even so, the mechanism
has served as a source of inspiration for the development of new methodologies for the
synthesis of nanocrystals since it was the first where the processes of nucleation and growth
were separated in time. By nucleation occurring over a short period of time it is possible
to achieve greater control over the polydispersity of the final particles. This is known as
“burst nucleation” and is generally thought of as a requirement for synthesising monod-
isperse nanocrystals.105 As with the LaMer model, methods to synthesise nanocrystals use
supersaturation and the subsequent concentration decrease to create the burst.
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2.1.2.2 Growth

Ideally, once nucleation has finished growth occurs. This is a slow process in which the
remaining precursors are consumed by the nuclei. There are many theoretical models
for growth but all are focussed around the interplay between Fick’s first law and the
Gibbs-Thomson equation.100,102

Recently, Mulvaney described a model for growth and nucleation of nanocrystals.106 In
this model growth is assumed to occur in two steps. The precursor diffuses to the surface
at a rate constant determined by the diffusion coefficient, D. Once at the interface the
precursor may be taken up into the particle to become a part of the lattice, with a rate kup,
or precursor may be formed by the dissolution of the particle, with a rate kdis.

[C]i [C]b

r kdis

kup

Diffusion (D)

Figure 2.3: An illustration showing an isolated particle of radius r, the interfacial zone where
the concentration is [C]i and the bulk solution where the concentration is [C]b.
The diffusion coefficient, D of precursor from the bulk solution to the interface is
shown as well as the rate constants for uptake, kup and dissolution of precursor,
kdis. Adapted with permission from [106]. Copyright (2009) American Chemical
Society.

The flux, Jdi f , of the monomer to and from the particle may be described using Fick’s
first law, Equation 2.3, where D is the diffusion coefficient and σ is the radius of the sphere
of diffusion.

Jdi f = 4πσ
2D

d[C]

dσ
(2.3)

Taking into account the flux of precursor diffusing to the particle surface, Jdi f , the flux
into the particle, Jreact , and the limitation that monomer may not react faster than it can
diffuse to the surface a steady state flux can be generated, JSS. The steady state flux is
intimately linked to the rate of particle growth, Equation 2.4, the bulk concentration of
monomer, [C]b, and the equilibrium concentration of monomer, [C]eq = kdis/kup.

dr
dt

=

(
3VmJSS

4πr3

)
(2.4)

The Gibbs-Thomson equation relates the particle radius, r, the surface free energy per
unit area, γ , and the concentration of monomer with an infinitely flat surface, [C]∞, to the
equilibrium concentration of monomer, [C]eq, Equation 2.5.
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[C]eq = [C]∞ exp
(

2γVm

rRT

)
(2.5)

To link Equation 2.4 to the surface free energy per unit area, γ , the Gibbs-Thomson
equation is used along with expressions for Jdis and Jup from Fick’s first law resulting in
Equation 2.6.

dr
dt

=
DVm

(
[C]b− [C]∞ exp

(
2γVm
rRT

))
(

r+ D
kr

) (2.6)

Equation 2.6 has a strong dependence on r. As r increases the rate of particle growth
decreases. Many different forms of a rate equation exist for the growth rate of nanocrystals
depending on the assumptions made in a particular model. A common feature in all models
is the inverse dependence on r.

2.1.2.3 Ostwald ripening

Once the monomer is depleted, [C]b = 0, the new concentration between the particles is
determined by their combined relative [C]eq. Particles with a smaller r have a higher [C]eq

due to the Gibbs-Thomson equation, Equation 2.5. A high [C]eq means that the value of
kdis is high relative to kup, due to [C]eq =

kdis
kup

. So particles with r > r∗ are decreasing in
size. Likewise, a large particle has a lower [C]eq. In the case of larger particles [C]eq is
lower and kup is larger.

When a mixture of particle sizes is created the difference in the [C]eq drives the
movement of monomer from one particle to the other. The larger particle with the lower
[C]eq, [C]eq(big), combats the high [C]eq provided by the small particle [C]eq(small). The two
equilibria result in the decrease in size of the small particle and the increase in size of the
large particle.

This makes the resulting polydispersity worse due to larger particles growing faster
than their slightly smaller counterparts, which are all taking up monomer from the small
particles. The mean size of the particle distribution will also increase. This process is
known as Ostwald ripening. Inhibiting Ostwald ripening is achieved by capping agents,
lowering the temperature or addition of more monomer.

2.1.3 Bottom-up synthesis of colloidal nanocrystals

There is a wide range of bottom-up, or chemical, methods for the synthesis of nanocrystals.
In this work nanocrystals have been formed using thermolysis, or thermal decomposition,
and ambient temperature reduction methods. Other bottom-up techniques such as solvo-
thermal, photochemical, electrochemical and arrested precipitation have been reviewed by
Rao et al.5
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2.1.3.1 Reduction of metal salt

Historically, the reduction of metal salts is thought to have been used since Egyptian times
for the production of AuNPs. The resulting particles were used for the decoration of
pottery due to the characteristic ruby red colour, which is a consequence of the SPR. In
1857 Michael Faraday described the reduction of gold(III) chloride to produce a gold sol.
“If the solution -of chloride of gold- be weak and the phosphorus clean, part of the gold is
reduced in exceedingly fine particles, which becoming diffused, produce a beautiful ruby
fluid.”2 This was further advanced by Enüstün and Turkevich with the production of a
stable dispersion of deep-red 13 nm gold nanocrystals where sodium citrate was used as
the reducing agent and as a stabilising agent for the final particles.107

Sodium borohydride, NaBH4, was used by Brust and co-workers in a two phase
mixture of water and toluene.26,27 In this method a solution of hydrogen tetrachloroaurate,
HAuCl4 · 3H2O, is added to a solution of tetraoctylammonium bromide, (C8H17)4N+Br–, in
toluene, causing the formation of a Au-tetraoctylammonium bromide complex in toluene.
This is reduced by an aqueous solution of sodium borohydride whist being vigorously
stirred. Depending on the version of the synthesis, the stabilising thiol ligands are added
prior to the reducing agent or after growth and size focussing has occurred. The “Brust” two
phase method has been modified many times since the original publication. In this thesis
a slightly modified protocol is used to produce AuNP with a diameter of approximately
7 nm. Ambient temperature reduction methods have been used largely to produce Au and
Ag nanocrystals.

2.1.3.2 High temperature thermal decomposition of precursors

High temperature thermal decomposition of metal containing compounds in high boiling
solvents in the presence of compounds that ligate to the surface allows the growth of
nanocrystals. A wide range of inorganic nanocrystals have been synthesised using thermal
decomposition covering metal oxides, metals and semiconductors. The two thermal
decomposition strategies used in this work include the “hot injection” of precursors and
“heating up” methods.105

The hot injection method was developed with the aim of temporally resolving the
events of nucleation and growth. The hot injection method was pioneered by Murray et al.

when synthesising cadmium chalcogenide nanocrystals.108 In this work a room temperature
solution containing both precursors, dimethyl cadmium and trioctylphosphine selenide,
is rapidly injected into a rapidly stirred high boiling point solvent, which is at 300 ◦C
under an inert atmosphere. The precursors decompose rapidly, causing supersaturation
conditions to be reached. At supersaturation, the formation of nuclei occurs in the same
vein as in the LaMer mechanism, Section 2.1.2.1. The mixture of the room temperature
precursor solution with the hot solvent causes a rapid decrease in temperature which, in
combination with the precursor concentration decreasing, results in nucleation stopping
and the remaining precursor causing growth upon the nuclei. The trioctylphosphine acts as
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the solvent and the coordinating ligand during synthesis. Variants of this technique have
been used to make many different semiconductor nanocrystals.109 The method used in this
work for InP@ZnS is a hot injection-based method by Xu et al.110

Heating up methods have been used to synthesise highly monodisperse iron oxide
nanocrystals with a strong degree of size control. The precursors used are typically iron
pentacarbonyl,111 iron(III) acetylacetonate112 or iron oleate.113 In contrast to hot injection
methods the precursors, ligands and solvent are all in the initial reaction mixture. The
mixture is slowly heated to a certain temperature, typically in the range of 200 to 230 ◦C
and held at this temperature for approximately 1 h. This is thought to be to allow complete
decomposition of the precursors. After decomposition is complete the solution is slowly
heated to induce nucleation. It is thought that the temperature of decomposition is beneath
the temperature for nucleation or that intermediate precursors are formed which decompose
at higher temperatures. The mechanism is not fully understood and is still the subject of
debate.105 The method used in this work is a modification of the iron(III) acetylacetonate
heating up synthesis by Sun and Zeng.112

2.2 Nanocrystal synthesis - Methods Used

2.2.1 Synthesis of InP@ZnS Quantum Dots

The procedure for the synthesis of InP@ZnS QDs was based on earlier publications
by Xu et al.110,114,115 Typically, indium chloride (0.1 mmol, Aldrich, 98 %) stearic acid
(0.1 mmol, Fluka, >97 %), hexadecylamine (0.2 mmol, Aldrich, 98 %) and zinc undecyl-
enate (0.1 mmol, Aldrich, 98 %) were added to 1-octadecene (2 ml, Aldrich, 90 %). The
reaction mixture was repeatedly evacuated and refilled with nitrogen. Whilst stirring
the reaction mixture was heated to 270 ◦C. Immediately after reaching 270 ◦C, 1 ml of
0.1 mol dm−3 tris(trimethylsilyl)phosphine (0.1 mmol, Aldrich, 95 %) in 1-octadecene was
rapidly injected into the reaction mixture. The solution was heated at 240 ◦C for 20 min.

Subsequently, the reaction mixture was cooled to room temperature. Zinc diethyldith-
iocarbamate (0.2 mmol, Aldrich, 98.5 %) and zinc undecylenate (0.2 mmol, Aldrich, 98 %)
were added to the reaction mixture. The reaction mixture was repeatedly evacuated and
refilled with nitrogen. The solution was heated to 180 ◦C for 10 min and 240 ◦C for 20 min.

After cooling to room temperature, toluene (4 ml, Sigma-Aldrich, ≥99.9 %) was ad-
ded. The diluted reaction mixture was centrifuged at 2200× g for 5 min and the clear
QD solution was collected.Ethanol was added until the solution became turbid and the
precipitated nanocrystals were collected by centrifugation at 2200× g for 15 min. The
QDs were redispersed in toluene (7 ml, Fisher Scientific, >99 %).

Control of emission colour was achieved by varying the amount of ligand added during
the formation of the core and of the shell. Higher amounts of ligand present when adding
the phosphine precursor resulted in a greater number of smaller nuclei. For good colloidal
stability of the resulting InP@ZnS nanocrystals the total amount of zinc undecylenate
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added in the synthesis of the core and the shell must be constant regardless of the core
size. The amounts used to produce particles of a particular emission colour are shown in
Table 2.1.

Table 2.1: The quantities of zinc undecylenate used when producing the core and the shell to
generate specific emission colours.

Zinc undecylenate
used / mg

Emission colour Core Shell

Orange 43 87
Yellow/Green 86 44
Green/Blue 130 0

To achieve blue or red emission profiles the reaction conditions and times needed to
be modified. Achieving small cores is the most difficult and requires a brief nucleation
followed by a slow growth.

2.2.2 Synthesis of iron oxide particles

The procedure for the synthesis of Fe3O4 particles used was described by Lattuada and
Hatton.41 Briefly, iron(III) acetylacetonate (2 mmol, Aldrich, 99.9+ %), oleic acid (6 mmol,
Aldrich, 90 %), oleylamine (6 mmol, Fluka, ≥70 %) and 1,2-tetradecanediol (10 mmol,
Aldrich, 90 %) were dissolved in dibenzylether (20 ml, Aldrich, 99 %). This was stirred
under a flow of nitrogen. The mixture was heated to 100 ◦C over 45 min.The temperature
was further increased to 200 ◦C over 40 min and left to stir for 2 h.The flow of nitrogen
was increased and the mixture heated to 300 ◦C for 1 h.

The resulting black solution was cooled to room temperature. The particles were pre-
cipitated by the addition of ethanol (≈50 ml, Sigma-Aldrich, ≥99.8 %) and centrifuged at
2200×g for 5 min.The resulting black precipitate was redispersed in the minimum amount
of toluene (24 ml, Sigma-Aldrich, ≥99.9 %). For use in the preparation of the hybrid
layer 1 ml of saturated Fe3O4 solution was precipitated using ethanol and redispersed in
chloroform (100 ml, Fisher Scientific, >99 %) to give a 100× dilution.

2.2.3 Synthesis of gold nanocrystals

The procedure for the synthesis of Au nanocrystals described is a modification of the
method developed by Brust et al.26 A colourless solution of tetraoctylammonium bromide
(2.2151 g, 4.051 mmol, Aldrich, 98 %) in toluene (80 ml, Sigma-Aldrich, ≥99.9 %) and
a yellow solution of hydrogen tetrachloroaurate(III) trihydrate (302.2 mg, 0.767 mmol,
Aldrich, ≥99.9 %) in distilled water (25 ml) were mixed and shaken. Upon shaking, the
yellow aqueous phase became colourless and the organic phase turned red. The phases
are separated and a solution of sodium borohydride (335.8 mg, 8.877 mmol, Aldrich,
≥98 %) in distilled water (25 ml) was added dropwise to the stirred organic phase over
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1 min.During sodium borohydride addition the solution turned a strong purple colour. The
solution was stirred for 30 min.Excess sodium borohydride was removed by repeatedly
washing the reaction mixture with portions of HCl (aq) (0.1 mol dm−3, 100 ml) until the
release of H2 stopped. The reaction mixture was washed with NaOH (aq) (0.1 mol dm−3,
100 ml) once to remove any HCl (0.1 mol dm−3, 100 ml) and three times with NaCl (aq)
(0.1 mol dm−3, 100 ml). The purple dispersion was stirred at room temperature to ripen
over 24 h. 1-Dodecanethiol (10 ml, Aldrich, ≤98 %) was added and stirred for 2 h at 65 ◦C.

The dispersion was centrifuged at 900×g for 10 min to remove any large structures.The
nanocrystals were precipitated using an excess of ethanol and collected by centrifugation
at 8900× g for 20 min.The collected precipitate was redissolved in toluene ≈5 ml and
precipitated using excess cold methanol. The aggregated nanocrystals were collected by
centrifugation at 8900×g for 20 min and re-dispersed in toluene (8 ml).An improved size
distribution can be achieved by removing the larger nanocrystals. The larger nanocrystals
are removed by the addition of cold methanol (80 µl) and a final centrifugation at 8900×g

for 5 min.

2.3 Nanocrystal characterisation

The characterisation of nanocrystals requires the use of a range of techniques each provid-
ing a piece of the puzzle. Many techniques originally intended for molecular or bulk
characterisation can be used and the extension of these techniques can provide more
information. The subject of characterisation has been recently reviewed by Rao and
Biswas116 and Hutchison and Kirkland.117 The methods used in this thesis are briefly
described in the following sections. Typical nanocrystal characterisation data is provided
in Appendix A.

2.3.1 Electron microscopy & related techniques

An electron microscope provides a wealth of structural and chemical characterisation due
to the available imaging and spectroscopies that it can potentially perform. The use of
electrons to study materials has a number of beneficial consequences due to electrons being
a type of ionising radiation. As a consequence a range of secondary signals are produced
which take the form of X-rays, light, forward scattered electrons (elastic and inelastic)
and backscattered electrons. These allow a range of measurements to be made on a single
sample in a relatively short period of time by a single instrument.
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Figure 2.4: A simplified depiction of the incident beam of electrons being accelerated at a
high voltage and the measurable signals that can be used for structural or chemical
identification. Adapted from ref. [118].

2.3.1.1 Electron microscopy

The ability to form an image of an object smaller than the human eye can resolve is known
as microscopy. Microscopy using visible light can at best resolve objects of approximately
300 nm, when using light of λ = 550nm. To study objects with dimensions less than
100 nm microscopy using electrons is used. Electrons, as do other particles, exhibit
properties of both a particle and a wave as described by de Broglie, λ = h/(mc).119 As
electrons have a much smaller wavelength they can resolve structures that it is impossible
to access with light. For instance, an electron accelerated by a voltage of 200 kV has a
velocity of 2.086×108 m s−1 and a corresponding wavelength of 2.51 pm.

The most common form of electron microscope used in characterising nanocrystals
is a Transmission Electron Microscope (TEM).118 This is where the direct beam, also
known as the transmitted beam, is imaged. Dark regions where scattering has occurred and
light regions where the sample was transparent to the electrons are formed. The degree
of scattering controls the intensity of an area of the image. As TEM is dependent on the
transmission of electrons, a given sample can not be too thick as multiple scatterings will
occur resulting in no direct beam.

A TEM consists of a series of lenses and apertures, which guide the beam of electrons
down evacuated chambers to form a magnified image at the bottom. The lenses are in the
form of magnetic fields, which act like convex glass lenses. Unlike light microscopy, the
magnetic lenses do not change position but instead the strength of a magnetic lens can
be adjusted. At the end of the tube are a range of options for the capture of an image: a
phosphor screen, an electron sensitive film or a charge-coupled device. The resolution of a
TEM is limited by spherical aberrations introduced by the magnetic lenses and chromatic
aberrations introduced by interactions with the sample, although chromatic variations can

26



CHAPTER 2

be useful, Section 2.3.1.4. Figure 2.5 shows that the two principle modes of operation
involve the imaging of a diffuse direct beam to generate an image or the imaging of a
concentrated direct beam along with the elastically scattered electrons giving rise to a
diffraction pattern, Section 2.3.1.2.

Projector Lens
(at a fixed strength)

Screen

Intermediate Lens
(used for focusing)

Objective Aperture

Objective Lens

Sample

Diffraction Aperture

(A) (B)

Figure 2.5: The two principle modes of operation of a TEM with the direct beam (red) and
scattered beam (blue). (A) The direct beam is spread over a wide area and is
focussed on the viewing screen to form a bright field image. (B) The direct and
the elastically scattered beam are imaged together on the viewing screen resulting
in a diffraction pattern. Adapted from ref. [118].

The image made from the direct beam is known as a bright field image. Alternatively,
a dark field image can be formed using the scattered beam. In a dark field image the
regions that causes the most scattering appear bright and the regions where little scattering
occurs appear dark. The electrons, which form the image, have interacted with the sample
and contain additional structural information, such as planar defects, stacking faults, etc.,
whilst offering better contrast, although dark field images suffer from low intensity.

Limitations of TEM include the poor sampling provided by an image. This is a
natural consequence of observing an object so closely. As a consequence TEM should
always be used in conjunction with other techniques, which provide information about
the average properties of the sample, such as Dynamic Light Scattering (DLS). Weakly
scattering materials, such as polymers, appear invisible as the elements contain relatively
few electrons and small nuclei. The electron microscope is under a vacuum and as a
consequence the sample is also. In the case of colloidal samples, any influences on the
structure by the solvent will be absent in the observed image. Heating effects from the
inelastically-scattered electrons may also cause sample distortion or destruction.

The instruments used were a Jeol 2000EX TEM with a tungsten filament and an
acceleration voltage of 180 kV to 200 kV, at the University of East Anglia, and a Philips
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CM200 field emission gun TEM, at the Leeds EPSRC Nanoscience and Nanotechnology
Research Equipment Facility.

The sample grids used were 300 µm mesh copper grids with a carbon film as supplied
by Agar Scientific. Samples in organic solvents were dropped onto the grid laid upon filter
paper. Time was allowed for the organic solvent to evaporate between drops.

2.3.1.2 Selected area electron diffraction

The direct beam is used to form images but there may also be information within the
elastically scattered beam depending on the composition of the sample. If the sample
studied is crystalline the material acts as a diffraction grating for the scattered electrons. The
electrons are deflected according to Bragg’s Law. Lattice dimensions are often described
in reciprocal space, typically Å−1, by use of Bragg’s Law in the form of Equation 2.7,
where d is the interplanar distance within a crystal, θ is the angle of diffraction and n

is an integer.118 When n is an integer constructive interference occurs and when it is a
non-integer destructive interference occurs. This results in the scattered beam containing a
diffraction pattern.

n
d
=

2sinθ

λ
(2.7)

The diffraction pattern is produced from the direct beam and the elastically scattered
electrons. The direct beam forms an intense spot in the centre of the pattern and the
elastically scattered electrons form a pattern around the central spot. In the case of a
crystalline material with many independent crystals, concentric rings are formed which
form a diffraction pattern. This diffraction pattern can be used as a finger print for
identification of the crystalline material being observed.

The pattern is directly comparable to an X-ray diffraction pattern but can be performed
on a small area of a sample, 3.14×10−2 µm2, allowing characterisation of different regions
of a structure. Being able to choose the region of the sample from which the diffraction
pattern is collected gives rise to the name of the technique, Selected-area Electron Dif-
fraction (SAED). The selected area would contain many nanocrystals so characterisation
results in a scattering pattern containing a series of concentric rings, as all the particles are
orientated randomly. This pattern is directly comparable to an X-ray powder diffraction
pattern, due to both incident X-rays and electrons interacting with the sample’s electrons.
The difference between the techniques is only the magnitude of the scattering angles.

The instruments used were a Jeol 2000EX TEM with a tungsten filament and an
acceleration voltage of 180–200 kV, at the University of East Anglia, and a Philips CM200
field emission gun TEM, at the Leeds EPSRC Nanoscience and Nanotechnology Research
Equipment Facility. Samples were prepared in accordance to Section 2.3.1.1 with the
exception that more material is required so approximately five times more drops were used
for a given sample.
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2.3.1.3 Energy dispersive X-ray analysis

A range of X-rays are produced as secondary signals within the TEM. An X-ray is a photon
with less energy than gamma rays and more energy than UV-light, between 100 eV and
10 eV. The X-rays that are created due to the inelastic scattering of electrons are known
as characteristic X-rays and allow the identification and quantitation of elements in the
sample.

Characteristic X-rays are formed due to a high energy electron from the beam causing
an inner shell electron in the sample to be ejected. This results in an electron hole in a
low energy orbital. The electrons rearrange to achieve the lowest energy configuration,
resulting in an electron moving from a high energy orbital to the hole. An X-ray is emitted
with an energy that is equal to the energy difference between the initial and final orbital of
the electron that moved. The energy gaps between orbitals are characteristic of the element
that it has been emitted from due to each nucleus having a different pull on the surrounding
electrons. This process is depicted in Figure 2.6 with a Kα X-ray being emitted.

The production of a characteristic X-ray is only one of the potential routes of the excess
energy being removed. The other major pathway is the ejection of an Auger electron
due to transfer of the energy to another outer electron causing its ejection. As there are
multiple pathways, a fluorescence QY, i.e. the proportion of electrons which relax in a
certain manner, for the generation of K-line X-rays is considered.
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Figure 2.6: An energy level diagram showing the inelastic interaction of an electron with an
atom within the sample. An energy-loss electron is produced and an inner shell
electron is ejected. The system rearranges and the excess energy is released as a
characteristic X-ray. Adapted from ref. [118].

Energy-dispersive X-ray (EDX) analysis across a range from 0 to 10 eV results in a
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spectrum where most characteristic X-rays are observed.120 An EDX analysis can also
show a weak broad band across much of the spectrum. This is due to “Bremsstrahlung”
X-rays being generated due to electrons that pass near to the nuclei being decelerated and
emitting X-rays with an energy equal to the amount of deceleration.

The major weakness of EDX analysis is the poor sensitivity for lighter elements. This
arises for two reasons: as Z decreases the K-line fluorescence yield falls, when Z < 11
the yield is below 2 % as opposed to above 50 % when Z > 32, and the EDX detector is
protected from unwanted gasses in the microscope vacuum by a beryllium window which
absorbs photons of less than 1000 eV.121 Ultra-thin windows allow boron, Z = 5, and
upwards to be detected.

The instrument used was a Oxford Instruments ultra-thin window EDX detector at-
tached to a Philips CM200 field emission gun TEM. Samples were prepared in accordance
with Section 2.3.1.1.

2.3.1.4 Electron energy-loss spectroscopy & Energy-filtered TEM

Electron Energy-Loss Spectroscopy (EELS) uses the electrons from the beam that have
been elastically scattered.121 These electrons have transferred some of their kinetic energy
to the sample and are known as energy-loss electrons, Figure 2.6. The kinetic energy loss
is characteristic of the element that the fast electron interacted with. A high resolution
electron spectrometer is used to separate all the transmitted electrons by their kinetic
energy. The result is an electron energy-loss spectrum where the intensity is proportional
to the amount of electrons with a particular kinetic energy. The main characteristics are a
zero-loss peak for inelastically scattered electrons, a plasmon band and a series of edges
on a slowly decreasing slope, which are characteristic of the binding energy of an electron.
As the binding energies of inner shell electrons are highly dependent on the atomic number
of the element the ionisation edges allow identification of the elements within a sample.

The information in an energy-loss spectrum is complementary to the information
acquired in an EDX analysis. Where EELS has an advantage is the characterisation and
quantification of light elements. Firstly, after the energy-loss electron has created an
electron hole there are a range of ways that the energy can be removed resulting in the
aforementioned K-line fluorescence yield, which is low when Z < 11. Measurement of the
energy-loss electron depends only on the primary interaction event whereas monitoring
the characteristic X-ray is not solely dependent on the primary interaction, i.e. competing
decay processes. Secondly, X-rays are produced isotropically and only a small fraction
are collected to make a measurement, typically ≤10 %. Energy-loss electrons are created
over a much narrower range allowing collection efficiencies of 20 to 50 %. This is
because observing the energy-loss electron avoids the range of decay routes for the energy
associated with electron rearrangement, see Figure 2.6.

The disadvantages of EELS as opposed to EDX are a very thin sample, 50 to 150 nm,
is required to avoid multiple inelastic scattering events, performing a measurement is
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much more difficult requiring a skilled TEM operator and a higher background makes
interpreting the signal more difficult.

By separating electrons of particular kinetic energies it is possible to produce the
equivalent of a band-gap filter in optical spectroscopy. By careful choice of electron
energy it is possible to study electrons that have only interacted with a particular element.
These electrons can be imaged to produce an elemental map. The technique is known as
Energy-filtered Transmission Electron Microscopy (EFTEM).

The instrument used was a Gatan GIF200 Imaging Filter for EELS/EFTEM attached
to a Philips CM200 field emission gun TEM. Samples were prepared in accordance with
Section 2.3.1.1.

2.3.2 Scattering techniques

The scattering of radiation from matter is another route for characterising a material.
Photons, electrons and neutrons can all be scattered but are indicative of different parts of
a sample. The two different types of scattering experiments performed in this work are the
‘static’ scattering of neutrons, Section 2.3.2.1, which yields structural information and the
‘dynamic’ scattering of light, Section 2.3.2.2, which gives information about the dynamics,
such as Brownian motion.122

The techniques that involve the scattering of electrons are addressed separately in
Section 2.3.1.

2.3.2.1 Small-angle neutron scattering

Neutrons have no charge and possess an electron dipole moment near zero. The interaction
with atoms is through nuclear and not electrical forces, unlike X-rays and electrons. These
are typically short range interactions over the range of a few fermis (1 fermi = 10−15 metre).
This means a neutron will perceive a solid as a largely empty space as the gap between
atoms is approximately 100,000 times larger than the nucleus it could potentially interact
with. As a consequence neutrons have a penetration depth much deeper than X-rays or
electrons. The disadvantage is that the amount of scattering is very weak when compared
to X-rays. To overcome the intense transmission signal long distances between the sample
and detector are needed.

Scattering lengths

The strength of interaction between a scattering nucleus and a neutron is described by its
scattering length, b. A positive value of b represents a repulsive interaction. The variation
in strength of interaction between neutrons and the nuclei of elements follows what appears
to be an erratic pattern and can even vary dramatically between isotopes, Table 2.2. For
comparison, the equivalent values for X-rays are also shown in Table 2.2, showing the
different opportunities for characterisation between X-rays and neutrons.
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Table 2.2: A comparison of neutron scattering lengths and X-ray atomic scattering factors.
Adapted from ref. [123].

Atom Neutron X-ray
bcoh / 10−12 cm fX-ray / 10−12 cm

D+ 0.67 0.00
H −0.37 0.28
D 0.67 0.28
C 0.67 1.69
N 0.94 1.97
O 0.58 2.25
S 0.29 4.48

A key parameter when designing Small-Angle Neutron Scattering (SANS) experiments
is the contrast of the medium containing the scattering objects. The ability of an atom to
scatter has already been described by the scattering length, b. The contrast of a medium is
the density of atoms of a particular scattering length in a volume, known as the Scattering
Length Density (SLD), is normal expressed in cm−2 or Å−2. The SLD is described by
Equation 2.8, where bi is the coherent scattering length of nucleus i, xi, is the number of i

nuclei and vm is the molecular volume.

ρ =
∑i xibi

Vm
(2.8)

Scattering vector

In SANS only coherent elastic scattering by matter is considered. Consequently the only
change is the direction of movement of a neutron and not its energy. This is typically
represented by the incident wave vector, ki and the scattered wave vector, ks. The resultant
vector, Q, is used to describe the amount of scattering, Equation 2.9, and is depicted as a
scattering triangle in Figure 2.7. Use of the magnitude of the wave vectors, |k|= 2π/λ ,
and the scattering triangle allows |Q| to be derived, Equation 2.10. |Q| shall be represented
as Q for the rest of this document.
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Figure 2.7: An illustration of how Q, the scattering vector, is defined.
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Q = ki−ks (2.9)

|Q|= Q =

(
4π

λ

)
sin

(
θ

2

)
(2.10)

The intensity function

In a SANS experiment the neutrons are scattered isotropically and are detected by a two
dimensional detector. The distance from the centre of the scattering pattern is proportional
to Q. The relationship between Q and the scattering pattern is shown in Figure 2.8. The
intensity is radially averaged and a plot of I(Q) against Q can be plotted. The resulting
curve contains structural information of the sample, the interactions within the sample and
information about the volume fraction. This is described in Equation 2.11 where npv2

p∆ρ2

is the scale factor, P(Q) is the form factor, S(Q) is the structure factor and Binc is the
incoherent background.

dσ(Q)

dΩ
= I(Q) = npv2

p∆ρ
2P(Q)S(Q)+Binc (2.11)
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Figure 2.8: An illustration showing how the scattering vector generates a scattering profile.

The observed intensity I(Q) is corrected by subtraction of the solvent background. As
the solvent has no structure any scattering is from incoherent scattering and thus removes
Binc resulting in Equation 2.12. This contains information about the material dispersed in
the solvent and is fitted to extract as much information as possible. Taking in to account a
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volume fraction, φp, is related to the number of particles, np, and volume of a particle, vp,
φp = npvp allows this to be simplified to form Equation 2.13.

I(Q) = npv2
p∆ρ

2P(Q)S(Q) (2.12)

I(Q) = φpvp∆ρ
2P(Q)S(Q) (2.13)

The scale factor

The first three terms of Equation 2.13, φpvp∆ρ2, are directly linked to the magnitude of
the scattering profile observed. This is intuitive as the amount of scattering material, given
by φp, the size of the scattering object, which is linked to vp, and the scattering contrast of
the media, ∆ρ , would all be connected to the amount of scattering that a sample would
achieve.

Form factors

Information about the structure of a scattering object can be obtained by applying analytical
expressions for scattering from objects with geometric shapes, such as spheres, cylinders,
ellipsoids, etc.124 Some knowledge of the sample is required so the correct expression can
be applied. The functions, which describe the structure of the scattering object, are called
form factors, P(Q). The systems studied in this work are spherically symmetrical and the
form factors for a sphere and a core-shell structure are given.

The form factor amplitude of a homogeneous sphere was first calculated by Lord
Rayleigh in 1910.125 Equation 2.14 is the expression for perfectly monodisperse spheres
where R is the radius of the scattering object.

P(Q) =

[
3[sin(QR)−QRcos(QR)]

(QR)3

]2

(2.14)

Many colloids have uniform shells upon a core. The simplest of these is a sphere with
a single shell. The form factor for a spherical particle consisting of a spherical core and a
concentric shell is given in Equation 2.15 and the parameters are defined in Figure 2.9.

Rc

Rs

ρs ρcρsolv

Figure 2.9: The parameters in the core-shell form factor
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P(Q) =

[
3Vc(ρc−ρs)

3[sin(QRc)−QRc cos(QRc)]

(QRc)3

+3Vs(ρs−ρsolv)
3[sin(QRs)−QRs cos(QRs)]

(QRs)3

]2

(2.15)

Structure factors

The structure factor, S(Q), contains information about the interactions of particles and
arises from the interference of scattering from different particles, i.e. interparticle scattering.
Whereas, the form factor P(Q) is an intraparticle scattering. For very dilute solutions,
S(Q) = 1, particle interactions no longer occur and the structure factor can be neglected.
As the concentration increases S(Q) begins to contribute to the profile and functions for
interactions and the form factor P(Q) combined make the overall scattering profile.

Instrument details

The instruments used in this study are LOQ based at ISIS, Ruthorford Appleton Laboratory,
Oxfordshire UK and D11 based at the Institut Laue-Langevin, Grenoble, France.

LOQ is a time-of-flight based SANS instrument. This allows for measurement of the
entire Q range in a single measurement without needing to move the detector. The pulsed
beam of neutrons is created by a spallation source based in Target Station 1, which operates
at 50 Hz.

The D11 detector is based on a moveable trolley within an evacuated 40 m tube. The
detector can be placed at any distance between 1.2 m and 39 m to access different parts of
the Q range. The distances used in this study were 1.5, 8 and 39 m. D11 is supplied with
neutrons from a nuclear reactor, which results in a continuous supply of neutrons.

At both instruments the samples were held in cylindrical “banjo” quartz cells. The
path length of cell used was dependent on the hydrogen and deuterium content of the
solvent. Samples that used hydrogen rich solvents were placed in a 1 mm path length cell
and samples containing deuterium rich solvents were placed in a 2 mm path length cell.
The samples were thermostated at 25 ◦C. Scattering profiles were corrected for pathlength,
transmission and incoherent scattering using standard ISIS and ILL software respectively.

Analysis software

Modelling of the SANS data was performed using SasView.126 The software is open source
and developed by the major small angle scattering facilities, NIST, ILL, ISIS and others.
This allows fitting with a range of form factors, P(Q) and the introduction of structure
factors, S(Q). Parameters such as the volume fraction, SLDs and size can be fitted or
floated. Polydispersity can also be introduced to allow for size distributions.
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2.3.2.2 Dynamic light scattering

DLS is a technique that allows the determination of hydrodynamic size distributions of
colloidal particles in situ.127 A virtue of DLS is that the sample can be measured without
any preparation, other than being within an appropriate concentration range, whereas
other methods, such as TEM, require the sample to be dried before a measurement can be
obtained. Thus, any potential corruptions to structure of the observed colloid are avoided
when using DLS. In this respect DLS is similar to small angle X-ray scattering and small
angle neutron scattering.

As mentioned, DLS techniques measure hydrodynamic quantities, usually diffusion
coefficients, which can be used to extract size information by use of geometrical informa-
tion of the predicted shape. DLS is built upon variations in the intensity of light scattered
by particles undergoing Brownian motion. The intensity is dependent on the positions of
the particles relative to one another, the incoming beam and the angle of observation. The
result of this is that constructive and destructive interference can occur with light scattered
off nearby particles. As the particles undergo Brownian motion their positions relative
to one another change and consequently the intensity also changes. The scattered light
intensity variations occur over a period of time that it takes for the particle to move over a
significant fraction of the wavelength of the scattered light.

Scattered light intensity against time results in a stochastic signal related to the Brown-
ian motion of the particles. To extract information from the signal a correlation function,
g(1)(t), is created by comparing the signal to itself over time. This results in a function
that decays with time as the signal becomes increasingly unlike the original intensity. For
a dilute solution of monodisperse particles g(1)(t) has the form of a single exponential,
Equation 2.16.

g(1)(t) = exp(−q2Dt) (2.16)

The scattering vector, q, depends on the scattering angle, θ , and the wavelength of the
light, λ , Equation 2.17.

q =

(
4π

λ

)
sin

(
θ

2

)
(2.17)

Equations 2.16 and 2.17 show that using a measurement at a single angle the trans-
lational self diffusional coefficient, D, can be determined. Use of the Stokes-Einstein
relationship, Equation 2.18, and assumption of a spherical shape allows the determination
of the radius of the particles undergoing Brownian motion.

D =
kbT

6πηR
(2.18)

where D is the diffusion coefficient, kb is the Boltzmann constant, T is the temperature,
η is the viscosity of the medium and R is the radius of the particle. The radius from
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Equation 2.18 is that of the entire moving object. Stabilised colloids have a shell of solvent
molecules, which cause the observed radius, the ‘hydrodynamic radius’, to be different
from that of the geometrical particle radius. In this sense DLS typically results in an over
estimate of the particle size.

Polydisperse samples are much more common in practice and the resulting correlation
function is more complex than a single exponential due to each size having a different
translational diffusional coefficient. Fitting a single exponential, as in Equation 2.16,
results in the mean diameter of the sample, Zave. The degree of polydispersity can be
estimated by use of a cumulants analysis. This is where the correlation function is made
of a number of different exponentials that are weighted according to their contribution,
Equation 2.19. The reciprocal relaxation time is denoted as Γ, where Γi = q2Di.

g(1)(t) = ∑
i

Ai exp(−Γit) (2.19)

Expansion of ln(g(1)(t)), by use of a power series, results in,Equation 2.20. The
cumulants are the coefficients of the expansion, Kn, where K1 is the average reciprocal
relaxation time, 〈(Γ)〉 and K2 is a measure of the distribution of Γ around 〈(Γ)〉. K2 is
therefore a measure of the polydispersity of the system being observed. If K2 = 0 the
system is monodisperse and can be modelled with a single exponential.

ln(g(1)(t)) =−K1t +
1
2

K2t2 + . . . (2.20)

The instruments used at the Univeristy of East Anglia was a Malvern Zetasizer ZS
Nano with a HeNe 5 mW laser at 633 nm. The collection angle is fixed at 173°. At the
Institut Laue-Langevin, Grenoble, France an ALV CGS-3 DLS with a HeNe 23 mW laser
at 633 nm and an angular range between 25 and 155° was used.

2.3.3 Spectroscopy

Spectroscopic techniques can shed light on a wealth of information about nanocrystals.
This can range from characterisation of surfaces to electronic structure and particle con-
centrations.

2.3.3.1 UV-vis spectroscopy

The absorption of light from the very near infrared or near ultraviolet regions of the
electromagnetic spectrum, 1100 to 180 nm, deals with electronic transitions within a
compound. This region is known as the ‘UV-visible’ range. Absorption of light in the
UV-visible region causes electronic transitions to occur within an atom or compound.
These transitions are excitations of electrons from a higher energy outer shell being excited
to a energetically close unoccupied orbital.128

UV-visible spectra typically provide little structural information compared to other
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types of spectroscopy but can be used to determine concentrations through use of the
Beer-Lambert law and monitor changes in electronic transitions.

In this work UV-visible spectroscopy has been used for two purposes: determination
of electronic information, i.e. location of the band edge for quantum dots or SPR location
for AuNP, and relative concentration determination. The instrument used was a Hitachi
U-3010 UV-vis spectrophotometer.

2.3.3.2 Fluorometry

Whilst UV-visible absorption techniques exploit the excitation of electrons by light, fluoro-
metric techniques exploit the light emitted as the excited electron returns to the ground
state. These techniques fall in two categories: steady-state and time resolved.129

In this work steady-state measurements of the luminescence of QDs were made to
observe their quality, polydispersity and purity, and also for QY determination. Time-
resolved measurements were used to determine the QD fluorescence lifetime, τ .

The instrument used was a Horiba Yobin FluoroLog-3 modular spectrophotometer for
steady state and time correlated single photon counting measurements. The light source
for time correlated measurements was a Horiba Yobin NanoLED laser with a wavelength
of 369 nm.

2.3.3.3 Infra-red spectroscopy

Infra-red radiation, in the range of 4000 to 625 cm−1, is absorbed by molecules and parts
of molecules at specific frequencies, which allow structural elucidation. The absorption
bands require that the functional group or bond undergoes a change in dipole moment.
Fortunately, a large number of interesting functional groups and bonds meet these criteria
allowing characterisation of a compound or material to occur. Reference tables of the
typical absorption wavenumber and shape of common functional groups are used to
characterise the peaks.130

In the case of nanocrystals, this can allow chemical changes of the organic material
providing stabilisation on the surface to be confirmed. For instance, changing the func-
tionalisation from one group to another could be confirmed by the appearance of the new
group and the disappearance of the reacted group. As nanocrystals are typically suspended
in a medium, and in this situation the signal is weak, it is best to remove the medium and
perform the measurement as a powder using an Attenuated Total Reflection (ATR) Fourier
Transform-Infra-Red (FT-IR) spectroscopy.

The instrument used was a Perkin Elmer Spectrum 65 FT-IR with an SensIR single
pass diamond ATR attachment. Nanocrystal samples were prepared by drying particle
suspensions using a Schlenk line. The powdered samples were placed directly on the ATR
crystal.
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2.3.3.4 Atomic Emission Spectroscopy

Atomic emission spectroscopy makes use of the characteristic radiation emitted from atoms
when appropriately excited.128 The result is a spectrum containing spectral lines for all
the elements in the sample analysed. The peaks allow identification of the atoms present
in a sample and also quantification of the elements. The measured spectrum contains no
information about the relative configuration of the elements in the sample they originated
from. Atomic emission spectroscopy is not an absolute technique and relies on the use of
standards to determine the quantities of the atoms measured.

In this work Inductively-Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
was used to determine the amount of metal in the core of the nanocrystals studied.131 An
ICP-AES instrument contains a plasma torch that can reach temperatures of 8000 K. The
plasma is a gaseous cloud of Ar atoms, ions and their electrons formed by a Tesla discharge.
The Ar plasma excites the nebulized sample causing the emission of photons and ionisation.
The emitted light is passed through an optical grating to generate a spectrum.

The instrument used was a Varian Vista-PRO CCD Simultaneous ICP-AES Axial
spectrometer with an SPS5 Sample Preparation System. The nanocrystal suspensions in
toluene were digested in aqua regia using a microwave reaction vessel for 1 h.

2.3.3.5 X-ray photoelectron spectroscopy

In X-Ray Photoelectron Spectroscopy (XPS), electrons ejected from inner electron shells
following excitation by X-rays are studied, allowing characterisation of a surface of a
material.132 The ‘photoelectrons’ are analysed by an electron spectrometer resulting in
the production of a plot of intensity, in counts or counts per second, against electron
energy. The process of photoemission in XPS is similar to the process in EELS and EDX,
Figure 2.6, except that the excitation source is an X-ray and not an electron.

The kinetic energy, Ek, of the electron measured is not intrinsic to the material as it is
dependent on the energy of the X-ray source used for excitation. The binding energy, Eb, of
the electron is the property that is used for identification of elements within a material and
is linked to Ek by taking into account the energy of the X-ray, hν , and the work function of
the instrument. The depth of measurement is linked to the wavelength of the X-rays used
but typically 95 % of the signal comes from a depth of less than 3λ .

The instrument used was a VG Escalab 250. It was equipped with an Al Kα source
with a spot size of 120 to 600 µm in diameter. The spectra were processed using Cas-
aXPS. The instrument was located at the Leeds EPSRC Nanoscience and Nantechnology
Characterisation Facility at the University of Leeds.
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A thin silica-over-polymer shell for colloidal inorganic
nanoparticles

3.1 Silica layers upon nanocrystals

3.1.1 Synthesis of silica colloids

SiO2 NPs have huge potential in bioanalysis due to a wealth of bioconjugation methods
and low toxicity. The ability to dope SiO2 NP with dyes combined with bioconjugation
methods allows optical analysis within biological systems to be performed. Fluorescent
SiO2 NP offer a higher optical intensity and optical photostability than their free molecular
counterparts. This is is normally achieved using organic and inorganic dyes but with the
emergence of QDs and upconverting nanocrystals the challenge of incorporating nanocrys-
tals in silica particles has appeared. Fluorescent SiO2 NP and core-shell nanocrystal/silica
materials have potential applications in immunoassays, cellular imaging and multiplexed
bioanalysis.133 Nanocrystals have a range of properties depending on their material and
other applications such as hyperthermia with magnetic nanocrystals can be envisaged.

The cytotoxicty of particles such as CdSe and CdSe@ZnS is already well known.134

The high surface area of the small particles facilitates the leaching of Cd2+. Cytotoxicity
testing with different surface passivation techniques showed silica coating to be one of the
most effective coatings to hinder Cd2+ leaching.79

Existing methodologies for silica coating nanocrystals are largely adapted from meth-
ods for the generation of SiO2 NP. The most established methods for SiO2 synthesis are
known as the “Stöber” and “reverse microemulsion” methods. In all cases the same key
steps are involved in the polymerisation of the alkoxysilanes, Figure 3.1. The first step
is a hydrolysis of the Si−O bond of the silane to form Si−OH. This is followed by a
condensation reaction of the silanol groups resulting in the formation of silica, Si−O−Si.

Silica provides a versatile surface which can be modified by taking advantage of the
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Figure 3.1: The base catalysed polymerisation of silanes to form silica.

pendant silanol groups.135,136 Well established methods involve the reaction of the silanol
groups with either alkoxy or monochlorinated silanes, Figure 3.2.135 A range of new
techniques for grafting on to silica surfaces have been developed and have been recently
reviewed by Park et al.136

Figure 3.2: The two main reactions by which the silanol groups on the surface of silica are
conventionally modified.

In the Stöber method tetraalkoxysilicates are polymerised in an alcohol, typically
ethanol.75 The reaction is catalysed by a base which, in the work of Stöber, is concentrated
ammonia, NH4OH. The resulting particles can be of a controlled diameter in the range of
20 to 1000 nm. The kinetics of nucleation and growth are thought to control the formation
of particles instead of a silica gel.

The microemulsion method was developed by Osseo-Asare and Arriagada.76,137 This
method involves the use of water-in-oil microemulsions to encourage the separation of
nucleation events using the oil phase as a barrier. The surfactant used was a non-ionic
polyoxyethelene nonylphenyl ether with an average of five oxyethylene per molecule (NP-
5, also known as Igepal CO-520). A microemulsion was formed using NP-5, cyclohexane
and aqueous ammonium hydroxide. Tetraethyl orthosilicate (TEOS) is added and is
hydrolysed to form Si(OH)4 which is soluble in the aqueous domains. This nucleates to
begin the process of nucleation and growth. It has been observed that at low R, where
R = [H2O]/[surfactant]), larger particles are formed and at high R smaller particles are
formed.137 NP-5 based microemulsions have been used to synthesise silica particles
between 30 and 70 nm in diameter.
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3.1.2 Routes to coating nanocrystals with silica

The formation of a layer of silica upon a nanocrystal or the incorporation of multiple
nanocrystals within a silica particle allows a range of potential materials to be developed.
This field has been reviewed at differing stages of development.138–140

3.1.2.1 Silica coating by adapted Stöber methods

High monodispersity colloidal nanocrystals are typically produced in organic solvents and
the ligands used to control the formation of the nanocrystals result in particles which are
dispersible in organic media due to their surface ligands, typically alkylamine, alkylthiols
and alkylphoshines. As a consequence, the coating of metal nanocrystals with silica
using the Stöber method is hindered by the lack of OH groups on the surface of most
nanocrystals after synthesis. If the nanocrystal could be made compatible with Stöber
reaction conditions it could act as a nucleus for silica growth. Early attempts to use the
Stöber process were hindered by the poor dispersability of nanocrystals in basic alcohols
and the lack of points of attachment, i.e. OH groups, for growing silica.141

Priming by ligand exchange

The problem of “vitreophilicity”, i.e. how much a surface favours glass or silica, was
addressed by Liz-Marzán et al. by performing a ligand exchange locating (3-aminopropyl)-
trimethoxysilane on the surface of Au nanocrystals with the alkoxysilane pointing away
from the particle, the first example of surface priming. The alkoxysilane is hydrolysed
to form Si(OH)3 on the surface ready for incorporation into a silica structure using the
Stöber growth process in basic alcohol with TEOS.142 Synthesising particles which are
vitreophilic by virtue of the ligands used in synthesis has also been achieved for Ag
nanocrystals143 and Au nanocrystals.144

Priming using sodium silicate

An alternative to ligand exchange to allow a nanocrystal to partake in Stöber growth is
to use sodium silicate to grow a thin layer of silica. Unlike the ligand exchange surface
priming this method works best on nanocrystals which are already stable in aqueous or
polar media. Surface priming with sodium silicate was first performed by Philipse et al. on
ligand free Fe3O4.145 The deprotonated nanocrystal surface OH groups allowed for direct
reaction with the silicate. The resulting particles act as a nucleus to allow silica to grow
from the surface using Stöber conditions.

The use of sodium silicate was combined with ligand exchange by Liz-Marzán et al.

to allow citrate stabilised AuNPs to be used in the Stöber process.146 The particles first
underwent a ligand exchange with (3-aminopropyl)trimethoxysilane and then a thin layer
was grown using sodium silicate. The sodium silicate solution (SiO 2–

3 (aq)) was used
at a pH low enough to allow polymerisation to occur slowly. Once the initial layer was
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grown the shell was completed using Stöber conditions. This combined approach was later
extended to CdS QDs147 and Ag.148

3.1.2.2 Silica coating by use of microemulsions

Microemulsion based silica coating techniques are all founded on the methods of Osseo-
Asare and Arriagada for the preparation of silica colloids.76,137 Coating was first performed
on CdS synthesised in situ in the same microemulsion that silica synthesis was subsequently
performed in by Chang et al.149 The electrostatically-stabilised CdS required no surface
priming to allow the nanocrystals to exist in the water-in-oil microemulsion droplets.
This approach has been extended to CdS@ZnS,150 Au,151 Ag,152 Pd,153,154 CdTe,155 iron
oxides156,157 and FePt158 nanocrystals synthesised and silica coated in microemulsions.
The coating of pre-synthesised aqueous dispersed nanocrystals is reported far less.159 This
method relies on water-in-oil microemulsion based methods for synthesising nanocrystals.

As discussed in Chapter 2, many of the methods that produce the most monodisperse
nanocrystals result in nanocrystals stabilised with hydrophobic ligands. Coating of nano-
crystals synthesised with hydrophobic ligands falls into two categories: with and without
surface priming. The incorporation of nanocrystals stabilised by hydrophobic ligands
into silica shells based on a microemulsion method provides a clear challenge as the
polymerisation of the silica occurs within the aqueous droplets. Both of the main methods
to do this involve the modification of the surface to make the surface ligands hydrophilic.

The research group of Ying primed the surface of hydrophobic nanocrystals using
aminopropyl trimethoxysilane.160–162 The aminopropyl trimethoxysilane is thought to
undergo a ligand exchange with the hydrophobic ligands belonging to the nanocrystal.
The mechanism is likely to involve ligand exchange with the silane before hydrolysis and
subsequent transfer to the aqueous domain after hydrolysis of the alkoxysilane. Afterwards
a microemulsion is formed by addition of aqueous ammonia and polyoxyethyene nonyl-
phenyl ether (Igepal CO-520). TEOS is added to form the silica shell. This was performed
on CdSe QDs with trioctylphosphine oxide or with other weak ligands and PbSe QDs with
oleic acid.160,161 This method was adapted to coat heterodimers of CdSe and γ-Fe2O3 with
a thin shell of silica by removal of the TEOS.162 The resulting silica shell being made only
from aminopropyl trimethoxysilane.

In 2005 Darbandi et al. developed a microemulsion based silica coating technique
that lacked a priming step on CdSe@ZnS QDs.163,164 In this work a microemulsion
was formed using poly(ethylene glycol) nonylphenyl ether (NP-5), cyclohexane and
aqueous ammonia. The CdSe@ZnS are introduced in chloroform and TEOS is the source
of silicon and oxygen. Over the course of 24 h the particles had been taken up in to
the microemulsion and a polymer shell formed around individual particles. The Nann
group extended this methodology to PbSe,165 InP@ZnS,166 YF3,167 and doped NaYF4

upconverting nanocrystals.168 This method has no obvious surface priming step and the
mechanism for the incorporation was later elucidated by Koole et al. to be dependent on
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the ligand exchange of hydrolysed TEOS and surfactant with the hydrophobic surface
ligands.169 It was also found that QDs with thiol ligands bound were not incorporated into
the silica spheres so this method is sensitive to the ligand binding strength. A very similar
method was used earlier in 2005 to encapsulate both QDs and γ-Fe2O3 within a single
sphere by the research group of Ying but is likely to follow the same mechanism.170,171

The Ying group also encapsulated oleylamine functionalised Au and Ag nanocrystals
in individual spheres by this method.172 This method has been further refined with the
relationship between size of the particle and conditions for various shell thicknesses on
Fe3O4 particles being studied as well as improvements with respect to silica shell thickness
control upon CdSe@ZnS.173,174

3.1.2.3 Reactions of trialkoxysilanes on nanocrystal surfaces

Reducing the thickness of silica shells is advantageous from the point of view of biological
applications. Although some of the previously mentioned methods have controlled the
thickness the total size can still be further reduced. Also the aforementioned methods
produce plain silica surfaces, i.e. terminated with silanol groups. A thin shell that is
functionalised with suitable reactive groups present would allow future attachment to the
surface.

The following methods do not use a microemulsion or sodium silicate priming. They
have been separated from Stöber-based methods because they are typically not performed
in alcohols and do not depend on the nucleation and growth kinetics that are crucial to
the Stöber process. These methods share the feature that the shells are thin and are made
from trialkoxysilanes. One functional trialkoxysilane, 3-aminopropyltriethoxysilane or
mercaptopropyltrimethoxysilane is exchanged with the typically hydrophobic surface
ligands of the nanocrystal and a second is used to complete the shell whilst providing a
functional group for further attachment.

This was first achieved for AuNP using, 3-mercaptopropyltrimethoxysilane as the
surface ligand during the nanocrystal synthesis. Once the particles were synthesised 3-
aminopropyltrimethoxysilane was added and the silanes polymerised to form the thin silica
shell.144 A similar approach was used later by Pastoriza-Santos and Liz-Marzán to make a
thin shell upon Ag nanocrystals with 3-aminopropyltrimethoxysilane.143

The research group of A. Paul Alivisatos developed a similar method for CdSe@ZnS
and CdSe@CdS. The nanocrystals were ligand exchanged with 3-mercaptopropyltri-
methoxysilane after synthesis and were reacted with trialkoxysilanes possessing primary
amide,175 amine,175,176 thiol176 and phosphonate.177 In the later publications the silanol sur-
face was reacted with chlorotrimethylsilane to prevent reaction between silica shells.176,177

H. Weller and co-workers were developing similar shells using monomethoxysilanes,
such as 3-aminopropyldimethoxysilane, to hinder silica cross-linking between nanocrystals
and also provide outward pointing functionality.178,179 This was achieved using AuNPs
synthesised with 3-mercaptopropyltrimethoxysilane in situ178 and with CdTe QDs.179

44



CHAPTER 3

Chlorotrimethylsilane and TEOS were used to terminate the surface and further cross-link
the shell respectively.

The use of trialkoxysilanes for the synthesis of thin shells was expanded by J. Y. Ying
and coworkers. A bound trialkoxysilane and further polymerisation of a second outward
pointing silane was used once more. The method was extended to also work for Fe3O4,
ZnO and Ag nanocrystals and a wider range of silanes were explored to provide the
outward pointing functionality.180–182 In these works no silane was used to terminate the
surface to prevent further polymerisation.

The use of trialkoxysilanes to form a thin layer using microemulsions to inhibit particle
cross-linking has also been reported.162

3.1.2.4 Silica coating by use of surfactants and polymers as primers

Silica coating methods that do not involve ligand exchange include the use of amphiphiles
or polyelectrolytes to allow the incorporation of nanocrystals. Amphiphiles have been
used to form a bi-layer upon the surface of the nanocrystal and then TEOS polymerisation
has been used to grow a shell. This has been achieved using cetyltrimethylammonium
bromide stabilised Fe3O4,183 AuNP,59,61,184 AuNR185 and CdSe@ZnS.185 A more exotic
surfactant containing a silane head group, octadecyldimethyl(3-trimethoxysilylpropyl)-
ammonium chloride, has been used in a style similar to silane containing ligands, resulting
in a vitrophilic surface. This has been used to synthesise a thin shell upon AuNPs68 and
thick shells around QDs.186

Poly(vinylpyrrolidone) wrapped around the surface of citrate stabilised Au and Ag
nanocrystals has been used as a foundation for the growth of a silica shell.187 The nanocrys-
tals could then partake in Stöber silica growth once transferred to an alcohol. Wrapping
of poly(vinylpyrrolidone) can be improved by using layers of polyelectrolytes in a layer
by layer approach. This has been successfully used in the Liz-Marzán group to grow well
controlled silica shells around cetyltrimethylammonium bromide stabilised AuNRs.188

3.1.3 Problems with existing methods for silica coating

The majority of methods described are based on methods that make relatively large
silica colloids, i.e. Stöber and microemulsion methods, Sections 3.1.2.1 and 3.1.2.2. As
a consequence the nanocrystal/SiO2 core-shell particles made have shells greater than
10 nm. The techniques that make thin shells are largely based upon the reactions of ligand
exchanged functional trialkoxysilanes on the nanocrystal surface or the use of silane
containing amphiphiles, Sections 3.1.2.3 and 3.1.2.4. Alternatively, deposition of silicate
on nanocrystal surfaces has been used to make thin shells of silica although these have
been used immediately to grow a thicker shells using other methods, Section 3.1.2.1. The
body of literature for thin silica shell techniques is relatively small in comparison to other
techniques and has not been widely adopted.
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The thin shell methods based on using functionalised trialkoxysilanes in organic
solvents depend strongly on the amount of water present as it is required for the polymer-
isation of silanes. The organic solvents used in previous reports do not state whether or not
solvents are dried and if air sensitive techniques have been used. The rate of reaction will
be different depending on local temperature and humidity.

Secondly, the methods depend on ligand exchange procedures, which are strongly
dependent on the surface in question. The thin shell techniques largely use thiol or amine
based trialkoxysilanes, which work well for QDs and Au but will not be as effective on
Fe3O4. A technique that is not dependent on the surface of the particles but instead takes
advantage of the common feature of hydrophobic ligands would avoid the variable surface
chemistry.
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3.2 Proposed method for silica-over-polymer thin layer

In this work a new method for the creation of a thin layer of functionalised silica encasing
individual nanocrystals is proposed. This method manages the aforementioned variable
surface chemistry of the controlled formation of silica at the surface of nanocrystals, see
Section 3.1.3. The proposed methodology separates the attachment of the silane to the
surface from the polymerisation of silanes to form the thin shell, thus avoiding large silica
structures containing many nanocrystals.

The nanocrystal surface is coated by a pro-amphiphilic polymer which provides ac-
tivated esters in the form of acid anhydrides on the surface of the nanocrystal, Figure 3.3
reaction 1. The attraction of a pro-amphiphilic polymer to the ligands of a nanocrystal has
been documented in the literature and has been used to stabilise particles in aqueous media,
see Section 4.1. Once the polymer is bound, a nucleophilic silane is chosen to react with
the acid anhydride causing the attachment of the silane to the surface, Figure 3.3 reaction
2. This reaction is thought to be fast in comparison to most ligand exchange reactions
allowing the rapid attachment of the silane.
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Figure 3.3: The proposed method for coating colloidal nanocrystals in a thin silica shell
with a polymer foundation. The steps indicated are: 1) the wrapping of the pro-
amphiphilic polymer around the nanocrystal, 2) the reaction of a nucleophilic
ethoxysilane with the acid anhydride and 3) the continued polymerisation of bound
and unbound silanes to form the silica shell.

In previous silica coating procedures where the silane is tethered to a surface the
methoxysilane version of the molecule is normally used, Section 3.1.2. To increase the
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discrepancy between the rate of hydrolysis and condensation reactions, as compared to the
rate of surface attachment, ethoxysilanes were used, Figure 3.3 reaction 3. This causes
the condensation reaction to slow and as a consequence the polymerisation of the surface
tethered silanes and free silanes in solution.

The resulting structure has a polymer foundation and a thin shell of silica built upon it.
The advantages of this structure over the amphiphilic polymer technique is that the silica
layer is cross-linked resulting in the contained particle being trapped by a cage of silica.
Any potential dynamic behaviour of the amphiphilic polymer is removed as the silica shell
locks it in place. As compared to thicker silica shells this method offers a lower total size
which is a benefit from a biocompatibility and application perspective.

3.3 Typical procedure for preparing a thin silica-polymer
shell

3.3.1 Determination of quantity of polymer required

The concentration and size of nanocrystals varies between batches and as such the amount
of poly(styrene-co-maleic anhydride) required also changes. To accommodate for this a
water transfer protocol, as described by Lees et al.,189 was used to determine the amount
required. The minimum amount of polymer for a total transfer of particles from chloroform
to water was then used as the amount required for the batch.

A series of water transfer experiments were undertaken where the amount of polymer
and ethanolamine was varied. Typically, InP@ZnS (100 µl) is precipitated from the stock
dispersion in toluene using ethanol (10 ml, Sigma-Aldrich, ≥99.8 %). The precipitated
nanocrystals were redispersed in a solution of poly(styrene-co-maleic anhydride) in chloro-
form (0.9 mg ml−1, 1 ml, Fisher Scientific, >99 %). An aqueous solution of ethanolamine
(0.5 ml, 0.12 mol dm−3), Sigma-Aldrich, ≤99.9 %) was added to the chloroform nanocrys-
tal dispersion. This creates a two phase system with the water above the chloroform.
Stirring overnight causes the nanocrystals to transfer from the chloroform to the aqueous
phase.

3.3.2 Coating of InP@ZnS nanocrystals

InP@ZnS nanocrystals were precipitated from the stock dispersion in toluene (400 µl)
with ethanol (≈10 ml, Sigma-Aldrich, ≥99.8 %). The precipitated nanocrystals were
redispersed in CHCl3 (2 ml, Fisher Scientific, >99 %). A solution of poly(styrene-co-
maleic anhydride) in CHCl3 (1.8 mg ml−1) was added. The solution was stirred over night.
3-Aminopropyltriethoxysilane (56 µl, Sigma-Aldrich, 99 %) was added. The solution was
stirred for 24 h at 18 ◦C. The nanocrystals were precipitated with toluene and redispersed
in dimethylsulphoxide (DMSO) (4 ml, Sigma-Aldrich, ≤99.9 %), tetrahydrofuran (THF)
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(4 ml, Sigma-Aldrich, ≤99.9 %) or NaOH (aq) (0.05 mol dm−3, Fisher Scientific, ≥98 %).

3.3.3 Coating of Fe3O4 nanocrystals

Fe3O4 nanocrystals were precipitated from the stock dispersion in toluene (2.5 ml) with eth-
anol (≈10 ml, Sigma-Aldrich, ≥99.8 %). The precipitated nanocrystals were redispersed
in CHCl3 (2 ml, Fisher Scientific, >99 %). A solution of poly(styrene-co-maleic anhydride)
in CHCl3 (1.8 mg ml−1) was added. The solution was stirred over night. 3-Aminopro-
pyltriethoxysilane (56 µl, Sigma-Aldrich, 99 %) was added. The solution was stirred for
24 h at 18 ◦C. The nanocrystals were precipitated with toluene and redispersed in DMSO
(4 ml, Sigma-Aldrich, ≤99.9 %), THF (4 ml, Sigma-Aldrich, ≤99.9 %) or NaOH (aq)
(0.05 mol dm−3, Fisher Scientific, ≥98 %).
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3.4 Characterisation of the silica-over-polymer thin layer

3.4.1 HRTEM images

The nanocrystals were characterised using a TEM, Figures 3.4 and 3.5. High Resolution
Transmission Electron Microscope (HRTEM) images were collected at three stages: before
coating, after being stirred with polymer and after growth of the silica layer.

In the case of InP@ZnS, Figure 3.4, the lower magnification images, (b), (d) and (f)
indicate that the particles appear well dispersed at all stages of layer formation. At higher
magnifications InP@ZnS are more difficult to observe as their low contrast combined with
their small size results in faint images. Figure 3.4 (a), (c) and (e) show higher magnification
images achieving lattice resolution. As the layer is formed no new features appear in the
images. In Figure 3.4 (e) and (f) there is no distinctive shell around the particles from silica
growth.

Figure 3.5 shows HRTEM images of the formation of the silica-over-polymer layer
upon Fe3O4 nanocrystals. Figure 3.5 (b), (d) and (f) show that at all stages of coating
the nanocrystals are well dispersed and there are no silica structures interconnecting the
nanocrystals. Figure 3.5 (a), (c) and (e) allow for a more confident analysis of the surface
of the nanocrystals due to the nanocrystals being more visible. As with the InP@ZnS,
Figure 3.5 (e) shows no indication of a silica layer upon the Fe3O4 nanocrystal shown.

After coating with the thin silica over polymer layer the transmission electron mi-
crographs showed no indication of a layer. At first this appeared a disappointing result
as previous silica coating methodologies within the Nann group showed clearly visible
silica shells.163 Silica is an non-ideal material for characterisation by TEM due to weak
scattering of electrons by silicon and oxygen as they both contain relatively few electrons.
Secondly, silica is known to melt under observation within the TEM due to sample heating
effects, Section 2.3.1.1.

From observations of changes in the solvent that the nanocrystals could be dispersed
in it is clear that a change on the surface has occurred although HRTEM characterisation
did not indicate the presence of a layer around the nanocrystals. If the material is as
designed the layer would be thin and with a structure containing an organic polymer as
well as the inorganic silica layer, i.e. a small amount of a weakly scattering material. The
combination of these potential structural features makes characterisation by conventional
electron microscopy non-trivial or not possible due to very weak scattering from the layer.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.4: HRTEM images showing InP@ZnS particles at three stages of coating: uncoated
particles (a & b), polymer coated InP@ZnS (c & d) and silica-over-polymer coated
InP@ZnS (e & f)
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(a) (b)

(c) (d)

(e) (f)

Figure 3.5: HRTEM images showing Fe3O4 particles at three stages of coating: uncoated
particles (a & b), polymer coated Fe3O4 (c & d) and silica-over-polymer coated
Fe3O4 (e & f)
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3.4.2 DLS

DLS measurements were performed before coating, after addition of polymer and after
silica formation. The nanocrystals before coating and with polymer were measured in
chloroform. The final coated particles are in their respective solvents. Figure 3.6 shows
Fe3O4 and InP@ZnS during the coating process.

The InP@ZnS increase in size slightly with the addition of the polymer. An increase in
size is to be expected if the polymer has bound to the surface as expected. After addition of
silane and transfer to NaOH (aq) there was a marked increase in size from approximately
10 to 20 nm in diameter. This is a strong indication that something has occurred on the
surface of the particle.

A similar pattern is observed with the Fe3O4 nanocrystals. There was a larger size
increase after the addition of the polymer than observed with InP@ZnS. Once the silane
had reacted there was another size increase resulting in a hydrodynamic diameter of
approximately 22 nm in dimethylformamide (DMF), again approximately doubling the
initial size of the particles in chloroform.

The DLS results show a marked increase in size which along with the observed change
in the solvent suggests that the surface of the nanocrystal has been altered. The lack of a
detectable change using the TEM, in Section 3.4.1, does not support or contradict the DLS
measurements.

It is important to remember that DLS size distributions are a measurement of the
hydrodynamic radius of the particle and not the physical radius of the particle. For
interpreting the DLS size distributions in Figure 3.6 this means that the measurements will
appear as an overestimate of size when compared to TEM. Secondly, when comparing
samples between solvents the solvation properties of the solvent will affect the observed
size.

53



CHAPTER 3

N
u

m
b

er
 (

%
)

0

10

20

30

Size, d / nm

0 20 40 60 80 100

N
u

m
b

er
  (

%
)

0

10

20

30

Size, d / nm

0 20 40 60 80 100

Figure 3.6: DLS size distributions for (top) InP@ZnS and (bottom) Fe3O4 at different stages
in the coating process. The stages represented are before coating (full line), after
polymer wrapping (dot and dashed line) and after silica growth (dashed line).
After transfer the InP@ZnS are in 0.05 mol dm−3 NaOH (aq) and the Fe3O4 are
in DMF. (d = particle diameter)
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3.4.3 IR spectroscopy

Samples for ATR FT-IR spectrometer were prepared by precipitation from the solvent and
24 h drying on a Schlenk line. Once dry, the powder produced was then placed on the
diamond crystal of the instrument. Figure 3.7 shows the infra-red spectra of the particles
once coated in the silica-over-polymer layer. The envisaged hybrid layer contains many
potential chemical functionalities which complicates characterisation. To elucidate more
information the spectra of the precursors were also collected, Figure 3.8. Spectra of all
remaining precursors and solvents were also collected but did not contribute toward the
spectra of the products.
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Figure 3.7: IR spectra of (top) InP@ZnS nanocrystals with the silica-over-polymer layer and
(bottom) Fe3O4 nanocrystals with the silica-over-polymer layer.

The broad feature, in both spectra in Figure 3.7, between 3500 and 2500 cm−1 is typical
of Si−O from silica. The rest of the spectrum is complicated and requires comparison
against starting materials. Figure 3.8 shows the infra-red spectra for 3-aminopropyl-
triethoxysilane and poly(maleic anhydride-co-styrene) and their detailed analysis is in
Tables 3.1 and 3.2. Superimposed on the broad Si−O feature are aryl and allyl C−H
stretches from both 3-aminopropyltriethoxysilane and poly(maleic anhydride-co-styrene)
implying these parts of the structure are unchanged from the precursors. The C−H
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deformations that can be seen in the starting materials are hidden by strong features in the
product.
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Figure 3.8: IR spectra of (top) 3-aminopropyltriethoxysilane and (bottom) poly(maleic
anhydride-co-styrene).

Table 3.1: Infra-red band analysis for poly(maleic anhydride-co-styrene)

Structural Feature Vibrational Motion Wavenumber / cm−1

Aryl C−H stretch 3059, 3031

-CH2- C−H stretch 2929

-CO-O-CO- C−−O stretch 1855, 1775

Aryl 1602,1584,699

-CH2- C−H deformations 1495,1454

-C-O-C- 1217
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Table 3.2: Infra-red band analysis for 3-aminopropyltriethoxysilane

Structural Feature Vibrational Motion Wavenumber / cm−1

Amine N−H stretch 3366 (very weak)

-CH2- and -CH3 C−H stretches 2973, 2972, 2886

Amine N−H stretch 1600

-CH2- and -CH3 C−H deformations 1602,1584

-CH3 CH3 symmetrical deformations 1495,1454

Si−O 1067

3-Aminopropyltriethoxysilane has a sharp band for Si−O at 1067 cm−1. This feature
is still present in the product but is broader at 1068 cm−1 and is accompanied by a broad
Si−O between 3500 and 2500 cm−1 which is characteristic of silica. The amine peak
from the silane is observed as a very weak band at 1600 cm−1 and a very weak band at
3366 cm−1. The 3366 cm−1 band is masked by the broad Si−O feature in the product and
the 1600 cm−1 band is masked by a stronger feature.

Poly(maleic anhydride-co-styrene) has a very distinctive pair of peaks from the C−−O
stretches of the acid anhydride at 1855 cm−1 and 1755 cm−1. In the spectra of the products
this feature has disappeared and is replaced with a pair of peaks characteristic of a secondary
amide (−CONH−) at 1634 cm−1 and 1556 cm−1. This is a good indication that the reaction
between the silane and polymer has taken place. The lack of remnant acid anhydride peaks
suggests the reaction has gone to completion.

Table 3.3: Infra-red band analysis for silica-over-polymer coated particles

Structural Feature Vibrational Motion Wavenumber / cm−1

Si−O from silica 3500 - 2500
Aryl C−H stretch 3059, 3031 (partially masked by Si−O), 699

-CH2- C−H stretch 2929 (partially masked by Si−O)
Secondary amide -CONH- 1634,1556

Si−O from silica C−H deformations 1068 (broad)

To summarise, the infra-red spectra of the product suggest that the reaction between
the silane and the polymer has occurred due to the disappearance of the acid anhydride
and the appearance of the secondary amide. The silane peak has been replaced with a pair
of peaks characteristic of silica. Features which did not undergo reactions such as the rings
from styrene, the polymer back bone and −CH2− in the silane appear in the spectra of
the product. The assignment of the infra-red spectra for the silica-over-polymer coated
nanocrystals, as shown in Figure 3.7, can be found in Table 3.3.
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3.4.4 XPS

XPS allows the determination of which elements are in the sample and can indicate how
many environments that element exists in. The process of identification depends strongly
on the fitting of the peaks observed with Gaussians and requires care. Specra were collected
at the three stages of coating: before polymer, after polymer addition and after silane
reaction.

Figure 3.9 shows a survey spectrum for the sample and high resolution spectra for the
Si 2p and N 1s electrons for Fe3O4 before the coating procedure. The survey spectrum
shows all the expected peaks for Fe3O4 nanocrystals on a gold surface. An Si 2p signal is
observed but is relatively small. The particles have not encountered silicon in any of the
precursors so this is either an impurity or the sample has been contaminated. The N 1s
peak is barely distinguishable from the baseline.
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Figure 3.9: X-ray photoelectron spectra of Fe3O4 nanocrystals before coating. (top) A survey
spectrum, (bottom left) a high resolution spectrum of the Si 2p and (bottom right)
a high resolution spectrum of the N 1s.
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Figure 3.10: X-ray photoelectron spectra of Fe3O4 nanocrystals after coating with silica-over-
polymer layer. (top) A survey spectrum, (bottom left) a high resolution spectrum
of the Si 2p and (bottom right) a high resolution spectrum of the N 1s.

Figure 3.10 shows the same spectra but for the silica-over-polymer coated particles.
The high resolution Si 2p spectrum shows a clear peak that is much more intense relative
to the baseline when compared to the uncoated particles. The survey spectrum shows all
the expected peaks from the sample. The N 1s peak shows an envelope which can’t be
described by a single Gaussian. There is a definite shoulder to the higher binding energy
side. This was fitted with a pair of Guassians at 401.5 eV and 399.8 eV. This suggests that
there are two different environments for the N 1s electron. The energies correspond to
an amine and an amide. When comparing to the proposed reaction scheme, Figure 3.3,
nitrogen can only come from the reactions of 3-aminopropyltriethoxysilane. It is either a
secondary amide linking the silica to the polymer or as a primary amine as a part of the
silica cage produced.
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Figure 3.11: X-ray photoelectron spectra of InP@ZnS nanocrystals before coating. (Top)
A survey spectrum, (bottom left) a high resolution spectrum of the Si 2p and
(bottom right) a high resolution spectrum of the N 1s.

XPS measurements were also performed on InP@ZnS during the coating process.
The uncoated nanocrystals are more complicated from an XPS perspective because they
contain indium, phosphorous, zinc and sulphur. Complicating the measurement further,
reagents used in the synthesis incorporate silicon, in the tris(trimethylsilyl)phosphine,
and nitrogen, in hexadecylamine. As a consequence the survey spectrum is much more
complicated but does show peaks from all the expected elements. As for silicon the
potential contamination from tris(trimethylsilyl)phosphine has had a minimal impact on
the high resolution spectrum for Si 2p, Figure 3.11 (bottom left). The contamination of
nitrogen is only slightly worse than that of the Fe3O4, Figure 3.11 (bottom right). Both
indicate that there is very little silicon or nitrogen in the raw particles.
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Figure 3.12: X-ray photoelectron spectra of InP@ZnS nanocrystals after coating with silica-
over-polymer layer. (top) A survey spectrum, (bottom left) a high resolution
spectrum of the Si 2p and (bottom right) a high resolution spectrum of the N 1s.

After coating the XPS spectrum is very similar to that of the coated Fe3O4, Figure 3.12.
The survey spectrum shows the addition of peaks from nitrogen and silicon. The high
resolution spectrum for the Si 2p electron region shows a clear peak from the Si 2p
confirming the presence of silicon in the sample, Figure 3.12 (bottom left). An asymmetric
peak for the N 1s is observed again showing a shoulder to higher energy. This was fitted
using a pair of Gaussian distributions at 401.5 eV and 399.8 eV, identical positions as for
the silica-over-polymer coated Fe3O4.

To summarise, the XPS proves that both silicon and nitrogen are introduced in the
coating process. The most significant conclusion is that there are two N 1s environments
which agree with the prediction that a secondary amide and an amine are formed.
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3.4.5 EDX spectroscopy

EDX analysis was performed on the nanocrystals before coating, after introduction of
polymer and after polymerisation of the silanes. This allows an elemental analysis to be
performed on a relatively small area but is not sensitive to lighter elements, Section 2.3.1.3.

The EDX analysis for Fe3O4 are shown in Figure 3.13. The corresponding TEM
images for the EDX measurements are included. In the case of Fe3O4 a sample region
containing only one particle was used. Figure 3.13 (top) shows a number of peaks. The
large signal at 0.30 keV for carbon originates from the the carbon film of the grid which is
inevitably sampled. The copper peaks at 8.93 keV, 8.10 keV and 2.58 keV are from stray
electrons interacting with copper in the grid. The iron peaks at 7.09 keV, 6.44 keV and
0.75 keV and oxygen peak at 0.56 keV are from the Fe3O4 nanocrystals and their oleic
acid ligands.

Figure 3.13 (middle) shows the EDX result for the polymer coated particles. As the
polymer is largely carbon and hydrogen the EDX spectrum changed very little from the
uncoated nanocrystals as the film supporting the particles is carbon.

The coated particles are represented in Figure 3.13 (bottom). All the peaks from the
particle and the grid are present as with the uncoated particles. The intensity of the oxygen
peak at 0.56 keV has increased greatly in comparison to the neighbouring iron peak. A new
peak has appeared at 1.78 keV which is characteristic of silicon. The combined appearance
of silicon combined with the marked increase in the oxygen peak is a good indication that
silica is present.

The measurements were repeated for InP@ZnS nanocrystals. In a similar fashion to
XPS the InP@ZnS are more complicated to analyse due to the greater number of elements
in the nanocrystal. The bare particles are shown in Figure 3.14 (top). Peaks from copper
and carbon are present and are located in the same positions as for the Fe3O4 sample. The
QD core is represented at 3.33 keV and 3.56 keV for indium and 2.04 keV for phosphorus.
Zinc in the shell is at 9.65 keV, 8.67 keV and 1.06 keV. The peak at 2.35 keV is from
the sulphur in the shell. As with the Fe3O4, the EDX analysis of the polymer coated
particles, Figure 3.14 (middle), appears very similar to the bare particles. No new features
are present for the same reasons as with Fe3O4. The nanocrystals once coated with the
silica-over-polymer layer are represented in Figure 3.14 (bottom). The appearance of a
silicon peak at 1.78 keV and the increase in intensity of the oxygen peak at 0.56 keV is
again a good indication that silica is present.

To summarise, the results of the EDX analysis indicate that the nanocrystals contain
the correct elements and that silicon and oxygen appear when the silica layer is grown.
As the EDX analysis is over a small area this is a good indication that the silica is on the
particles but does not absolutely identify the location of the silica.
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Figure 3.13: EDX analysis of Fe3O4 nanocrystals at different stages of coating and the cor-
responding HRTEM image. Fe3O4 particles before coating (top), Fe3O4 with
polymer foundation (middle) and Fe3O4 with silica-over-polymer layer (bottom).

63



CHAPTER 3

C
ou

n
ts

 p
er

 s
ec

on
d

5

10

C
ou

n
ts

 p
er

 s
ec

on
d

0

5

Energy / keV

0 2 4 6 8 10

C
ou

n
ts

 p
er

 s
ec

on
d

5

10

S

Cl
P In

In

Cu

Zn

Cu

Zn

Zn

Cu

O

C

S

P In
In

Cu

Zn

Cu

Zn

Zn

Cu

O

C

S

P In
In

Cu

Zn

Cu

Zn

Zn

Cu

O

C

Si

Figure 3.14: EDX analysis of InP@ZnS nanocrystals at different stages of coating and the cor-
responding HRTEM image. InP@ZnS particles before coating (top), InP@ZnS
with polymer foundation (middle) and InP@ZnS with silica-over-polymer layer
(bottom).

64



CHAPTER 3

3.4.6 EFTEM images

Thus far the techniques used have largely looked at the chemical composition of the
nanocrystals, EDX hints towards the location but does not prove it. EFTEM was employed
to study the location of different elements within the structure. There are limits to what
can be achieved with EFTEM as the elements that are observed have to be in a region of
the EELS spectrum with no spectral overlap.

In the case of the Fe3O4 nanocrystals Fe and Si are observable without other elements
contributing to the signal. The element specific maps along with the image from the
zero-loss peak are shown in Figure 3.15. The light spots represent the element of interest in
the energy filtered images. Comparing the Fe only image with the zero-loss image confirms
that the Fe3O4 particles do indeed contain Fe. The particles on the zero-loss image match
the Fe containing regions in the map. The Si map allows a similar conclusion to be drawn.
Regions where silicon is found correspond to the iron regions and the zero-loss image. The
regions of silicon look slightly larger than the particles in the zero-loss image although
the difference is not measurable with any certainty from the images. The EFTEM images
prove that the silica is around the surface of the particles as it is proven that the silicon is
located around the particles.

Also, there are no Si containing particles which are not associated with an Fe containing
particle. This is a good indication there are no low density silica structures which would
have been invisible with TEM. This confirms that the signals in the EDX analysis are from
coated nanocrystals and not free silica particles.
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Figure 3.15: EFTEM maps of silica-over-polymer coated Fe3O4 nanocrystals. (top) EFTEM
Zero-loss image, (middle) EFTEM image of Fe only and (bottom) EFTEM image
of Si only.
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3.4.7 Luminescence measurements

It is important that the nanocrystals do not lose their properties when modifying their
surface. To monitor this the luminescence of the QDs were monitored during the coating
process, Figure 3.16. Although a better measurement of this would be to measure the QY
of the particles that is impractical due to the length of time required to make a measurement.
The luminescence at a constant concentration is proportional to the QY and it is possible
to measure this in situ.

The reaction was performed in a standard quartz luminescence cuvette and was mon-
itored after addition of polymer, at twelve hour intervals after the silane was added and
after transfer into the new solvent. The luminescence with and without polymer present
were identical and the particles before polymer have been omitted. After 12 h reaction
with silane the intensity had decreased by 21.3 % and the peak had red-shifted by 5 nm to
630 nm, Table 3.4. By the end of the period of growth the luminescence decreased by a
total of 28.2 %. This is a good result as modification of surfaces can result in significant
losses of photoluminescence intensity and is a crucial factor for success. Once transferred
into DMF the photoluminescence decreased by a total of 68.9 %. The changing of solvent
does affect the photoluminesence of a particle due to the change of the dielectric constant
of the solvent, so this value cannot be directly related to previous measurements.
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Figure 3.16: The luminescence profile for InP@ZnS coated with the silica-over-polymer layer.
(black) InP@ZnS polymer coated, (red) after silane addition and 12 h, (green)
after silane addition and 24 h, (blue) after silane addition and 36 h hours and
(orange) in DMF after 37 h.
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Table 3.4: Luminescence intensity and λmax during layer growth

Stage λλλ max / nm Intensity / a.u.

InP@ZnS & polymer 625 6,223,020
12 h after silane addition 630 4,897,750
24 h after silane addition 631 4,618,020
36 h after silane addition 630 4,470,950

After transfer to DMF 632 1,936,770

3.4.8 Zeta-potential

The zeta potential of InP@ZnS coated with the silica-over-polymer layer is shown in
Figure 3.17. The negative ζ -potential is an indication that the surface of the particle is
negative. Deprotonated silanol groups (Si−O–) would give this signal. This also shows
that the surface amine groups are deprotonated at pH 12.7 (0.05 mol dm−3 NaOH (aq)).
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Figure 3.17: The zeta potential for InP@ZnS coated with the silica-over-polymer layer.

3.5 Conclusion

In this chapter a new method for developing a thin silica shell upon colloidal nanocrystals
has been introduced and demonstrated through rigorous analytical characterisation. This
method removes the need for surface specific chemistry to make a surface “vitreophilic”
by use of an amphiphilic polymer as a foundation. The foundation can be reacted with
a nucleophilic functional triethoxysilane allowing further reaction to occur with another
functional triethoxysilane providing functionality to the surface of the coated nanocrystal.
The chemical reactions have been followed using FT-IR spectroscopy and XPS demon-
strating that the silane was tethered to the polymer and silane polymerisation had occurred.
Changes in size of the colloid were followed by DLS showing that the size increased as the
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coating procedure progressed. EDX analysis and EFTEM images gave information about
the location of silicon with respect to the nanocrystal proving that it is wrapped around
the crystals. The fluorescent properties of the InP@ZnS were monitored to ensure that the
nanocrystals still had their size dependent properties. The publication which resulted from
this chapter is included in Appendix B.

Consequently, this work has also demonstrated the location of adsorbed pro-amphiphilic
polymer. Direct observation of amphiphilic polymers wrapped around particles has been re-
stricted to polymer staining techniques for TEM. Using the tethered silicon as a marker the
EFTEM measurements prove that the polymer is located at the surface of the nanocrystals.

This work could be expanded by introducing different trialkoxysilanes to impart nano-
crystals with different functionalities, i.e. poly(ethylene glycol) (PEG), epoxy, phosphate,
thiol, etc. This would give direct access to particles with better aqueous compatibility
and presence of functional groups suitable for further elaboration or ligand attachment.
Use of TEOS in combination with functional trialkoxysilanes could be used to control the
thickness of the shell.
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Custom amphiphilic polymers for functionalising
nanocrystals

4.1 Structural motifs of previous amphiphilic polymers

As described in Chapter 1, amphiphilic polymers provide a methodology for the functional-
isation of colloidal nanocrystals stabilised with hyrophobic ligands. The polymers interact
with the nanocrystals through hydrophobic interactions with the nanocrystal surface ligands
in the same manner as standard amphiphilic molecules. i.e. the hydophobic ligands interdi-
git with the hydrophobic parts of the amphiphile, Figure 4.1. In the case of amphiphilic
polymers there is a polymer backbone and from this there is pendant hydrophobic and
hydrophilic functionality. Once wrapped around the nanocrystal, the resulting structure
consists of a nanocrystal with hydrophobic bi-layer with a hydrophilic exterior. To date, the
polymers used are either commercially-available, modifications of commercially-available
polymers or are synthesised to heavily mimic the commercially-available polymers. Over
the past decade the field has grown and a range of polymers, bioconjugation techniques
and water transfer procedures involving amphiphilic polymers has ensued. These advances
are largely covered in recent reviews by Zhang et al.70 and Quarta et al.71

The polymers previously used have been either based on a poly(acrylic acid) or co-
polymers of maleic anhydride. The first recorded use of an amphiphilic polymer for
nanocrystal stabilisation was by Wu et al. using an octylamine modified poly(acrylic
acid) stabilising CdSe@ZnS.190 The methodology developed by Wu et al. involved the
CdSe@ZnS nanocrystals being dispersed in chloroform with the octylamine modified
poly(acrylic acid). The chloroform was removed by evaporation resulting in a dry film
consisting of the polymer and the nanocrystals. Water was added and the particles dispersed
in water. Excess polymer was removed using Size Exclusion Chromatography (SEC). This
methodology is important as it became the foundation of the majority of water transfer
procedures using amphiphilic and pro-amphiphilic polymers.
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Figure 4.1: Ligand stabilised nanocrystals (left) are mixed with an amphiphilic polymer and
the solvent is removed. A hydrophobic interaction occurs between the ligands and
the hydrophobic subunits of the polymer resulting in a bilayer forming around the
nanocrystal. After addition of aqueous media the nanocrystals redisperse (right).

In the case of maleic anhydride co-polymers, the other component is a non-polar
subunit which allows the hydrophobic interaction with nanocrystal ligands to occur. The
polymer is introduced to the nanocrystal in an organic solvent, typically chloroform, and
the polymer forms a bi-layer with the ligands. After removal of the chloroform through
evaporation the anhydride ring of maleic anhydride is opened by a hydrophilic nucleophile
rendering the nanocrystal dispersible in aqueous media. Maleic anhydride co-polymers
were first used by Pellegrino et al. using poly(maleic anhydride-alt-1-tetradecene).191

For the rest of this chapter the term amphiphilic polymer will be used to describe poly-
mers with pendant hydrophilic and hydrophobic components. Many polymers used to date
can not transfer the nanocrystals to the aqueous phase without reaction with a hydrophilic
nucleophile. In the remainder of this work polymers requiring reaction with nucleophiles
are termed “pro-amphiphilic” and polymers which require no further reaction are termed
“amphiphilic”. After the reaction pro-amphiphilic polymers become amphiphilic but in
many of the water transfer procedures the properties of the pro-amphiphilic polymer is
what governs the success of the water transfer.

It is worth stating that the use of amphiphilic polymers to make colloidal structures
compatible with aqueous environments is not new. Tribet et al. water transferred hydro-
phobic membrane proteins using poly(acylic acid) that had been modified with octylamine
and isopropylamine.192,193 They also postulated that these polymers could be used as a
general method for the phase transfer of hydrophobic colloids.193

A review is provided covering: the structures of amphiphilic polymers used to date,
functionalisation of the polymers and transfer procedures. This structurally-orientated
review will not cover the in vitro and in vivo studies performed with nanocrystals stabilised
with amphiphilic polymers but information on this can be found in recent reviews.70,71
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4.1.1 Commercially-available polymers

4.1.1.1 Alkylamine modified poly(acrylic acid) polymers

H2NO OH
O OH

HN O

m n
EDC

Figure 4.2: The reaction of poly(acrylic acid) with octylamine resulting in an amphiphilic
polymer.

Poly(acrylic acid) modified with octylamine was first used by Wu et al. to transfer
CdSe@ZnS.190 40 % of the carboxylic acid groups were coupled to octylamine to form
an amphiphilic polymer, Figure 4.2. It was the first example of the slow removal of
a common solvent for the nanocrystals and polymer. In the work a proportion of the
stabilising -COOH groups provided by the polymer were used to couple the nanocrystal to
streptavidin and antibodies using 1-ethyl-3-(3-diaminopropyl)carbodiimide (EDC).

The effect of the length of the amine used on the stabilising properties of modified
poly(acrylic acid) on different size QDs was examined by Anderson and Chan.194 It was
found for CdSe@ZnS stabilised with trioctylphosphineoxide and hexadecylamine that the
optimal amines attached to the polymer were octadecylamine and hexadecylamine. As
the QDs got smaller a higher proportion of alkylamine substitution resulted in the highest
transfer efficiencies.

Alkylamine modifed poly(acrylic acid) has been used to functionalise nanocrystals
with lysine,190,195 PEG-amine,196 carboxy-PEG-amine,196 aminopentanol tethered dye197

and N-isopropylacryamide.198 The amount of work published with alkylamine modified
poly(acrylic acid) is quite limited as copolymers of maleic anhydride became more popular
amongst the nanocrystal synthesis community.

4.1.1.2 Copolymers of maleic anhydride

Maleic anhydride containing polymers allow the modification of the polymer without
carbodiimide coupling techniques. The acid anhydride group is an activated ester and
requires no additional reagents to allow a nucleophile to attack and become attached to
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the polymer. Unlike the modified poly(acrylic acid) polymers these polymers are not
amphiphilic before reaction with a hydrophilic nucleophile.

O OO O OO O OO

m n n n

Figure 4.3: The three types of commercially-available maleic anhydride copolymers used.
The polymers are (Left) poly(styrene-co-maleic anhydride), (Middle) poly(maleic
anhydride-alt-1-alkene) and (Right) poly(isobutylene-alt-maleic anhydride).

If the nucleophile is hydroxide, HO–, each acid anhydride will result in a pair of
carboxylic acid groups. In the case of hydrophilic amines each reacted anhydride will
produce a carboxylic acid and an amide. Strategies for bioconjugation can take advantage
of any intentionally unreacted acid anhydrides or can use carbodiimide chemistry with
carboxylic acid groups.

Poly(maleic anhydride-alt-1-alkene)

The most commonly used pro-amphiphilic polymers have the general structure of poly(maleic
anhydride-alt-1-alkene). Pellegrino et al. pioneered the use of commercially available al-
ternating copolymers of maleic anhydride by using poly(maleic anhydride-alt-1-tetradecene),
Mn ≈ 7300, opened with base to transfer a range of different nanocrystals, CoPt3, Au,
CdSe@ZnS and Fe2O3.191 It was later demonstrated that the rings could be opened with
PEG−NH2 and furthermore the number of PEG chains per particle could be controlled
through synthetic conditions and size separation.199 N,N-dimethylethylenediamine was
EDC coupled incrementally to adjust the ζ -potential to allow the surface of CdSe@ZnS to
act as a buffer assisting delivery in biological systems.200 Use of poly(maleic anhydride-
alt-1-tetradecene) has been limited due to it no longer being commercially available.

As a consequence of the supply issues of poly(maleic anhydride-alt-1-tetradecene) al-
ternatives were sought. Poly(maleic anhydride-alt-1-octadecene) was first demonstrated to
transfer Fe3O4 nanocrystals by the research group of Colvin.201 The poly(maleic anhydride-
alt-1-octadecene), Mn = 30,000− 50,000gmol−1, was first reacted with PEG−NH2,
Mw = 6000, resulting in an amphiphilic polymer. The nanocrystals and polymer in chlo-
roform have the chloroform removed in the presence of water resulting in phase transfer.
This methodology was later extended to CdSe@ZnS QDs.202

Di Corato et al. also used poly(maleic anhydride-alt-1-octadecene) showing that it
could be used to transfer Au, CdSe@CdS quantum rods, γ−Fe2O3 and FePt−FexOy
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heterodimer nanocrystals.203 It was also demonstrated that ultracentrifugation techniques
could be used for separation of polymer coated nanocrystals from the excess of free
polymer. Doped NaYF4 have also been transferred using the same polymer and a similar
methodology.204

Poly(maleic anhydride-alt-1-octadecene) has proven to be versatile as three differ-
ent coating methodologies have been used successfully, Section 4.1.3.189,201,203 The
nucleophiles that have been used with poly(maleic anhydride-alt-1-octadecene) include
ethanolamine,189 Jeffamine M-1000,189 amine terminated poly(N-isopropylacrylamide),205

amine terminated poly(ethyleneglycol),203,206–208 a range of alkyl compounds containing
alcohol and amine groups206,207 and 4-aminophenyl β -D-galactopyranoside.208,209

A pair of publications by Qi et al. have shown the use of poly(maleic anhydride-alt-
1-decene), Mn = 18,500gmol−1.210,211 Both papers use the Pellegrino et al.191 coating
methodology and attach dimethylamino propylamine to the surface for in vitro applications.

Modified poly(isobutylene-alt-maleic anhydride)

Poly(isobutylene-alt-maleic anhydride), Mw ≈ 6000, is unable to intercalate with a nano-
crystals surface ligands without modification. Functionalisation with amines in a fashion
similar to that of poly(acrylic acid) has been used to provide intercalating groups to the
polymer. Unlike poly(acrylic acid) polymers, carbodiimide coupling techniques are not
required as the acid anhydride is a form of activated ester. Just as in the case of poly(acrylic
acid), the proportion of hydrophobic and hydrophilic groups is controllable. This was first
used by Fernández-Argüelles et al. to impart water dispersability upon CdSe@ZnS using
poly(isobutylene-alt-maleic anhydride) modified by reacting 75 % of the anhydride rings
with dodecylamine.212 Additionally, a hydrophobic dye was incorporated into the bi-layer.
The pro-amphiphilic polymer was wrapped by mixing the polymer with the nanocrystals in
chloroform and slowly removing the solvent. The particles were rendered hydrophilic by
either opening the remaining acid anhydride groups with base or PEG−NH2. This work
was followed up by Lin et al. with a paper demonstrating successful water transfers for
Au, CdSe@ZnS and Fe3O4.213 The polymer has also successfully transferred FePt.214,215

A detailed description, for tutorial purposes, of the water transfer process with poly(iso-
butylene-alt-maleic anhydride) has been detailed in a recent publication by Jańczewski
et al.216 Although this method appears simple, the solubility of poly(isobutylene-alt-maleic
anhydride) is an issue. Ideally, a common solvent for both the polymer and the alkylamine
would be used as the medium for reaction but poly(isobutylene-alt-maleic anhydride)
is insoluble in common laboratory solvents. All methods are based upon the reaction
of powdered poly(isobutylene-alt-maleic anhydride) with an alkylamine in THF. Within
minutes the powder has reacted with the alkylamine and the newly created pro-amphiphilic
polymer is dissolved. Consequently, the amine will have only reacted with the exposed
surface of the powder meaning there will be regions with widely differing degrees of amine
attachment along the resulting polymer chains.
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A wide range of nucleophiles have been successfully attached using the pro-amphiphilic
polymer created from poly(isobutylene-alt-maleic anhydride) polymer including allyl-
amine,217 aminoethylacrylamide,217 2-hydroxyethyl acrylate,217,218 2-aminoethyl meth-
acrylate,219 proparlgyl amine,220 11-azido-3,6,9-trioxaundecan-1-amine,220 amine termin-
ated poly(N-isopropylacrylamide),221 amine functionalised dyes,212,213,215 amine termin-
ated poly(ethyleneglycol),212,213 biotin-PEG-amine213 and 4-aminophenyl β -D-galacto-
pyranoside.213

poly(styrene-co-maleic anhydride) based

Lees et al. demonstrated that poly(styrene-co-maleic anhydride) could also be used as a
pro-amphiphilic polymer for the transfer of CdSe@ZnS from chloroform to water.189 This
work differs from previous attempts by use of an aryl group as the hydrophobic subunit
for the amphiphile and this polymer is a random copolymer as opposed to the alternating
polymers previously used. The molecular weight of the polymer is also comparatively
short at Mn = 1700gmol−1.

4.1.2 Custom-synthesised polymers

Attempts have been made to synthesise pro-amphiphilic and amphiphilic polymers that
improve upon the water transfer abilities of the commercial polymers or broaden the library
of available polymers. In a similar fashion to the commercial polymers, the synthesised
polymers fall into three categories: synthesised backbones without initial pendant func-
tionality, polymers with pendant alkyl functionality and polymers with pendant phenyl
functionality. Radical polymerisation, either uncontrolled or controlled by Reversible
Addition-Fragmentation Chain Transfer (RAFT), has been used to synthesise all the poly-
mers described in this section.

Polymers without pendant hydrophobic groups

Custom-synthesised poly(acrylic acid) of various lengths has been synthesised by RAFT.
40 % of the acrylic acid groups were reacted with octylamine, which allowed interaction
with CdSe@ZnS, CdS@ZnS and Fe2O3 nanocrystals.222 The polymers possessed a dith-
iocarbamate end group, which came from the RAFT agent, was reacted with a dye allowing
it to be localised on the nanocrystal surface.

Poly(maleic anhydride) was synthesised in toluene using benzoylperoxide-initiated
radical polymerisation. The polymer had pendant alkyl groups added by reaction of
alkylamines of lengths between butylamine and hexadecylamine.223 The proportion of
reacted maleic anhydride groups ranged from 16 to 50 % of the monomers in the polymer
backbone. Au and Ag nanocrystals were transferred using the polymers by evaporating the
CHCl3 in the presence of water.
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Pendant alkyl groups

Poly(maleic anhydride-alt-1-octadecene) with a length shorter than that of the commer-
cially available version was synthesised using RAFT.207 It was found that with a molecular
weight of 6480 g mol−1 the polymer was not as efficient as the commercially-available
version (Mn = 30,000 to 50,000 g mol−1) at transferring Fe3O4 nanocrystals.

Poly(methacrylic acid-co-stearyl methacrylate) was synthesised by radical polymer-
isation using ammonium persulphate. The pendant octadecyl chain intercalates with the
surface ligands allowing the phase transfer of CdSe@ZnS.224 Polymers with 7 to 33 % of
stearyl methacrylate subunits were used to transfer the nanocrystals successfully.

Polymers with pendant dodecyl chains have been used to transfer nanocrystals. Park
et al. synthesised poly(dodecylmethacrylate-co-poly(ethylene glycol)methylether methac-
rylate-co-methacrylic acid) using uncontrolled radical polymerisation.225 This polymer
has subunits containing poly(ethylene glycol) and carboxylic acid which allows a mixture
of steric and electrostatic stabilisation. Oleic acid stabilised Fe3O4 nanocrystals were
transferred to water using the polymer.

Parak and coworkers have synthesised a family of copolymers using lauryl methacrylate
to transfer CdSe@ZnS and Au.226 The polymers synthesised were poly(N,N,N-trimethyl-
ammonium-2-ethyl methacrylate iodide-co-lauryl methacrylate) and poly((dihydroxyphos-
phoryl)ethyl methacrylate-co-lauryl methacrylate) which provide positive and negative
electrostatic stabilisation respectively. The N,N,N-trimethylammonium-2-ethyl methac-
rylate iodide copolymer is the first use of a positively stabilised polymer to transfer
nanocrystals. It was concluded that the best transfers were achieved using a 1:1 monomer
ratio. This methodology was extended to include propargyl methacrylate to allow further
attachment to the particle surface via click chemistry.227

Poly(n-butyl vinyl ether-co-maleic anhydride) synthesised by RAFT has been reported
to transfer Fe3O4 using a two phase transfer procedure.207 This is the shortest alkyl chain
reported to transfer nanocrystals in commercial and custom synthesised polymers. The
polymer was synthesised by RAFT and had an Mn of 4900.

Pendant phenyl groups

The only example of styrene containing custom synthesised polymers are poly(styrene-
alt-maleic anhydride).207 Two different polymer lengths, 2000 & 6500 g mol−1, were used
and it was found that the shorter polymer gave better phase transfer efficiencies.

4.1.3 Water transfer procedures

The most common procedure for water transfer was first used by Wu et al. in 2003190

for modified poly(acrylic acid) polymers and was later demonstrated on poly(maleic
anhydride-alt-1-alkene)s by Lin et al.213 and Di Corato et al.203 In brief, the nanocrystals
and amphiphilic or pro-amphiphilic polymer are mixed in chloroform. The chloroform is

76



CHAPTER 4

slowly remove in vacuo resulting in a thin glassy film of polymer and nanocrystals. An
aqueous solution of nucleophile is added and is stirred or sonicated for approximately 12 h
resulting in the transfer of the nanocrystals. This method has been used on a wide range of
nanocrystals but does introduce quite a large excess of unbound polymer, which must be
removed.

In 2006, the Colvin group developed a two-phase water transfer procedure.201 Briefly,
the nanocrystals and amphiphilic polymer were mixed in chloroform. A water phase was
added. The two phase mixture had the chloroform slowly evaporated and nanocrystals
become soluble in the water.

Lees et al. developed a transfer procedure, which is a rare example as it does not depend
on the slow removal of chloroform in vacuo.189 The lower chloroform phase contains the
QDs and poly(styrene-co-maleic anhydride) or poly(maleic anhydride-alt-1-octadecene).
The upper aqueous phase contained the nucleophile required to open the acid anhydride
and impart water dispersability. The lower phase was stirred and over 12 h the particles
were transferred. This method is a more sensitive to the type of particle being transferred
and the surface ligands than polymers which have pendant alkyl chains.

A slight variant of the Wu et al. solvent evaporation method by Moros et al. involved
the drying of the polymer to make a glassy film and then the addition of a small amount
of chloroform to make a concentrated solution of polymer and nanocrystals. An aqueous
solution of base was added and the mixture was shaken until the chloroform had evaporated
and the particles had transferred.209

Park et al. used their custom-synthesised amphiphilic polymer to transfer oleic acid
stabilised Fe3O4 from hexane to water. An emulsion between the polymer in water and the
nanocrystals in hexane was formed and the hexane was allowed to evaporate causing the
transfer of the nanocrystals.225

4.1.4 Cross-linking between polymer chains

An appealing feature of alternative techniques such as silica coating is that the nanocrystal
is trapped in a cross-linked cage. This means that, unlike simple ligand exchange and am-
phiphilic bi-layers, dynamic processes do not play a role in the stability of the nanocrystal.
In the case of amphiphiles, assembly occurs over a critical concentration. Amphiphilic
molecules are in exchange between the assemblies and the free molecule.

In an attempt to trap the polymer wrapped around the surface of the nanocrystal,
cross-linkers in the form of diamines have been used. It has been reported to have been
achieved with lysine190 and bis(6-aminohexyl)amine.191,204 With cross-linking comes a
risk of linking between nanocrystals when using cross-linkers. This can be reduced by
performing the cross-linking at low nanocrystal concentrations. There is some debate
if cross-linkers are necessary with longer amphiphilic polymers.228 As the polymer has
multiple intercalated alkyl chains, it is very unlikely all of these hydrophobic interactions
would allow the release of the polymer.
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4.2 Polymerisation methods used

4.2.1 Controlled Radical Polymerisation

The development of anionic polymerisation by Michael Szwarc demonstrated polymerisa-
tions where chain transfer and termination reactions are removed from the chain growth.229

This opened the door to control of polymer structure previously not achieved. In an ideal
living polymerisation, all the chains are initiated together, i.e. the rate of initiation, ki, is
much greater than the rate of propagation, kp. Also, the propagation rate is similar and
other processes such as chain transfer and termination, with a rate of kt, don’t exist.230

The polymerisation can only end by depletion of the monomer. The molecular weight
distribution is very narrow and approaches a Poisson distribution.

Radical polymerisation struggles to meet these criteria due to the likelihood of radicals
terminating in the presence of one another. In radical polymerisation the rate of termination,
kt, is proportional to [Pn ]2 whereas the rate of propagation, kp, is proportional to [Pn ].231

As a consequence, the concentration of the propagating species, Pn , must be low for
polymerisation to occur. Radical polymerisation has many positive characteristics such as
a greater tolerance to moisture and oxygen, a wide range of compatible monomers and the
ability to be used in dispersed media (emulsions, microemulsions and so on). The main
weaknesses of radical polymerisation are poor stereoselectivity, due to the free radical
species being sp2, and a relatively large polydispersity of the resulting polymer molecular
weight. In an effort to achieve similar levels of control in free radical polymerisation to
living polymerisations a range of Controlled Radical Polymerisation (CRP) techniques
have been developed.

There exist two mechanistic types of CRP: a deactivation/activation process or a
degenerative exchange process, Figure 4.4. Deactivation/activation works due to the
Persistant Radical Effect (PRE). The PRE relies on a stable, or persistent, radical (XS ),
which can only terminate with a propagating radical (Pn ) and not another persistent radical
(XS ).232 Propagating radicals (Pn ) are trapped in a deactivated state by a persistent radical
(XS ) with a rate constant kdeact. The dormant chain is reactivated, with a rate constant
kact, by light, thermally or by a catalyst. Other than the deactivation pathway the growing
chain can terminate (kt) and propagate (kp). Every termination event (the combination of a
pair of Pn ) generates two unbound persistent radicals (XS ), which can not terminate with
each other due to the PRE. This causes the concentration of the persistent radical (XS ) to
increase with time, following a 1

3 power law. As the concentration of the persistent radical
(XS ) increases the probability of a propagating radical finding another propagating radical
decreases and the probability of termination also decreases. Consequently a steady state of
growing radicals is achieved through the activation/deactivation process.233

Degenerative exchange process-based CRP are not based on the PRE and instead rely
on a transfer agent, Figure 4.4. Unlike deactivation/activation processes, initiation and
termination processes establish a steady state concentration of radicals in the same manner
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Figure 4.4: The two types of CRP mechanisms: deactivation/activation (top) and degenerative
transfer (bottom). Where XS is a stable radical and XT is a transfer agent.
Adapted from [233] Copyright (2007), with permission from Elsevier.

as conventional radical polymerisation. The degenerative exchange process depends on a
thermodynamically-neutral transfer of one radical to the deactivated species and the release
of another radical. Consequently, the equilibrium constant between the activated polymer
chain and the deactivated chain should be 1. Typically, the concentration of the transfer
agent is 100 times greater than that of the initiator resulting in the dormant chain transfer
agent based species being dominant. At any one time, a small amount of propagating
radicals undergo degenerative exchange with the dormant chain transfer based species.
A short lived intermediate is formed during the exchange which plays an important role
in the structure of the resulting polymer. The best control is achieved when the rate of
propagation (kp) is small compared to the rate of the exchange (kex), kp<kex. If this is not
the case, the transfer agent can retard the polymerisation, trap the radical or initiate growth
of new chains.233

4.2.2 RAFT

The most widely used form of degenerative exchange-based CRP is RAFT.234–236 The
control is achieved using a RAFT agent, which is a carefully designed compound that
deactivates the growing species. Figure 4.5 shows the general structure of a RAFT agent. A
RAFT agent contains a double bond, which can readily react with the propagating radical,
a weak A R single bond, which releases R , an alkyl radical, and a Z group, which allows
control of addition and fragmentation rates to and from X and A. In most RAFT agents
X and A are the same group of element, typically sulphur. This reduces differences in
addition and fragmentation rates on both sides of the RAFT agent.

The process of RAFT polymerisation is shown in detail in Figure 4.6. RAFT is initiated
by a standard radical initiator such as azobisisobutyronitrile (AIBN) resulting in I . The
radical propagates briefly, Pn and then reacts with the double bond of a RAFT agent
forming an unstable intermediate with the radical located on the central carbon. At this
stage the radical can be released in two ways. It can either release Pn once more or the R
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Figure 4.5: The general structure of a RAFT agent.

group can be released as a radical, R . For RAFT to work, the probability of these two
events occurring needs to be similar. R can propagate to form another propagating chain,
Pm . The most important stage for the growth of low molecular weight dispersity polymers
is the chain equilibration. During chain equilibration, the polymer chains interchange
on the RAFT agent, effectively taking turns to briefly polymerise monomers. When the
monomers run out the likelihood of termination processes increases and propagating chains
can terminate with one another.

Figure 4.6 gives the impression that there is an equal amount of growing species, Pn

and dormant species attached to the RAFT agent. This is misleading since for successful
RAFT the concentration of radicals needs to be kept very low so as to avoid termination
processes. The dormant species is dominant and the final polymers have a high proportion
of dormant RAFT agent at one chain end. At any one time the number of propagating
species is small in comparison to the number of dormant chains.

Polymers made using RAFT have the R group of the RAFT agent used at the α-end
and the dithiocarbamate and Z group at the ω-end. The R group is typically a branched
alkane but the dithiocarbamate can undergo further chemistry. This can be useful if
end functionalised polymers are required but can be a problem if sulphur containing
functionalities are a concern. A range of techniques have been developed for RAFT agent
ω-end group removal and modification and have recently been reviewed by Willcock and
O’Reilly.237
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Figure 4.6: The key reactions that occur during RAFT polymerisation. Reprinted from [236]
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4.3 Proposed pro-amphiphilic and amphiphilic copolymers
for nanocrystal stabilisation

In this work new families of amphiphilic and pro-amphiphilic polymers for the aqueous
stabilisation of nanocrystals with hydrophobic ligands are proposed, Figure 4.7. The
pro-amphiphilic polymers will contain active ester functionalities based upon readily
reactive N-(hydroxy)succinimide leaving groups and the hydrophobic subunit is an alkyl
acrylate. These groups allow total control of the method of stabilisation. If reacted with
a poly(ethylene glycol) mono amine the particle would have steric stabilisation whereas
base would bestow electrostatic stabilisation. A proportion of the active esters could be
reacted with dyes, biomolecules or introduce many desired functionalities.

Current methodologies using maleic anhydride copolymers have an acid anhydride,
also a form of activated ester. When this reacts with an amine an amide and a carboxylic
acid is formed. If this carboxylic acid is to be removed reactions using carbodiimide
chemistry are required. This method avoids the generation of a carboxylic acid and allows
the user to control all of the surface functionality.

Also investigated are custom amphiphilc polymers that have poly(ethylene glycol)
containing subunits, Figure 4.8. The copolymers of poly(ethylene glycol) containing
monomers with alkylacrylates result in polymers that are amphiphilic before wrapping
around the particle occurs. This is similar to octylamine modified poly(acrylic acid)
in the sense that it is an amphiphilic polymer that requires no modification during the
transfer process. A surface functionalised purely with poly(ethylene glycol) would have no
potential sites of attachment for biomolecules. Bi-functional PEGs with leaving groups for
further attachment are available but are expensive. It is envisaged that introducing a small
proportion of active ester containing monomers would allow attachment of biomolecules.
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Figure 4.8: The proposed poly(ethyleneglycol) copolymer wrapping a dodacanethiol stabilised
nanocrystal.

4.4 Polymer characterisation techniques

4.4.1 Nuclear magnetic resonance spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy allows structural determination of
compounds that contain NMR active nuclei. The nuclei are NMR active if they possess a
non-zero spin. Commonly probed elements are 1H and 13C, although isotopes of elements
such as nitrogen, fluorine, silicon, phosphorous can also be used.

In a permanent magnetic field, NMR active nuclei absorb radio waves at values
characteristic to the isotope probed. Subtle variations in the frequency absorbed are caused
by changes in the local environment experienced by nuclei, causing the element to become
shielded or deshielded and are known as chemical shifts. Nuclei that are close, to one
another in space, experience spin - spin coupling, specifically J-coupling, giving rise
to a resonance peak being split. Splitting patterns are characteristic of which elements
are coupled and the number of elements and are a powerful tool to elucidate structural
information.

In this work only one-dimensional spectra are used to confirm the structure of synthes-
ised monomers and to analyse the composition of the polymers produced. The 1H spectra
of copolymers are used to determine the ratio of monomers incorporated.

The measurements were performed on two different spectrometers. The copolymers
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of N-(acryloyloxy)succinimide were measured using a Varian UNITY plus 400 MHz
spectrometer with a 5 mm inverse detect broad band z-gradient probe. The copolymers
of acryloyloxy poly(ethylene glycol) monomethyl ether were measured using a Bruker
Avance III 500 MHz spectrometer with a 5 mm broad band observe BBFO plus smart
probe™ fitted with an actively shielded z-gradient coil.

4.4.2 Gel permeation chromatography

Gel Permeation Chromatography (GPC) is used to characterise the molecular weight of
polymers. The technique is a variant of high pressure liquid chromatography where the
column contains a porous packing material, the stationary phase. The polymer in a suitable
solvent, the mobile phase, is passed through the column. Shorter polymers are able to
penetrate the porous stationary phase to a greater extent than longer polymers. This results
in shorter polymers being retained for longer due to the larger accessible volume. A
chromatogram will typically contain a series of peaks with the longest polymer being the
first peak and the shortest being the last.

In this work the detector used observes changes in refractive index and is not capable of
measuring absolute molecular weights. As a consequence, polymer standards are used to
allow molecular weights relative to the standard to be determined. A range of poly(styrene)
molecular weights are used.

The instrument used was a Polymer Labs GPC 220 with a refractive index detector.
The column used was a 300×7.5mm Mixed-C Pigel 5 µm.

4.5 Monomer synthesis

4.5.1 N-(Acryloyloxy)succinimide

N
OO

OH

Cl

O

Et3N Et3NHCl+ + +

a

b

c
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d
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O

O

O H

H

H

Figure 4.9: The reaction to produce N-(acryloyloxy)succinimide.

The following procedure was adapted from the work of G. M. Whitesides research
group.238,239 N-(Hydroxy)succinimide (10.19 g, 88.6 mmol, Aldrich, 98 %) and triethylam-
ine (9.86 g, 97.5 mmol, Aldrich, 99.5 %) were dissolved in chloroform (200 ml, Fisher Sci-
entific, >99 %). The solution was cooled to 0 ◦C and acryloyl chloride (8.02 g, 88.6 mmol,
Aldrich, ≥97 %) in chloroform (60 ml) was added drop wise over 20 min to the stirred
chloroform solution. The reaction was left to complete overnight whilst slowly being
allowed to warm to room temperature. The solution was washed twice with water (300 ml
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per wash) and once with brine (300 ml). The chloroform reaction mixture was dried over
MgSO4. The dried solution had the chloroform removed by rotary evaporator leaving a pale
yellow solution. A 1:1 mixture of ethyl acetate and hexane (30 ml) was added to the yellow
solution. Nucleation was started by the addition of hexane and the mixture was chilled
overnight resulting in colourless crystals of N-(acryloyloxy)succinimide (NAS). The crys-
tals were filtered, washed with an ice cold 4:1 mixture of n-hexane and ethylacetate (100 ml)
and again with a 9:1 mixture of n-hexane and ethylacetate (100 ml). Finally, the crystals
were washed with two portions of n-hexane (100 ml) and dried in vacuo. yield: 9.6 g
colourless crystals (56.8 mmol, 64.1 %). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 6.71
(Hc, dd, 1 H, 3J(ac) = 17.29Hz, 2J(bc) = 0.93Hz), 6.33 (Ha, dd, 1 H, 3J(ac) = 17.29Hz,
3J(ab) = 10.69Hz), 6.17 (Hb, dd, 1 H, 3J(ab) = 10.69Hz, 2J(bc) = 0.93Hz). 2.86 (Hd, s,
4 H).

4.5.2 Acryloyloxy poly(ethylene glycol) monomethyl ether, n = 44
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Figure 4.10: The reaction to produce acryloyloxy poly(ethylene glycol) monomethyl ether.

Poly(ethylene glycol) monomethylether (19.43 g, 9.73 mmol, Mw = 2000gmol−1,
Fluka) and triethylamine (1.63 g, 16.07 mmol, Aldrich, 99.5 %) were dissolved in dichloro-
methane (200 ml). The solution was cooled to 0 ◦C and a solution of acryloyl chloride
(1.32 g, 14.60 mmol, Aldrich, ≥97 %) in dichloromethane (20 ml) was added drop wise
over 20 min to the stirred dichloromethane solution over 20 min. The reaction was left
to complete overnight whilst slowly being allowed to warm to room temperature. The
chloroform was removed by rotary evaporation and the compound was further dried using
a Schlenk line and an in-line trap until the weight became constant.

The ratio of moles of poly(ethylene glycol) to acryloyl chloride and triethylamine
was 1:1.5:1.65. An increased excess of acryloyl chloride and triethylamine was used to
encourage a higher amount of successful reactions as it is difficult to separate unreacted
poly(ethylene glycol) monomethyl ether and acryloyloxy poly(ethylene glycol) mono-
methyl ether (APEGm). Any unreacted acryloyl chloride and triethylamine is removed
during the drying stage. yield: 15.13 g colourless powder (7.36 mmol, 75.7 %). 1H-NMR
(400 MHz, CDCl3): δ (ppm) = 6.44 (Hc, dd, 1 H, 3J(ac) = 17.34Hz, 2J(bc) = 1.47Hz),
6.15 (Ha, dd, 1 H, 3J(ac) = 17.34Hz, 3J(ab) = 10.42Hz), 5.83 (Hb, dd, 1 H, 3J(ab) =

10.42Hz, 2J(bc) = 1.48Hz), 3.64 (Hd, s).
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4.6 N-(acryloyloxy)succinimide copolymers

4.6.1 Poly(N-(acryloyloxy)succinimide-co-styrene)

4.6.1.1 RAFT polymerisation

In a typical polymerisation N-(acryloyloxy)succinimide (0.4 g, 0.2 mmol) and styrene (Sty)
(170.4 µl, 1.47 mmol, Sigma-Aldrich, ≥99 %, were dissolved in 1,4-dioxane (4 ml, Sigma-
Aldrich, ≤99 %), dried with molecular sieves. 2-cyano-2-propyl dodecyl trithiocarbamate
(27.4 µl, 0.08 mmol, Aldrich, 97 %) and 1,1’-azobis(cyclohexanecarbonitrile) (2.17 mg,
0.008 mmol, Aldrich, 98 %) were added to the solution. The solution was degassed by
passing argon through for 8 min and a reservoir was filled with argon to maintain a slight
positive pressure in the reaction vessel. The solution was stirred and heated at 90 ◦C for
7 h. The solution was allowed to cool and the product was precipitated using 40–60 ◦C
petroleum ether (20 ml, Sigma-Aldrich). The precipitate was collected by centrifugation
and the 1,4-dioxane discarded. To remove any unreacted monomer, the precipitate was
redissolved in THF and precipitated with petroleum ether. The precipitate was collected by
centrifugation at 2800×g for 5 min. The supernatent was discarded and residual solvent
left to evaporate.
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Figure 4.11: The reaction to produce poly(N-(acryloyloxy)succinimide-co-styrene)

The molecular weight was controlled by variation of the amount of RAFT agent used as
documented in Tables 4.1 to 4.3. Increasing the amount of RAFT agent decreased the length
of the resulting polymer. poly(N-(acryloyloxy)succinimide-co-styrene) polymers were
synthesised with three target monomer ratios of styrene to N-(acryloyloxy)succinimide:
1:1, 2:1 and 3:1. Exploring different monomer ratios is a response to the commercial

87



CHAPTER 4

polymers having varying monomer compositions. The majority of commercial polymers
used are alternating copolymers and hence have a 1:1 monomer ratio. Poly(styrene-co-
maleic anhydride) is the only commercial random copolymer that has been used to transfer
nanocrystals and has a monomer ratio of approximately 2:1 styrene to maleic anhydride.
Hence a range of monomer ratios have been explored for the copolymers of styrene.
The target polymer lengths varied from 2000 to 50,000 g mol−1 to cover the range of
poly(styrene-co-maleic anhydride) (Mn = 1700gmol−1) and poly(maleic anhydride-alt-1-
octadecene) (Mn = 30,000−50,000gmol−1) that has been shown to transfer nanocrystals.

Table 4.1: Amounts of reagents used to control the molecular weight of the poly(N-
(acryloyloxy)succinimide-co-styrene) polymers produced for a 1:1 monomer ratio.

Target molecular Amount of reagents used
weight NAS Sty RAFT agent Initiator

/ g mol−1 / µmol / µmol / µmol / µmol

2000 998 1336 196 22
5000 1109 1337 79 9

10,000 1146 1337 39 7
15,000 1159 1337 26 3
20,000 1164 1337 20 2
50,000 1176 1336 8 1

Table 4.2: Amounts of reagents used to control the molecular weight of the poly(N-
(acryloyloxy)succinimide-co-styrene) polymers produced for a 2:1 monomer ratio.

Target molecular Amount of reagents used
weight NAS Sty RAFT agent Initiator

/ g mol−1 / µmol / µmol / µmol / µmol

2000 665 1778 196 22
5000 739 1976 79 9

10,000 764 2043 39 5
15,000 772 2064 26 3
20,000 778 2076 20 2
50,000 784 2095 8 1
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Table 4.3: Amounts of reagents used to control the molecular weight of the poly(N-
(acryloyloxy)succinimide-co-styrene) polymers produced for a 3:1 monomer ratio.

Target molecular Amount of reagents used
weight NAS Sty RAFT agent Initiator

/ g mol−1 / µmol / µmol / µmol / µmol

2000 499 2001 196 22
5000 554 2223 79 9

10,000 573 2297 39 5
15,000 579 2323 26 3
20,000 582 2335 20 2
50,000 588 2357 8 1

4.6.1.2 Polymer characterisation

Polymers were characterised using GPC and NMR and the results are shown for the 1:1
monomer ratio in Table 4.4. The polymerisations performed delivered polymers that were
all below the target molecular weight but still in the range of the commercial polymers
used. The use of RAFT produced polymers with small polydispersity index (PDI) values
between 1.07 and 1.31. Monomer ratios, as characterised by NMR, are close to the
intended values and the NMR spectrum had characteristic broad peaks associated with
protons in macromolecules, Figure 4.12. The polymer lengths were much shorter than
expected. As the GPC standards were poly(styrene), the values are a good indication that
the polymers are much below their target values.

Similar conclusions about polydispersity can be drawn from the characterisation of the
2:1 series of polymers as were found with the 1:1 series as shown in Table 4.5. Again the
polymer lengths are shorter than expected although they are marginally closer than the 1:1
series. The most notable result is that the monomer ratios are distinctly different from the
2:1 target with a final ratio of approximately 1.4:1 across the series.

The results from the 3:1 series are shown in Table 4.6 have the same qualities as the 2:1
series. Once more the monomer ratio and length fall short of the targets. The final monomer
ratio was approximately 1.88:1 which indicates that the N-(acryloyloxy)succinimide and
styrene don’t react at the same rates with one another.
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Figure 4.12: An example NMR spectrum of a poly(N-(acryloyloxy)succinimide-co-styrene)
1:1 target monomer ratio. The regions integrated to determine the monomer ratio
are shown.

Table 4.4: Data for the poly(N-(acryloyloxy)succinimide-co-styrene) polymers with a 1:1
target monomer ratio.

Target molecular weight Mn Mw PDI Monomer ratio Yield
/ g mol−1 / g mol−1 / g mol−1 NAS:Sty (%)

2000 1110 1190 1.07 1:1.11 18.8
5000 2700 3120 1.16 1:1.01 70.3

10,000 4480 5510 1.23 1:0.99 68.1
15,000 5580 6970 1.25 1:1.00 64.3
20,000 5570 7280 1.31 1:0.99 68.2
50,000 6990 8980 1.28 1:0.96 57.8

Table 4.5: Data for the poly(N-(acryloyloxy)succinimide-co-styrene) polymers with a 2:1
target monomer ratio.

Target molecular weight Mn Mw PDI Monomer ratio Yield
/ g mol−1 / g mol−1 / g mol−1 NAS:Sty (%)

2000 1120 1240 1.11 1:1.29 8.6
5000 2650 3060 1.15 1:1.15 50.9

10,000 3740 4510 1.21 1:1.36 52.7
15,000 5530 6860 1.24 1:1.51 55.9
20,000 6210 8380 1.35 1:1.48 48.3
50,000 8360 11,600 1.39 1:1.45 57.6
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Table 4.6: Data for the poly(N-(acryloyloxy)succinimide-co-styrene) polymers with a 3:1
target monomer ratio.

Target molecular weight Mn Mw PDI Monomer ratio Yield
/ g mol−1 / g mol−1 / g mol−1 NAS:Sty (%)

5000 2320 2610 1.13 1:1.78 -
10,000 3790 4630 1.22 1:1.82 46.7
15,000 5360 6710 1.25 1:1.95 47.1
20,000 5960 7850 1.32 1:1.90 45.8
50,000 7350 10,200 1.39 1:1.86 48.1

4.6.1.3 Phase transfer testing

Water transfer testing was performed using the method of mixing the hydrophobic nano-
crystals and the pro-amphiphilic polymer in a common solvent and the solvents slow
removal to form a film. An aqueous solution of nucleophile was added and the film slowly
reacted releasing the amphiphilic polymer coated nanocrystals. A given batch of Fe3O4

was water-transferred using poly(maleic anhydride-alt-1-octadecene) to determine the
amount of poly(N-(acryloyloxy)succinimide-co-styrene) used.

In a typical water transfer test, 200 µl of a stock solution of oleic acid stabilised Fe3O4,
as synthesised in Section 2.2.2, were precipitated using an excess of ethanol (Sigma-
Aldrich, ≥99.8 %) and were redispersed in CHCl3 (1 ml, Fisher Scientific, >99 %). A
solution of the polymer being tested was made using 20 mg of the polymer dissolved in
CHCl3. The polymer was stirred in CHCl3 for 20 min to allow it to solvate completely.
The nanocrystal and polymer solutions were combined and allowed to mix for 5 min. By
rotary evaporation, the CHCl3 was slowly removed over the course of 30 min. To ensure
maximum removal of CHCl3 the sample was further dried using a Schlenk line under
vacuum for 30 min. A solution of tetramethylammonium hydroxide pentahydrate (5 ml,
0.044 mol dm−3, Sigma-Aldrich, ≥97 %) was added to the dry film. The solution was left
overnight and the nanocrystals water transfer was assessed.

The procedure is the same for all poly(N-(acryloyloxy)succinimide-co-styrene) tested
in this section. All particles were tested with the same batch of nanocrystals. Fe3O4 was
chosen as the nanocrystal to transfer because the RAFT agent end group will not bind to
the surface as with AuNPs or QDs. The end group would be removed before use with
AuNPs or QDs but for the purpose of testing many polymers this was deemed unnecessary.

Table 4.7 shows the phase transfer results for the 1:1 monomer ratio poly(N-(acryloyl-
oxy)succinimide-co-styrene) with Fe3O4. The longer polymers were unable to transfer
the nanocrystals and below a target length of 5000 g mol−1 partial transfers were achieved,
Figure 4.13. Undispersed nanocrystals had a sand-like appearance forming small grains.
A measure of particle transfer completion was made by comparing the absorbance in
the UV-visible region against particles fully transferred with poly(maleic anhydride-alt-1-
octadecene) showing both of the low molecular weight polymers transferred over 65 %. The
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results from DLS measurements showed multiple peaks, which is normal for commercial
polymers before purification, as can be seen in Figure 4.14. The peaks between 30 and
50 nm are likely to be from individual coated nanocrystals. The remaining peaks are
suspected to be from unbound polymer in assemblies or single chains. DLS measurements
of multi-modal samples are difficult to extract information from and absolute numbers are
not trustworthy. If the assumption of some peaks being from structures consisting purely
of polymer is correct the refractive index used for the nanocrystal will not be suitable for
analysing these regions.

Table 4.7: Water transfer results for iron oxide nanocrystals transferred using poly(N-
(acryloyloxy)succinimide-co-styrene) with a 1:1 target monomer ratio, where N
represents no transfer, P represents a partial transfer and F represents a full transfer.

Target Transfer Percentage Transfer Z-average d values
molecular weight Using A at 470 nm diameter, d from CONTIN

/ g mol−1 (%) / nm / nm

2000 P 65 59.9 5.6, 32.6, 164.2
5000 P 81 160.9 43.8, 295.3

10,000 N - - -
15,000 N - - -
20,000 N - - -
50,000 N - - -

Figure 4.13: A photo showing a complete transfer poly(maleic anhydride-alt-1-octadecene)
(left) and the attempted water transfers using poly(N-(acryloyloxy)succinimide-
co-styrene) with a 1:1 target monomer ratio (right). The series increases in
molecular weight from right to left.

The 2:1 poly(N-(acryloyloxy)succinimide-co-styrene) based transfers followed a sim-
ilar pattern to the 1:1 polymers, Table 4.8. Shorter polymers transferred nanocrystals better
but did not achieve complete transfer, Figure 4.15. The DLS results for the 2000 g mol−1

target polymers had a promising size profile with a peak with a diameter of 18.2 nm and a
transfer of 75 %. An example DLS profile is shown in Figure 4.16.
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Figure 4.14: The DLS profile of transferred Fe3O4 using poly(N-(acryloyloxy)succinimide-
co-styrene) with a 1:1 target monomer ratio and target molecular weight of
5000 g mol−1.

Table 4.8: Water transfer results for iron oxide nanocrystals transferred using poly(N-
(acryloyloxy)succinimide-co-styrene) with a 1:2 target monomer ratio, where N
represents no transfer, P represents a partial transfer and F represents a full transfer.

Target Transfer Percentage Transfer Z-average d values
molecular weight Using A at 470 nm diameter, d from CONTIN

/ g mol−1 (%) / nm / nm

2000 P 75 154.1 18.2, 58.8
5000 P 12 88.1 91.3

10,000 N - - -
15,000 N - - -
20,000 N - - -
50,000 N - - -

Figure 4.15: A photo showing a complete transfer poly(maleic anhydride-alt-1-octadecene)
(left) and the attempted water transfers using poly(N-(acryloyloxy)succinimide-
co-styrene) with a 2:1 target monomer ratio (right). The series increases in
molecular weight from right to left.
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Figure 4.16: The DLS profile of transferred Fe3O4 using poly(N-(acryloyloxy)succinimide-
co-styrene) with a 1:2 target monomer ratio and target molecular weight of
2000 g mol−1.

The transfer abilities of the polymers follow a similar pattern to the other monomer
ratios as shown in Table 4.9 and Figures 4.17 and 4.18. In the case of 3:1 poly(N-
(acryloyloxy)succinimide-co-styrene) the 2000 g mol−1 target polymer was not possible to
collect after synthesis. As a consequence this series of polymers appears worse than the
other ratios.

Table 4.9: Water transfer results for iron oxide nanocrystals transferred using poly(N-
(acryloyloxy)succinimide-co-styrene) with a 1:3 target monomer ratio, where N
represents no transfer, P represents a partial transfer and F represents a full transfer.

Target Transfer Percentage Transfer Z-average d values
molecular weight Using A at 470 nm diameter, d from CONTIN

/ g mol−1 (%) / nm / nm

5000 P 40 44.9 50.75
10,000 P 5 110.2 18.17, 68.06
15,000 N - - -
20,000 N - - -
50,000 N - - -

Partial transfers have been achieved with poly(N-(acryloyloxy)succinimide-co-styrene).
The transfer abilities improve with decreasing polymer length. In the case of the 2000 g mol−1

target polymers the actual molecular weight is 1120 g mol−1, which corresponds to an
average of 6.7 monomers per chain. This means that the polymers are so short they could
be thought of as being sophisticated surfactants and not polymers. As the majority of
successful commercial polymers use alkyl chains for the hydrophobic interaction with the
nanocrystal ligands, polymers containing N-(acryloyloxy)succinimide and pendant alkyl
functionality were explored next in an attempt to have a complete transfer.
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Figure 4.17: The DLS profile of transferred Fe3O4 using poly(N-(acryloyloxy)succinimide-
co-styrene) with a 1:3 target monomer ratio and target molecular weight of
10,000 g mol−1.

Figure 4.18: A photo showing a complete transfer poly(maleic anhydride-alt-1-octadecene)
(left) and the attempted water transfers using poly(N-(acryloyloxy)succinimide-
co-styrene) with a 3:1 target monomer ratio (right). The series increases in
molecular weight from right to left.
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4.6.2 Poly(N-(acryloyloxy)succinimide-co-octadecyl acrylate)

4.6.2.1 RAFT polymerisation
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Figure 4.19: The reaction to produce poly(N-(acryloyloxy)succinimide-co-octadecyl acrylate)

In a typical polymerisation N-(acryloyloxy)succinimide (168.7 mg, 998.1 µmol) and
octadecylacrylate (ODA) (168.7 mg, 519.8 µmol, Aldrich, 97%, were dissolved in 1,4-
dioxane (5 ml, Sigma-Aldrich,≤ 99%) , dried with molecular sieves. 2-cyano-2-propyl do-
decyl trithiocarbamate (68.5 µl, 196.4 µmol, Aldrich, 97 %) and 1,1’-azobis(cyclohexane-
carbonitrile) (5.4 mg, 22.1 µmol, Aldrich, 98 %) were added to the solution. The solution
was degassed by passing argon through for 8 min and a reservoir was filled with argon
to maintain a slight positive pressure in the reaction vessel. The solution was stirred and
heated at 93 ◦C for 7 h.

The solution was allowed to cool and the product precipitated using acetonitrile (40 ml,
Sigma-Aldrich). The precipitate was collected by centrifugation and the supernatant was
discarded. To remove any unreacted monomer the precipitate was redisolved in THF and
reprecipitated with acetonitrile. The precipitate was collected by centrifugation, the solvent
was discarded and residual solvent was left to evaporate.

The molecular weight was controlled by variation of the amount of RAFT agent used,
Table 4.10. A greater amount of RAFT agent resulted in shorter polymers. Due to the
similarities of water transfer abilities of the poly(N-(acryloyloxy)succinimide-co-styrene)
polymers of various ratios in Section 4.6.1.3 a single monomer ratio of 1:1 was chosen.
All of the commercial maleic anhydride copolymers have a 1:1 monomer ratio, which
also suggests it is a sensible ratio to use. The actual monomer ratio used was 1:0.53
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N-(acryloyloxy)succinimide to octadecylacrylate due to an calculation error.

Table 4.10: Amounts of reagents used to control the molecular weight of the poly(N-
(acryloyloxy)succinimide-co-octadecyl acrylate) polymers produced.

Target molecular Amount of reagents used
weight NAS ODA RAFT agent Initiator

/ g mol−1 / µmol / µmol / µmol / µmol

5000 1109 596 79 9
10,000 1146 615 39 4
20,000 1165 625 20 2
50,000 1176 631 8 1
75,000 1178 633 5 0.6

100,000 1180 633 4 0.4

4.6.2.2 Polymer characterisation

The properties of the poly(N-(acryloyloxy)succinimide-co-octadecyl acrylate) polymers
synthesised are collected in Table 4.11. The NMR spectra showed broadened peaks from
the monomers with an example spectrum in Figure 4.20. In light of the target ratio of
1:0.53 the reported values are reasonably close to the target suggesting the monomers react
similarly with each other. The molecular weights are far short of the target values. As these
polymers do not contain styrene the use of polystyrene standards when performing GPC
means that the molecular weights collected allow relative comparison but not absolute.
Even taking this into account the discrepancy between target and reported values is
still large suggesting too much RAFT agent or initiator was used. This is commonly
encountered with RAFT polymerisations, however, and the technique is generally used
to produce low molecular weight polymers and blocks, where molecular weight and PDI
remain well controlled.

Table 4.11: Data for the poly(N-(acryloyloxy)succinimide-co-octadecyl acrylate) polymers.

Target molecular weight Mn Mw PDI Monomer ratio Yield
/ g mol−1 / g mol−1 / g mol−1 NAS:ODA (%)

5000 4500 5570 1.24 1:0.67 32.6
10,000 6370 8340 1.31 1:0.60 47.7
20,000 7810 10,900 1.39 1:0.62 46.5
50,000 8810 12,800 1.45 1:0.60 49.7
75,000 7370 10,100 1.38 1:0.59 42.0

100,000 8220 12,100 1.47 1:0.57 45.8
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Figure 4.20: An example NMR spectrum of a poly(N-(acryloyloxy)succinimide-co-
octadecylacrylate) with a 1:1 target monomer ratio. The regions integrated
to determine the monomer ratio are shown.

4.6.2.3 Phase transfer testing

The method for testing the ability of the synthesised poly(N-(acryloyloxy)succinim-
ide-co-octadecyl acrylate) polymers was identical to that for poly(N-(acryloyloxy)suc-
cinimide-co-styrene) in Section 4.6.1.3. The amount to use was identical to poly(N-
(acryloyloxy)succinimide-co-styrene) as the same batch of particles was used. None of the
poly(N-(acryloyloxy)succinimide-co-octadecyl acrylate) polymers resulted in any transfer,
Table 4.18. The dried mixture of polymer and nanocrystal did not form a thin glass like
film as with poly(maleic anhydride-alt-1-octadecene). A thicker layer was formed, which
did not appear to undergo any change after being introduced to the nucleophile solution.

The polymers did not transfer the nanocrystals. Possible reasoning could be due to
using a pendant alkyl chain that is too long, the commercial octadecene copolymer has a
pendant alkyl chain with 16 carbons. The ratio of octadecylacrylate could also be too low
relative to the poly(N-(acryloyloxy)succinimide, resulting in not enough alkyl groups to
interact with the nanocrystal ligands.
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Table 4.12: Water transfer results for iron oxide nanocrystals transferred using poly(N-
(acryloyloxy)succinimide-co-octadecylacrylate) with a 1:1 target monomer ratio,
where N represents no transfer, P represents a partial transfer and F represents a
full transfer.

Target molecular weight Transfer
/ g mol−1

5000 N
10,000 N
20,000 N
50,000 N
75,000 N

100,000 N

4.7 Acryloyloxy poly(ethylene glycol) monomethyl ether
copolymers

4.7.1 Poly(acryloyloxy poly(ethylene glycol) monomethyl ether-co-
octadecyl acrylate), n = 44

When designing the experiments for the acryloyloxy poly(ethylene glycol) monomethyl
ether copolymers, the length of the backbone of commercially-available polymers was the
target length. The largest number of reports of water transfer show the use of poly(maleic
anhydride-alt-1-octadecene) with a molecular weight between 30,000 and 50,000 g mol−1.
A chain with a molecular weight of 40,000 g mol−1 will have approximately 114 pairs
of monomers in the backbone. The shortest polymer reported to successfully transfer
nanocrystals is poly(styrene-co-maleic anhydride) with a molecular weight of 1700 g mol−1.
This translates into approximately 10 monomer units. In this section polymers are referred
to in terms of their monomers per backbone.

4.7.1.1 RAFT polymerisation

In a typical polymerisation, acryloyloxy poly(ethylene glycol) monomethyl ether (2.58 g,
1.26 mmol, Mn = 2054.11gmol−1) was dissolved with octadecylacrylate (0.41 g, 1.26 mmol,
Aldrich, 97%, were dissolved in warm 1,4-dioxane (70 ml, Sigma-Aldrich, ≤99 %),
dried using sodium. 4-cyano-4-[(dodecylsulphanylthiocarbonyl)sulphanyl]pentanoic acid
(8.3 mg, 22.8 µmol, Aldrich, 97 %) and 1,1’-azobis(cyclohexanecarbonitrile) (0.8 mg,
3.4 µmol, Aldrich, 98 %) were dissolved in dried 1,4-dioxane (1.5 ml) and added to the
monomer solution. The solution was degassed by passing argon through for 15 min and a
reservoir was filled with argon to maintain a slight positive pressure in the reaction vessel.
The solution was stirred and heated at 96 ◦C for 14 h. The viscosity of the reaction mixture
underwent a marked increase.
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Figure 4.21: The reaction to produce poly(acryloyloxy poly(ethylene glycol) monomethyl
ether-co-octadecyl acrylate), n = 44.
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The 1,4-dioxane was removed using rotary evaporation (55 ◦C, 100 mbar. To encourage
further removal of 1,4-dioxane the sample was heated to 65 ◦C whilst using the Schlenk
line for 4 h. The polymer was redissolved in dichloromethane (5 ml) and precipitated using
cold 40–60 ◦C petroleum ether (40 ml, Sigma-Aldrich). The precipitate was collected by
centrifugation at 2800× g for 1 min. The supernatant was discarded and the collected
polymer was dried under vacuum provided by the Schlenk line.

Table 4.13: Amounts of reagents used to control the molecular weight of the poly(acryloyloxy
poly(ethylene glycol) monomethyl ether-co-octadecyl acrylate), n = 44, polymers
produced. Both polymers had a target backbone length of 110 monomers.

Target Target molecular Amount of reagents used
monomer weight APEGm ODA RAFT agent Initiator

ratio / g mol−1 / mmol / mmol / µmol / µmol

1:1 131,190 1.26 1.26 22.8 3

4.7.1.2 Polymer characterisation

The NMR spectrum, Figure 4.22, showed that acryloyloxy poly(ethylene glycol) mono-
methyl ether and octadecylacrylate did not copolymerise readily and resulted in a monomer
ratio of 1:0.39. GPC results showed a molecular weight approximately the same as an
individual acryloyloxy poly(ethylene glycol) monomethyl ether monomer, Table 4.14. This
polymer is significantly different to the polystyrene standards and the significance of this
number is hard to estimate. It is possible that interaction with the GPC stationary phase
may have retarded elution, leading to an erroneous underestimate of the molecular weight.
This would also cause band-broadening, which would lead to a larger estimate of PDI.
The NMR suggested that a polymer had been formed due to broadening of the peaks from
octadecylacrylate.

Table 4.14: Data for the poly(acryloyloxy poly(ethylene glycol) monomethyl ether-co-
octadecyl acrylate), n = 44, polymers.

Target Target Mn Mw PDI Monomer Yield
monomer ratio molecular weight ratio
APEGm:ODA / g mol−1 / g mol−1 / g mol−1 APEGm:ODA (%)

1:1 131,190 804 2280 2.84 1:0.39 62.6
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Figure 4.22: An example NMR spectrum of poly(acryloyloxy poly(ethylene glycol) mono-
methyl ether-co-octadecyl acrylate), n =44, with a 1:1 target monomer ratio. The
regions integrated to determine the monomer ratio are shown. The molecular
weight of the poly(ethylene glycol) used was Mn =2054 g mol−1

4.7.1.3 Testing

The method for testing poly(acryloyloxy poly(ethylene glycol) monomethyl ether-co-
octadecyl acrylate) was slightly different to the protocol described in Section 4.6.1.3, but
the same reasoning applies.

In a typical water transfer test, 200 µl of a stock solution of oleic acid stabilised Fe3O4,
as synthesised in Section 2.2.2, was precipitated using an excess of ethanol (Sigma-Aldrich,
≥99.8 %) and were redispersed in CHCl3 (1 ml, Fisher Scientific, >99 %). A solution of
the polymer being tested was made using 30 mg of the polymer dissolved in CHCl3. The
polymer was stirred in CHCl3 for 20 min to allow it to fully solvate. The nanocrystal and
polymer solutions were combined and allowed to mix for 5 min. By rotary evaporation,
the CHCl3 was slowly removed over the course of 30 min. To ensure maximum removal of
CHCl3 the sample was further dried using a Schlenk line under vacuum for 90 min. 5 ml
of water was added to the dry film and left overnight.

The nanocrystals did not transfer with the poly(acryloyloxy poly(ethylene glycol)
monomethyl ether-co-octadecyl acrylate), n = 44, polymer. Removal of CHCl3 resulted
in a waxy brown solid. The thickness of the solid was irregular and not a thinly spread
film. After addition of water the polymer-nanocrystal layer did not show any signs of
redispersing.

The poor polymerisation and absence of any water transfer caused the consideration
of using monomers containing shorter poly(ethylene glycol) chains. Shorter chains will
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diffuse more readily and the monomer end will be more accessible for reaction with other
monomers.

Table 4.15: Water transfer results for iron oxide nanocrystals transferred using poly(acryl-
oyloxy poly(ethylene glycol) monomethyl ether-co-octadecyl acrylate), n = 44,
where N represents no transfer, P represents a partial transfer and F represents a
full transfer.

Target molecular weight Transfer
/ g mol−1

131,190 N

4.7.2 Poly(acryloyloxy poly(ethylene glycol) monomethyl ether-co-
octadecyl acrylate), n = 9

Having poor water transfers and incorporation of monomers into the polymer, a monomer
containing a shorter poly(ethylene glycol) chain was investigated. The synthesised acryloyl-
oxy poly(ethylene glycol) monomethyl ether had a molecular weight of 2054.11 g mol−1

which contains on average 44 repeating subunits in the poly(ethylene glycol) chain. In
this series of polymers a shorter and commercially available acryloyloxy poly(ethylene
glycol) monomethyl ether, with a molecular weight of 480 g mol−1 was incorporated. This
contains 9 repeating subunits in the poly(ethylene glycol) chain on average. This was
hoped to balance the target amphiphilic polymer so the hydrophilic groups do not dominate
the product and allow polymerisations to proceed more easily.

4.7.2.1 RAFT polymerisation

In a typical polymerisation, acryloyloxy poly(ethylene glycol) monomethyl ether (2.98 g,
6.21 mmol, Aldrich, Mn = 480gmol−1) was dissolved with octadecylacrylate (2.02 g,
6.21 mmol, Aldrich, 97%), in 1,4-dioxane (20 ml, Sigma-Aldrich, ≤99 %), dried using
sodium. 4-cyano-4-[(dodecylsulphanylthiocarbonyl)sulphanyl]pentanoic acid (41.1 mg,
113 µmol, Aldrch, 97 %) and 1,1’-azobis(cyclohexanecarbonitrile) (2.0 mg, 8.2 µmol, Ald-
rich, 98 %) were dissolved in dried 1,4-dioxane (1 ml) and added to the monomer solution.
The solution was degassed by passing argon through for 10 min and a reservoir was filled
with argon to maintain a slight positive pressure in the reaction vessel. The solution was
stirred and heated at 96 ◦C for 18 h. The viscosity of the reaction mixture underwent a
marked increase and the solution became cloudy.

The 1,4-dioxane was removed using rotary evaporation (55 ◦C, 100 mbar). To encour-
age further removal of dioxane the sample was heated to 65 ◦C whilst using the Schlenk line
for 4 h. The polymer was redissolved in THF (5 ml) and precipitated using cold 40–60 ◦C
petroleum ether (40 ml, Sigma-Aldrich). The precipitate was collected by centrifugation at
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Figure 4.23: The reaction to produce poly(acryloyloxy poly(ethylene glycol) monomethyl
ether-co-octadecyl acrylate), n = 44.
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2800×g for 1 min. The supernatant was discarded and the collected polymer was dried
under vacuum provided by the Schlenk line.

Table 4.16: Amounts of reagents used to control the molecular weight of the poly(acryloyloxy
poly(ethylene glycol) monomethyl ether-co-octadecyl acrylate), n = 9, polymers
produced.

Target number Target Target Amount of reagents used
of monomers monomer molecular APEGm ODA RAFT Initiator

per chain ratio weight agent
APEGm:ODA / g mol−1 / mmol / mmol / µmol / µmol

55 1:1 22,490 6.21 6.21 225 16
55 1:2.33 20,780 4.03 9.42 239 18
110 1:1 44,610 6.21 6.21 113 8
110 1:2.33 41,190 4.03 9.42 239 2

4.7.2.2 Polymer characterisation

The NMR spectra for the poly(acryloyloxy poly(ethylene glycol) monomethyl ether-co-
octadecyl acrylate), n = 9, polymers showed broad signals from octadecylacrylate subunits
suggesting polymerisation had occured; Figure 4.24. The corresponding ratios from the
NMR spectra showed that the monomers reacted well with each other and were near the
target values, Table 4.17. The molecular weights from GPC were much closer to their
target values than the n = 44 monomer. The values were still approximately half of the
target but the polystyrene standard is not suitable for these polymers.

Table 4.17: Data for the poly(acryloyloxy poly(ethylene glycol) monomethyl ether-co-
octadecyl acrylate), n = 9, polymers.

Target number Target Mn Mw PDI Monomer Yield
of monomers monomer / g mol−1 / g mol−1 ratio (%)

per chain ratio APEGm:ODA
APEGm:ODA

55 1:1 10,100 13,200 1.30 1:0.87 62.2
55 1:2.33 9780 12,200 1.24 1:2.70 -
110 1:1 15,100 19,600 1.30 1:0.88 62.1
100 1:2.33 20,400 27,000 1.32 1:2.78 63.3

105



CHAPTER 4

012345678910

f1 (ppm)

0

5000

10000

15000

20000

In
te

n
si

ty
 / 

a.
u

.

1.
00

1.
13

Figure 4.24: An example NMR spectrum of poly(acryloyloxy poly(ethylene glycol) mono-
methyl ether-co-octadecyl acrylate), n = 9, with a 1:1 target monomer ratio. The
regions integrated to determine the monomer ratio are shown. The molecular
weight of the poly(ethylene glycol) used was Mn =480 g mol−1

4.7.2.3 Testing

The testing procedure used for poly(acryloyloxy poly(ethylene glycol) monomethyl ether-
co-octadecyl acrylate) was identical to Section 4.6.1.3. Water transfer tests did not result
in a transfer. Upon removal of the solvent a waxy brown layer was left. The layer did not
show any signs of dispersing in water after 12 h.

Table 4.18: Water transfer results for iron oxide nanocrystals transferred using poly(acryloyl-
oxy poly(ethylene glycol) monomethyl ether-co-octadecyl acrylate), n = 9, where
N represents no transfer, P represents a partial transfer and F represents a full
transfer.

Target number Target Transfer
of monomers monomer

per chain ratio
APEGm:ODA

55 1:1 N
55 1:2.33 N

110 1:1 N
110 1:2.33 N
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4.8 Conclusions

In this chapter a range of random copolymers containing activated esters have been
synthesised. This was an attempt to structurally mimic the commercially-available pro-
amphiphilic polymers which are known to perform successful transfers. A family of
amphiphilic random copolymers with inbuilt pendant poly(ethylene glycol) functionality
were also synthesised. All of the copolymers were synthesised, characterised and their
water transfer ability was tested.

Of the copolymers of N-(acryloyloxy)succinimide, partial transfers to water were
achieved using styrene based copolymers. It was found that the shorter polymers transferred
the nanocrystals better than the longer polymers, although none allowed a total transfer.
The ratio of monomers in the poly(N-(acryloyloxy)succinimide-co-styrene) polymer made
no difference to the water transfer ability over the range tested.

The family of poly(N-(acryloyloxy)succinimide-co-octadecyl acrylate) polymers did
not cause any nanocrystal water transfers. This family would benefit from further investig-
ation. For instance, varying monomer ratios and pendant alkyl chain length may improve
the ability of the polymer to perform water transfers.

The poly(acryloyloxy poly(ethylene glycol) monomethyl ether-co-octadecyl acrylate)
polymers proved to be unable to perform water transfers using the water transfer method-
ology used for poly(maleic anhydride-alt-1-octadecene). These polymers are unlike the
commercially-used polymers as they are strongly amphiphilic without further reaction with
a water-liking nucleophile. As a consequence it is likely that their properties in chloroform
are significantly different to pro-amphiphilic polymers. The water transfer method used
depends on how the polymer interacts with the nanocrystal ligands as CHCl3 is slowly
removed. Poly(ethylene glycol) is soluble in solvents of a wide range of polarities, e.g.
toluene through to water. As such both “sides” of the polymer are soluble in CHCl3 and it
is unlikely the same processes occur as the solvent is removed.
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Protein corona formation on nanocrystals & model
systems

5.1 Protein-nanoparticle interactions

As described in Chapter 1, there are a wide range of potential applications for nanocrystals
and nanomaterials within biological systems. Successful use of nanomaterials in biological
systems requires knowledge of how materials interact with the biological system it will
encounter. The nanomaterials need to be introduced to the system and typically will
migrate to the site where their intended function will be performed. During the migration,
the nanomaterial will encounter a range of environments, each potentially with unique
interactions with the nanomaterial. An understanding of how the nanomaterial interacts
with the components of the biological medium and the machinery of cells is crucial to the
material performing its envisaged task.

5.1.1 Corona formation on nanoparticles

It has long been established that, when introduced to a solution of biomolecules, that
surfaces acquire a coating formed from a selection of the biomolecules, i.e. proteins, lipids,
carbohydrates etc.240 Once coated in the biomolecules, the material has a new “biological
identity” from the perspective of the biological system with which it is in contact. In turn,
this identity governs the responses from cells and tissues towards the material.

Nanomaterials are not exempt from these interactions and may, due to their high
surface to volume ratio, experience interactions distinct from their bulk counterparts. As
a consequence of the high surface to volume ratio, nanoparticle surfaces possess a free
energy higher than that of the bulk material, as shown in Figure 2.1. When introduced
to biological fluids, the nanoparticles attempt to minimise the surface free energy by
adsorbing biomolecules to the surface.241–243 The resulting “corona” of biomolecules
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masks the surface of the particle from the surrounding environment.
Early studies into the interaction of proteins with the surfaces of spherical nanoparticles

were performed in the 1990s. In these studies, Rainer H. Müller and coworkers used two-
dimensional polyacrylamide gel electrophoresis to examine the proteins adsorbed to the
surface of a range of nanoparticles.244 The nanoparticles were incubated in human blood
serum and then the unbound and weakly bound proteins were removed with centrifugal
washing cycles. The objective of early work looking into protein nanoparticle interactions
was concerned with increasing the lifespan of nanoparticles in the blood system and the
relationship between the protein coating and cellular uptake. It became clear that the
properties of the nanoparticle surface dictated the identity and quantity of the proteins
adsorbed.245 Studies were conducted with polystyrene-based particles, with different sur-
face charges and hydrophobicities, which showed “a remarkable differentiation in amount

and type of proteins adsorbed”.246 In the following reports, Müller and coworkers investig-
ated the effect of the particle material, surface charge density and surface hydrophobicity
on protein adsorption using two-dimensional polyacrylamide gel electrophoresis.247–251

The studies clearly demonstrated that surface properties influenced the composition of the
protein layer and that it had consequences with cellular uptake and retention time in the
blood although a detailed rationale for this was not reached.

During the late 1990s and the 2000s the discovery and rapid development of nanoscale
materials with size dependent properties, such as QDs, increased interest in nanomaterial-
protein interactions. The two driving forces were the understanding of how protein
interactions would influence the performance of the envisaged nanomaterial and also the
assessment of any potential toxic properties of these new materials.

Protein-nanoparticle interactions were later studied in more detail by the group of Prof.
Kenneth A. Dawson. Early work investigated copolymer nanoparticles of N-iso-propyl-
acrylamide and N-tert-butylacrylamide allowing control over surface hydrophobicity and
surface curvature.252,253 It was found when using SEC the nanoparticles eluted first and
were followed by proteins that had disassociated from the corona. The protein elution was
in order of affinity to the nanoparticles which allowed identification and relative affinities
of proteins to be determined.253 Commercially available nanoparticles of controlled sizes
and surface functionalities were studied by Dawson and coworkers.242,243,254 The work
focussed on the corona formed on polystyrene241,255–259 and silica nanoparticles.241,256,257

These studies shaped the current descriptions of the protein corona in the field and some of
the concepts are discussed in this review.

The corona upon nanoparticles is dynamic, i.e. the proteins are in exchange with the
surrounding medium.258 In a typical human biological fluid, there are several thousand
proteins which vary in abundance and have differing affinities for nanopartcle surfaces.
The corona that is initially formed will be dominated by the more abundant proteins, even if
their affinity for the surface is low, and with time the corona evolves through the exchange
of proteins.260 The proteins with the highest affinity eventually dominate the composition
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of the corona as they are less likely to desorb once on the surface.257

The adsorption of a protein to the surface of a nanoparticle is in itself non-trivial.
During adsorption, the protein can undergo conformational change resulting in a difference
in the expressed function of the protein. The effect on proteins due to interactions with
nanoparticles is the subject of a recent review by Shemetov et al.261

5.1.1.1 Hard and soft coronas

If a protein has a high affinity for the nanopaticle surface, a strongly bound layer of protein
can form. This layer will stay on the surface after the concentration of free protein has
been significantly lowered after removal of free protein. This layer has been described as
a “hard corona”, which is distinct from the rest of the corona which is in faster exchange
with the unbound proteins.258 The “hard corona” is bound tightly to the surface forming
a near-monolayer. The rest of the corona which undergoes faster exchange with free
biomolecules is more loosely bound and is called the “soft” corona.243 The hard and soft
corona are depicted in Figure 5.1.

There are approximately 3700 proteins in human blood plasma,262 although typically
less than a hundred of these are found in protein coronas. The proteins which are typically
in the hard corona rarely have high abundances in serum and do not necessarily have
the highest affinities to the surface.263–265 The high stability of the hard corona has
consequences as the particle moves between environments. A new environment will
have a different composition of proteins which will in turn begin to exchange with the
corona. Any biomolecules which were from the first environment and do not exchange
can act as a molecular memory of the previous environment.257 The composition of a
hard protein corona would be the consequence of all the environments encountered by the
nanoparticle.
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10 nm

Figure 5.1: An illustration of the protein corona surrounding a nanoparticle. The approximate
boundaries of the “hard” and “soft” corona are illustrated. The hard corona is
between the nanoparticle and the dashed line and the soft corona is between the
dashed and dotted lines. In this illustration human serum albumin, the largest
protein is less prevalent in the hard corona and more in the soft, illustrating an
affinity to the surface. The protein structures used were entries 1BM0, 1A8E and
2P9R from the protein data base.

111



CHAPTER 5

5.1.1.2 The perception of nanoparticles in biological systems

Nanomaterials often display size dependent properties in a size range that potentially allows
movement through biological systems. These intrinsic properties of the nanomaterial are
what makes them interesting at first, but once a protein layer has formed upon their
surface the particles will exhibit extrinsic properties in biological systems. These extrinsic
properties are as much linked to the size of the particle and the material as the intrinsic
properties. The study of the intrinsic properties has been the subject of a large number of
studies over the past fifteen years. Even though a vast range of bioanalytical and theraputic
nanoscale devices have been envisaged and developed, the study of the extrinsic biological
properties of nanomaterials followed much later.

A recent publication by Salvati et al. demonstrates transferrin functionalised nano-
particles losing their targeting ability due to the protein corona formed on their surface.266

In another study, the ability of a particle to undergo click chemistry has been demonstrated
to significantly reduce the yield of the reaction when coated with a protein corona.267 These
observations are beginning to guide strategies for particle functionalisation to circumvent
this effect. The two approaches involve the minimisation of protein absorption of the
surface or the use of the protein corona to perform targeting.268

5.1.1.3 The structure of the protein corona

It has been been demonstrated that isolated nanoparticles with protein coronas are repres-
entative of the corona in biological media.241 The structure of the corona has not been
studied to the same level as the composition of the corona. This may be due to the
complexity of the structure formed or the ease of identifying proteins which form the
corona. The structure of the corona has been studied using techniques from colloid and
interface science such as DLS241 and fluorescence correlation spectroscopy.215,258 Both
of these techniques determine the hydrodynamic radius and result in a size distribution.
As DLS and fluorescence correlation spectroscopy both observe the Brownian motion
of the corona coated nanoparticles, the structural information is derived from dynamic
information. These techniques will not contain detailed structural information that static
techniques, such as SANS, can deliver.

5.1.2 Protein-nanoparticle interactions upon nanocrystals

The studies of corona formation upon nanocrystals are complicated by the wide range of
materials from which nanocrystals can be formed. The size of a typical nanocrystal is
≤15 nm which is significantly smaller than the majority of studies on silica and polystyrene
particles and places nanocrystals in a similar size domain to large proteins. With particles
in this size range, a small change in radius results in a large change in surface curvature,
a factor which is thought to influence which proteins can bind. Not all nanocrystals
with envisaged biological applications are spherical, such as AuNRs, adding further
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complexity to nanocrystal studies. Studies of coronas upon inorganic nanocrystals have
recently been reviewed by Casals and Puntes.269 To date the nanocrystals that have had
protein layers studied on their surface include Au,227,260,263,270–274 Ag,274 FePt,215,275

Fe3O4,274,276 CoO,274 CeO2,274,277 CdTe278 and CdSe@ZnS.215 The studies suffer from
being fragmented by the wide range of materials and surface functionalities available and
a clear trend in the structure and composition of the corona is in the early stages.

Casals et al. have studied the formation of a protein corona on AuNPs from 4 to
40 nm.260 Positive or negative surface charges were created by ligand exchange with
aminoundecanethiol or mercaptoundecanoic acid respectively. Negatively charged AuNP
were found to form only a soft corona whereas positively charged AuNP formed a hard
corona. It was found that albumin rich protein coronas formed although albumin was not
observed on the smallest, 4 nm, AuNP. Casals et al. studied a range of electrostatically
stabilised nanocrystals. Au, Ag, Fe3O4, CoO and CeO2 of similar sizes with negative
surfaces were exposed to protein containing media. It was found that coronas formed on
the surfaces but the proteins would desorb after time once removed from serum. This
suggests the corona was entirely soft and a hard corona did not form.274

The binding of Human serum albumin (HSA)215 and transferrin275 has been invest-
igated upon the surface of nanocrystals stabilised with a poly(isobutylene-alt-maleic
anhydride)-based amphiphilic polymer. The polymer coated FePt and CdSe@ZnS nano-
crystals are stabilised by the carboxylic groups the amphiphilic polymer provides, as dis-
cussed in Chapter 4. Röcker et al. used fluorescence correlation spectroscopy to determine
that HSA formed a 3.3 nm thick monolayer upon the nanocrystal surface.215 Time-resolved
fluorescence quenching experiments found that HSA resided on the surface for approx-
imately 100 s. A similar study with amphiphilic polymer coated FePt showed transferrin
formed a monolayer on the surface with a thickness of 7 nm.275 This work was expanded
to investigate the effect of surface charge provided by custom-synthesised amphiphilic
polymers by Hühn et al.227 Poly(N,N,N-trimethylammonium-2-ethyl methacrylate iod-
ide-co-lauryl methacrylate) and poly((dihydroxyphosphoryl)ethyl methacrylate-co-lauryl
methacrylate) were used to transfer AuNP. It was found that the thickness of the corona
formed was similar regardless of the sign of the charge but the cellular uptake varied.
The corona coated nanocrystals with a positively charged amphiphilic polymer coating
exhibited a higher rate of cellular uptake.
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5.2 Proposed protein-nanoparticle systems for study with
SANS

In this chapter, SANS techniques for the investigation of the structure of the protein
corona formed upon nanocrystals and silica nanoparticles are developed. SANS is a
static scattering technique, which allows structural elucidation through the analysis of
scattering profiles. Materials containing protons, i.e. polymers and biomaterials, are often
studied with SANS. The difference in scattering length of hydrogen and deuterium allows
experiments to be performed where different parts of the structure can be investigated
independently through contast variation. As discussed in Section 2.3.2.1, the analysis
of scattering profiles is dependent on the fitting of form factors, which are derived from
simple geometric systems, i.e. spheres, cylinders etc. The protein corona formed upon the
surface of a spherical nanocrystal could be first approximated as a shell upon a core which
allows use of the established core-shell model.

In the envisaged experiment, polymer coated nanocrystals would be measured in the
absence of protein to determine the bi-layer thickness, shown as A in Figure 5.2. The
nanocrystals with protein corona would subsequently be measured. The neutrons would be
scattered by both the bi-layer and the protein corona resulting in a profile from region C in
Figure 5.2. The fitted parameters determined from the nanocrystals without corona would
be used to decipher the profile, allowing information of region B to be extracted.

               Protein Corona

5 nm

~10 nm

~2 nm      Bi-layer

A

CB

Figure 5.2: Schematic showing the approximate radius of the particle core and the thickness
of the ligand-polymer bi-layer and the “hard” protein corona, where A is the
thickness of the bi-layer, B is the thickness of the protein corona and C is the total
thickness of organic content.

As an alternative system, silica nanoparticles are also investigated. These offer the ad-
vantage of not having an additional organic layer, which simplifies the fitting process when
compared to the polymer coated nanocrystal system. Silica nanoparticles are commercially
available with a range of surface functionalities and sizes, allowing ready measurement
of the corona. The ability to contrast match silica using a mixture of D2O and H2O is
advantageous as complementary data for fitting purposes can be generated.

Development of the methods to produce aqueous nanocrystal dispersions at the required
concentration for SANS is discussed. Preliminary SANS results for nanocrystal systems
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A = 50 nm

~10 nmB                         Protein Corona

               Silica

Figure 5.3: Schematic showing the approximate radius of the particle and the thickness of the
“hard” protein corona, where A is the radius of the silica nanoparticle and B is the
thickness of the protein corona.

are demonstrated for Fe3O4 and AuNPs. This is followed by SANS measurements for the
silica particles with soft and hard coronas.

5.3 Studies of the corona upon nanocrystals

5.3.1 Purification of nanocrystal samples

The nanocrystals examined using SANS were stabilised in aqueous environments using the
amphiphilic polymer technique discussed in Chapter 4. In particular, poly(maleic anhyd-
ride-alt-1-octadecene) was used due to the well established literature precedent. Briefly, in
the water transfer procedure, a mixture of nanocrystals and polymer in chloroform had the
solvent slowly removed until a film was produced. An aqueous solution of nucleophile
was added and the nanocrystals became stable in an aqueous solution. In this transfer an
excess of polymer was used and after the nanocrystals had transferred the excess is also
transferred in aqueous solution. In this transfer an excess of polymer was used, which
transferred into the aqueous phase with the polymer coated nanocrystals.

This is shown in Figure 5.4, where the number weighted DLS profile (top) only shows
a peak at approximately 10 nm, which is the polymer transferred nanocrystals. Figure 5.4
(bottom) shows the DLS profile by intensity, where a second structure can be seen at 70 nm.
This structure is an assembly of amphiphilic polymer. In a SANS experiment the larger
structure will cause scattering, which will complicate the scattering profile.

To remove the larger structure and excess free amphiphilic polymer, a cleaning pro-
tocol using SEC was developed. A column containing Sephacryl S-1000 SF which was
98 cm long and 2.5 cm in diameter was found to separate the particles from the polymer.
Figure 5.5 shows the separation of the polymer-coated nanocrystals from the polymer
aggregates using a flow rate of 170 µl min−1. Figure 5.5 (top) shows that, as the collection
tube number increases, the population of the larger peak decreases relative to the smaller
peak. As more mobile phase passes, the nanocrystals become separated from the large
material and size separation amongst the isolated nanocrystals is observed, Figure 5.5
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Figure 5.4: DLS profiles of Fe3O4 transferred using poly(maleic anhydride-alt-1-octadecene).
The profile is represented weighted by number (top) and the intensity profile
(bottom).
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(middle). To give perspective on the amount of nanocrystals passing through the column
the absorbance at λ = 320nm is followed, Figure 5.5 (bottom). This shows that the
majority of the nanocrystals are passing through when separated from the large material.

As the process of SEC dilutes the nanocrystals, centrifugal filters (Amicon ultra
centrifugal filters, 50,000 molecular weight cut off, 2200× g) were used to make more
concentrated dispersions. Following concentration of the samples, the DLS profiles were
collected. There is a possibility that the polymer aggregate had not been removed but the
dilution of the sample may have caused it to disassemble. After concentrating the particles
the second peak did not return, as shown in Figure 5.6, which suggests this is unlikely.

The SEC process was scaled up to allow the production of samples for SANS. A 1 m
long column with a diameter of 5 cm was built and packed with Sephacryl S-1000 SF. This
would allow the separation of approximately 10 times more material per run. Samples were
prepared by scaling up the water transfer procedure 40 times as in Section 5.3.2.1. When
added to the column the sample caused the disruption of the packing material through the
osmotic potential of the sample. The narrow band of particles was distorted over ≈15 cm
and the separation abilities of the column were compromised. SEC was not able to deliver
separated nanocrystals at the scale demanded by SANS, but works well on smaller and
more dilute samples, both to remove large structures and to fractionate the population to
give samples with lower polydispersity.
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Figure 5.5: DLS profiles of Fe3O4 separated by SEC. (Top) Tubes 1 (black), 7 (red) and 12
(green) show the large polymer aggregate. (Middle) Tubes 20 (black), 30 (red),
40 (green) and 50 (blue) show the size separation of pure nanocrystals. (Bottom)
Absorbance against tube number.
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Figure 5.6: DLS profiles of reconcentrated Fe3O4 nanocrystals stabilised with poly(maleic
anhydride-alt-1-octadecene). The curves represent tubes 17 to 25 (black), 26 to
35 (red), 36 to 45 (green) and 46 to 55 (blue).

5.3.2 SANS studies of nanocrystals

5.3.2.1 Sample preparation

The Au and Fe3O4 nanocrystals were synthesised according to the protocols described in
Sections 2.2.2 and 2.2.3. 350 µl of nanocrystals in organic solvent were precipitated using
ethanol (14 ml, Sigma-Aldrich, ≥99.8 %) and centrifuged at 2220× g for 10 min. The
samples were resuspended in 350 µl of either H8-toluene (Sigma-Aldrich, ≥99.9 %) or
D8-toluene (> 99.50 atom %D, Apollo Scientific) to achieve the required contrast. TEM
images for AuNP and Fe3O4 in toluene are shown in Figures 5.7 and 5.8.

Polymer coated nanocrystal samples were prepared in a similar manner to previous
chapters except the quantities were scaled by 40 to deliver quantities required for SANS.
In a scaled-up water transfer, 4 ml of a stock solution of nanocrystals was precipitated
using ethanol (45 ml) and resuspended in chloroform (10 ml, Fisher Scientific, >99 %). A
solution of poly(maleic anhydride-alt-1-octadecene) (8 g, 30,000 – 50,000 g mol−1 Aldrich)
in chloroform (200 ml) was stirred for 30 min. The poly(maleic anhydride-alt-1-octa-
decene) and nanocrystal solutions were mixed and the solvent was slowly removed by
rotary evaporation over 4 h. This was further dried by use of a Schlenk line for 2 h. A
solution of tetramethylammonium hydroxide (16 g, Sigma, ≥97 %) in distilled water
(200 ml) was added to the dried film and swirled overnight resulting in the particles
dispersing in the aqueous phase. Once transferred, the solution was buffer exchanged
using a 42 ml Sephadex G-25 column into Phosphate Buffered Saline (PBS). This was
concentrated using ultrafiltration (Amicon polyethersulphone 5000 MWCO membrane,
5 cm, 2.5 bar) until a paste was formed. The particles were resuspended into 10 ml of
distilled water.

119



CHAPTER 5

Figure 5.7: TEM micrograph of the AuNP used

Figure 5.8: TEM micrograph of the Fe3O4 nanocrystals used
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5.3.2.2 Neutron scattering profiles

The nanocrystals in organic solvents can be studied to observe the behaviour of the
stabilising ligands. Information about ligand packing is in itself interesting and may shed
light on how the amphiphilic polymers interact with a particular ligand. In this section,
Fe3O4 stabilised with oleic acid and AuNP stabilised with dodecanethiol were studied.
The SLDs of materials frequently used in this section are listed in Table 5.1.

Table 5.1: SLDs of solvents and nanocrystal materials

Material SLD / Å−2

Fe3O4 7.03×10−6

Au 4.67×10−6

dodecanethiol −3.68×10−7

oleic acid 3.67×10−7

H-toluene 9.39×10−7

D-toluene 5.66×10−6

H2O −5.61×10−7

D2O 6.39×10−6

100% D-toluene 100% H-toluene

ρ

0

ρ

0

Figure 5.9: The contrast schemes for Fe3O4 in D-toluene (left) and H-toluene (right). The
ligand SLD is assumed to be equal to the pure ligand in these schemes.

A simultaneous fit was performed on Fe3O4 in H-toluene and D-toluene. In this
parameters from the form factors applied were locked to one another. This constraint
enhances the quality of the fit as the likelihood of both fits being incorrect is smaller than
an individual fit.

In H-toluene the oleic acid layer is almost contrast matched and the layer is assumed
to not contribute to the scattering profile. Consequently, a spherical form factor has been
used to model just the Fe3O4 core in H-toluene. The Fe3O4 sample in D-toluene has no
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contrast matching as the SLD of the solvent is not near that of the ligand shell nor the
nanocrystal core. In the fitting process, the radius and polydispersity associated with the
sphere, in the H-toluene case, and the core, in the D-toluene case, were locked together.
The SLD of the solvents and Fe3O4 were fixed and the remaining values were allowed to
float. The resulting profiles are shown in Figure 5.10 and parameters in Table 5.2.
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Figure 5.10: The scattering profiles for Fe3O4 in H-toluene (top) and D-toluene (bottom). The
profiles were fitted using a simultaneous fit where the dimensions of the Fe3O4
core were linked in the two fits.

The shell thickness was determined to be 8.2 Å. This value contains information on the
adopted packing of the ligand layer stabilising the nanocrystal. Oleic acid is an alkyl chain
possessing eighteen carbon atoms. If the chain were to be extended to form the longest
structure possible it would extend for 24 Å. The determined value of 8.2 Å is much smaller
than the maximum the ligand can reach. This could be indicative of either the ligand layer
laying tightly on the surface, which is a possibility as the double bond in oleic acid may
cause a bend in the molecule encouraging the formation of a thin layer. Alternatively, the
apparently thin layer could be a consequence of ligand solvation. As the distance from the
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Table 5.2: Parameters of the Fe3O4 simultaneous fit. Parameters with a star were fitted. A
double star signifies the parameter was locked to the counterpart in a simultaneous
fit.

Fe3O4 in H-toluene Fe3O4 in D-toluene
Sphere Form Factor Core-Shell Form Factor

Parameter Value Parameter Value

Background* 0.0100 cm−1 Background* 0.0681 cm−1

Volume fraction* 0.0036 Volume fraction* 0.0075
Sphere radius** 36.0 Å Core radius** 36.0 Å
SLD of sphere 7.03×10−6 Å−2 SLD of core 7.03×10−6 Å−2

SLD of solvent 9.39×10−7 Å−2 SLD of solvent 5.66×10−6 Å−2

SLD of shell* 6.19×10−7 Å−2

Shell thickness* 8.2 Å
Polydispersity* * 0.39 Polydispersity* * 0.39

nanocrystal surface increases the average distance between ligands may increase, due to
the high curvature of the nanocrystals. The volume available for solvent to reside between
ligands would increase, causing the SLD to approach that of the solvent. In this case, the
shell modelled would be closer to an effective ligand length, i.e. the ligand length visible
to the neutrons. The SLD of the ligands has moved from the value for pure oleic acid, of
3.67×10−7 Å−2, towards the value of the solvent as expected with ligand solvation.

100% D-toluene

ρ

0

Figure 5.11: The contrast scheme for AuNP in D-toluene. The ligand SLD is assumed to be
equal to the pure ligand.

In the case of AuNP, a core shell model was applied due to the core and ligand not
being contrast matched by D-toluene, Figure 5.11. The AuNP were fitted using a core-shell
model as shown in Figure 5.12. Table 5.3 shows that the SLD of the ligand shell floated
towards that of D-toluene which is expected. The ligand shell thickness is much thinner
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Figure 5.12: The scattering profile for AuNP in D-toluene.

for dodecanethiol stabilised AuNP than was observed for oleic acid stabilised Fe3O4.
This could be due to differences in ligand density, the absence of the double bond as
in oleic acid or the higher surface curvature. The higher surface curvature would cause
the spacing between ligands to increase more rapidly with distance from the nanocrystal
surface. Dodecanethiol ligands can potentially point straight away from the surface, unlike
oleic acid with a double bond. This could result in a less dense layer causing the SLD to
decrease faster from the surface and cause a smaller effective ligand length than oleic acid.
A more detailed study with particles of varying particle size and ligand would be required
to determine the nature of the ligand layer. Time on the SANS2D instrument was applied
for at ISIS to perform this study but beam time was not awarded.

Table 5.3: Parameters of the AuNP fit. Parameters with a star were fitted.

Au in D-toluene
Core-Shell Form Factor

Parameter Value

Background* 0.0274 cm−1

Volume fraction* 0.0221
Core radius* 33.9 Å
SLD of core 4.67×10−6 Å−2

SLD of solvent 5.66×10−6 Å−2

SLD of shell* 7.89×10−7 Å−2

Shell thickness* 1.4 Å
Polydispersity* 0.10
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5.3.2.3 Polymer coated nanocrystals

The AuNP were stabilised in aqueous solution using poly(maleic anhydride-alt-1-octa-
decene), which had been reacted to produce pendant carboxylic acid or poly(ethylene
oxide)-poly(propylene oxide) functionality. The profile for the carboxylic acid stabilised
AuNP is shown in Figure 5.13. An attempt at fitting a core-shell form factor to the
experimentally observed scattering is also shown in Figure 5.13. Parameters for the core
from the fit in D-toluene, Table 5.3, were used as fixed values in the fit. A shell thickness of
20 Å has been used in order to create a curve similar to the expected hydrophobic bilayer.
The SLD of the shell and the volume fraction were allowed to float and the parameters of
the fitted core-shell form factor are shown in Table 5.4.

The fitted curve in Figure 5.13 is not the correct shape to model the observed scattering
profile. The high Q features of a core shell form factor are absent in the observed scattering
profile. The fitting software has increased the difference in SLDs and the volume fraction
to scale the form factor to the observed profile. What can be concluded is that the collected
curve is not a product of a core-shell form factor. The volume fraction of the scattering
material is much higher than that of the stock solution of AuNP in toluene. The scattering
is likely to be from an excess of polymer which is not wrapped around the nanocrystal
surface and the contribution from wrapped nanocrystals is negligible in comparison.
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Figure 5.13: The scattering profile for AuNP coated with poly(maleic anhydride-alt-1-
octadecene) with pendant carboxylic acid groups in D-PBS. The fitted curve
represents an approximation of the profile expected for AuNP with a 2 nm hydro-
phobic bilayer.

Figure 5.14 shows an equivalent sample transferred using poly(maleic anhydride-alt-
1-octadecene) opened with Jeffamine M-1000. This also shows strong features which
are responsible from a large contribution from structure factor which is thought to arise
from excess unbound polymer. It is also clear that the shape of the structure factor from a
polymer with pendant poly(ethylene oxide)-poly(propylene oxide) chains is significantly
different to that of the same polymer with pendant carboxylic acid groups. In the case of
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Table 5.4: Parameters used to simulate an approximation of polymer coated AuNPs using a
core-shell form factor. Parameters with a star were fitted.

AuNP in Deuterated-PBS
Core-Shell Form Factor

Parameter Value

Background 0.13 cm−1

Volume fraction* 0.109
Core radius 33.9 Å
SLD of core 4.67×10−6 Å−2

SLD of solvent 6.39×10−6 Å−2

SLD of shell* 9.42×10−7 Å−2

Shell thickness* 20 Å
Polydispersity 0.10

the scattering profile from the pendant Jeffamine M-1000 poly(maleic anhydride-alt-1-
octadecene) it is clearer that a core-shell, similar to the fitted profile in Figure 5.13, could
not fit the observed curve. The conclusion is that there is a concentration of excess polymer
which is high enough to create the observed profile and the contribution from polymer
coated nanocrystals is small.
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Figure 5.14: The scattering profile for AuNP coated with poly(maleic anhydride-alt-1-
octadecene) with pendant Jeffamine M-1000 in deuterated PBS.

5.3.2.4 Conclusion

It was concluded that the scaling up of the polymer coating of nanocrystals resulted in an
excess of free polymer, which could not to be removed using SEC. As a consequence silica
nanoparticles were studied at the next allocation of beam time. This has two advantages:
the particles require no elaborate preparation and the sizes of silica nanoparticles fall
into the middle of the Q-range available which means they are easier to measure due to
increased scattering.
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The ligand layers of AuNP and Fe3O4 were studied in toluene of different contrasts.
It was possible to model the nanocrystals using sphere and core shell form factors to
elucidate information about their ligand layers. The oleic acid stabilised Fe3O4 had a shell
thickness, at 8.2 Å, compared to the dodecanethiol stabilised AuNP, at 1.4 Å. There are
many factors which could be contributing to the difference, such as surface curvature,
ligand packing density, ligand length and the presence of unsaturation. This would warrant
further investigation as it is in itself interesting and could explain bilayer thicknesses of
polymer coated nanocrystals after the scale up issue is solved.

5.4 Studies of the corona upon silica nanoparticles

5.4.1 Corona formation methodology

Uncoated SiO2−COOH nanoparticles (50 nm diameter, Micromod, 25 mg ml−1) were
exchanged into D2O using centrifugal filters (Amicon ultra centrifugal filters, 50,000
molecular weight cut off). 1 ml of SiO2−COOH nanoparticles was diluted with 14 ml of
deuterium oxide (> 99.92 atom %D, Apollo Scientific). The volume was reduced to 1 ml by
centrifugation at 2200×g for 12 min. The process of dilution to 15 ml and centrifugation
to 1 ml was repeated two more times to create a stock solution of SiO2−COOH in D2O.
Solutions of mixed solvent were prepared by mixing nanoparticles in H2O and D2O to get
the required ratio.

Silica nanoparticles with carboxylic acid surfaces and protein coronas were prepared
as follows. 50 µl of the 25 mg ml−1 stock solution in H2O of silica nanoparticles were
mixed with 400 µl of serum (Foetal bovine serum, Fisher Scientific, Batch RVJ35882)
and 50 µl of D-PBS (tablets, Sigma), i.e. a 90 % serum solution. The mixture of particles
and serum was incubated at room temperature for 1 h. The protein coated particles were
collected by centrifugation at 9500× g for 15 min resulting in a colourless pellet. The
supernatant containing unbound protein was discarded and the pellet resuspended in 1 ml
of D-PBS through agitation by pipette. This resulted in a 1.25 mg ml−1 dispersion of silica
nanoparticles coated with a soft protein corona.

The process of centrifugation at 9500×g for 15 min and resuspension was repeated
twice more, a total of three times, to isolate silica nanoparticles coated with only a hard
protein corona. Resuspension became more difficult with each centrifugation. Contrast
matched samples were prepared in the same manner except the PBS solution contained a
mixture, by volume, of 60 % D2O and 40 % H2O.
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5.4.2 Characterisation of the corona

5.4.2.1 Characterisation of the uncoated particles

The scattering profiles generated require as much information about the sample as possible
to be acquired to strengthen the fitting procedure. In this experiment the structure of the
corona is the unknown quantity. If the corona upon a nanoparticle is modelled using a
core-shell form factor the properties which can be determined are the thickness and SLD
of the corona. The silica nanoparticle at the core can be characterised completely. This
generates values which are used as knowns when fitting the corona coated nanoparticles.
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Figure 5.15: Experimental determination of the contrast of SiO2 particles by variation of the
proportion of deuterated solvent.

The density of the silica nanoparticles is quoted by the manufacturer as 1.8 g ml−1 which
results in an SLD of 2.84×10−6 Å−2. The SLD of the silica particles was determined
experimentally by performing measurements of the particles in mixtures of D2O and H2O.
At the point I1/2(Q) is equal to zero, the contrast of the solvent is matched with that of the
dispersed object. The plot of I1/2(Q) against the percentage of D2O is shown in Figure 5.15.
The percentage of D2O required to achieve I1/2(Q) equal to zero was determined to be
59 %. Taking into account the SLDs of H2O and D2O, as shown in Table 5.5, the SLD
of the silica particles was determined to be 3.54×10−6 Å−2. When performing contrast
matching experiments a mixture of D2O and H2O containing 60 % by volume of D2O is
used. The experimentally determined value is used for the fitting of the corona samples.
The higher value may be attributed to solvent penetration of the nanoparticles.
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Table 5.5: SLDs of solvents and silica

Material SLD / Å−2

SiO2 3.54×10−6

H2O −5.61×10−7

D2O 6.39×10−6

A TEM was used to capture images of the carboxylic acid functionalised silica nano-
particles (SiO2−COOH) as shown in Figure 5.16. This allowed a mean size and a poly-
dispersity to be determined. These values serve as the starting values for the fitting of the
particles without corona. 300 nanoparticles were measured to determine the radius and
polydispersity. The radius was found to be 234.4 Å with a polydispersity of 0.13.

Figure 5.16: TEM micrograph for SiO2−COOH.

The scattering profile for the SiO2−COOH was fitted using a spherical form factor. The
starting values for the radius and the polydispersity were taken from the TEM measurement.
These values were allowed to find the optimal value as the average particle as perceived
by the neutrons is not necessarily the same as that of the electrons. Figure 5.17 shows the
fitted scattering profile and Table 5.6 lists the final values for the parameters. The solvent
and nanoparticle SLDs were fixed and the remaining values were left to float. A value
of 201.1 Å was determined for the radius, which is smaller than the value measured by
TEM. This implies that there is a degree of solvent penetration at the surface lowering the
effective nanoparticle diameter seen by the neutrons. The polydispersity was also slightly
higher than that of the TEM at 0.16. The values for the SLD, radius and polydispersity of
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the bare particles are used in the fitting of the corona coated particles as fixed values due to
their determination in this section.
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Figure 5.17: The scattering profile for SiO2−COOH in D2O. The red curve is the fitted profile
for a sphere.

Table 5.6: Parameters of the SiO2−COOH fit. Parameters with a star were allowed to float
and those without were fixed.

SiO2−COOH in D2O
Sphere Form Factor

Parameter Value

Background* 0.003 cm−1

Volume fraction* 0.0000459
Sphere radius* 201.1 Å
SLD of sphere 3.54×10−6 Å−2

SLD of solvent 6.37×10−6 Å−2

Polydispersity* 0.16
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5.4.2.2 Corona coated silica nanoparticles

The SLD of proteins typically fall between 1.8 and 3 Å−2. With the experimentally
determined SLD for the silica nanoparticles and the known value for D2O, an approximate
scheme for a silica core with a protein shell in D2O can be made, Figure 5.18. As the
contrast condition for silica has been determined in Figure 5.15, a scheme for the contrast
matched core is also presented.

100% D 60% D

ρ

0

ρ

0

Figure 5.18: The contrast matching scheme used for corona coated SiO2 particles (left) in
100 % D-PBS with no contrast matching and (right) in 60 % the core is contrast
matched against the solvent.

Silica nanoparticles were incubated in serum and washed to produce nanoparticles
with either a soft corona or a hard corona, as described in Section 5.4.1. The four samples
discussed are the hard and soft corona coated particles in 100 % D-PBS and 60 % D-PBS.
The profiles from the two contrasts are complementary to each other as the dimensions of
the structure are the same. Using a simultaneous fit between the 100 % and 60 % D samples
strengthens the fitted curve as the parameters that are locked to one another produce curves
for both samples. In the case of the contrast matched hard and soft coronas, the only
parameter that was locked for the simultaneous fit was the thickness of the shell. The SLD
of the shell has not been locked as solvation of the proteins will move the SLD of the
corona towards that of the solvent used.

The DLS size distributions of the hard and soft corona coated nanoparticles are shown
in Figure 5.19. SiO2−COOH with a soft corona have a hydrodynamic radius of 56.1 nm
and a single peak. This is as expected as the corona coated nanoparticle is larger than the
uncoated particles. The hard corona coated SiO2−COOH has a maximum hydrodynamic
radius at 74.5 nm although the size distribution has a tail to higher radius. This may
indicate the presence of an artefact from the centrifugal washing process. The hard corona
having a larger hydrodynamic radius than the soft corona is the opposite of what would be
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expected to be observed and suggests that some degree of particle aggregation has occured.
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Figure 5.19: DLS profiles for SiO2−COOH with a soft corona (top) and hard corona (bottom).

The fitted scattering profiles for the hard protein corona are shown in Figure 5.20.
The soft corona profiles with the two contrasts were fitted using a simultaneous fit where
the thickness of the shell was locked. Scattering from the nanoparticle and the corona
causes the 100 % profile in Figure 5.20 (top). There are three features in the profile at
Q values of 0.008, 0.02 and 0.06 Å−1. A fitted profile for a core shell is superimposed.
The fitted profile does not agree with the observed profile but does share some features.
The 0.008 Å−1 feature is much smoother than the fitted core shell profile. The smooth
feature at low Q is an indication of a large polydisperse structure which is not from a single
nanoparticle with a corona. The polydispersity of the core is the main contributor to the
polydispersity of the corona coated nanoparticle and this is well characterised suggesting
another structure must be contributing to the observed polydispersity. The 60 % D system
has larger associated error bars due to the scattering only coming from the corona and the
difference in SLD of the corona and the solvent/core being small. The three features as
observed in the 100 % D system are not there. This is a good indication that the features
seen in the 100 % system are from the nanoparticle and not the corona. The 60 % D profile
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shows a smooth curve with no additional features, although the error bars are large enough
for features to be hidden, hence caution is required in fitting the results.
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Figure 5.20: The scattering profiles for SiO2−COOH with a hard protein corona in 100 %
D-PBS (top) and 60 % D-PBS (bottom).

The parameters of the fit are displayed in Table 5.7. Parameters from the fitting of
the bare particle were used as fixed values and parameters from the corona were allowed
to float. The SLD of the shell was started at 3×10−6 Å−2, which is the average value
of a protein in D2O, and allowed to float. With the 100 % D sample, the SLD of the
shell would float to the lowest value possible if unconstrained. This is surprising as the
SLD might be expected to tend to that of the solvent, due to solvent filling spaces in the
corona. The fitting software attempting to reach a low value for the corona SLD is an
attempt to increase the difference in SLD between the shell and the solvent. As shown in
Equation 2.15 a larger difference in solvent and shell SLD increases the contribution from
the shell in the resulting core shell form factor. This is unlikely to be representative of the
system being observed and is just an attempt of the fitting software to make the curve fit.
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As a consequence, the SLD reported in Table 5.7 is fixed at 3×10−6 Å−2. The SLD of the
corona in the 60 % fit was found to be 1.05×10−6 Å−2. This has also moved away from
the value of the solvent but has found a sensible value.

Table 5.7: Parameters of the simultaneous fit for the SiO2−COOH with hard corona. Paramet-
ers with a star were fitted. A double star signifies the parameter was locked to the
counterpart in a simultaneous fit.

SiO2−COOH with hard corona SiO2−COOH with hard corona
in 60 % D-PBS in 100 % D-PBS

Core-Shell Form Factor Core-Shell Form Factor

Parameter Value Parameter Value

Background 0.002,80 cm−1 Background* 0.01 cm−1

Volume fraction* 0.000106 Volume fraction* 0.000237

Core radius 201.1 Å Core radius 201.1 Å

SLD of core 3.54×10−6 Å−2 SLD of core 3.54×10−6 Å−2

SLD of solvent 3.54×10−6 Å−2 SLD of solvent 6.37×10−6 Å−2

SLD of shell* 1.05×10−6 Å−2 SLD of shell* 3×10−6 Å−2

Shell thickness** 72.9 Å Shell thickness** 72.9 Å

Polydispersity of core 0.16 Polydispersity of core 0.16

Polydispersity of shell 0.15 Polydispersity of shell 0.15

The thickness of the hard corona was found to be 72.9 Å. This value is within the
sensible range as Bovine serum albumin (BSA), which is a relatively large plasma protein,
is 80 Å long. This implies that the hard corona is about one or two monolayers thick,
though much caution is required in interpretation as the fit is not optimal. The fitted
curves do not fit the acquired curve and the values can not be treated as absolutely correct
but rather as an indication of the potential structures that could contribute towards the
total curve. Both curves for the hard corona appear more polydisperse than the well
characterised polydispersity for the core suggests should be possible, again suggesting
other structures are contributing. Polydispersity of the core is the major contributor to the
smoothing of a core shell form factor. The polydispersity of the silica nanoparticles is well
characterised and is not responsible for the curves acquired.

The acquired scattering profiles for SiO2−COOH coated with a soft protein corona are
shown in Figure 5.21. The scattering profile of the soft corona coated SiO2−COOH in
100 % D-PBS, Figure 5.21 (top), shares all the key features with the hard corona coated
SiO2−COOH D-PBS. In the region at low Q, i.e. below 0.01 Å−1, the soft corona-coated
SiO2−COOH has a higher degree of curvature, which is closer to a typical core shell form
factor. The scattering profile in 60 % D, Figure 5.21 (bottom), shows at least two features
at 0.006 and 0.02 Å−1. These features appear to line up with the fitted core-shell form
factor but the intensities of the features differ.
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Figure 5.21: The scattering profiles for SiO2−COOH with a soft protein corona in 100 %
D-PBS (top) and 60 % D-PBS (bottom).

The soft corona-coated SiO2−COOH was fitted in an identical way to the hard corona-
coated particles and the parameters of the fitted curves are shown in Table 5.8. The
parameters of the silica nanoparticle were taken from the fit of the bare particle and fixed
at these values. As with the soft corona coated nanoparticles in 100 % D-PBS the SLD of
the shell had a tendency to move to values lower than sensible to increase the difference
between SLDs. Consequently, the SLD was fixed at 3×10−6 Å−2. The shell SLD was
allowed to float in the 60 % D-PBS fit. The result was the movement towards the value of
the solvent. The shell thickness was the locked parameter in the simultaneous fit and was
given as 85.4 Å, which is a realistic value when compared to larger serum proteins. This
value is very similar to that of the hard corona, which was 72.9 Å.
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Table 5.8: Parameters of the simultaneous fit for SiO2−COOH with soft corona. Parameters
with a star were fitted. A double star signifies the parameter was locked to the
counterpart in a simultaneous fit.

SiO2−COOH with soft corona SiO2−COOH with soft corona
in 60 % D-PBS in 100 % D-PBS

Core-Shell Form Factor Core-Shell Form Factor

Parameter Value Parameter Value

Background* 0.001 cm−1 Background* 0.0045 cm−1

Volume fraction* 0.00345 Volume fraction* 0.000122

Core radius 201.1 Å Core radius 201.1 Å

SLD of core 3.54×10−6 Å−2 SLD of core 3.54×10−6 Å−2

SLD of solvent 3.54×10−6 Å−2 SLD of solvent 6.37×10−6 Å−2

SLD of shell* 3.30×10−6 Å−2 SLD of shell 3×10−6 Å−2

Shell thickness** 84.4 Å Shell thickness** 84.4 Å

Polydispersity of core 0.16 Polydispersity of core 0.16

Polydispersity of shell 0.15 Polydispersity of shell 0.15

5.4.3 Conclusion

The scattering profiles acquired using D11 were too complicated to fit using simple
geometric form factors. It is likely that there is another structure which is contributing
towards the observed profile. The existence of multiple particles coated with a corona,
identified as dimers and trimers, has been demonstrated when preparation of samples when
using centrifugal preparations has been demonstrated by Walczyk et al.241 The DLS of the
hard corona coated SiO2−COOH studied suggested that an artefact was introduced during
the cleaning process. This reduces the confidence in the outcomes of the fitting.

There is also a strong possibility that a core-shell model is an over-simplification of
the system. For instance, defining the end of the soft corona may be a similar situation
to defining edge of the atmosphere or an electrostatic double-layer. In this case the core-
shell model would be inappropriate. Moving too far from simple models requires more
detailed knowledge of the system. Fitting programs contain many models but the majority
of non-simple models available on fitting software have been developed with particular
systems in mind. Simplification of the profiles may also be achieved by studying more
refined systems such as single protein studies or a more focussed study on the hard corona.

5.5 Conclusions

The study of the protein corona formed upon amphiphilic polymer coated nanocrystals
using SANS was attempted. Scaling the synthesis of the polymer coated nanocrystals to
the concentrations required by SANS was hindered by the removal of the excess polymer
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which is a consequence of the water transfer procedure used. Separation of the polymer
coated nanocrystals from excess unbound polymer was performed on a small scale but
could not be scaled up to concentrations required for SANS.

The first set of SANS experiments demonstrated that the organic ligands on nanocrystals
can be used with a core-shell form factor to determine an effective ligand shell thickness.
Although the set of results was small the differences in the ligand shell thickness modelled
were interesting and warrant further study. Information of ligand packing could be useful
in future modelling of the amphiphilic bilayer on different particles. Once the removal of
excess polymer is achieved, this can be extended to determine the thickness of the polymer
bilayer. The polymer coated nanocrystals showed scattering profiles which were dominated
by free polymer producing profiles which could not be modelled using a core-shell form
factors with approximate expected dimensions. The profile generated by the excess of
free polymer dominated the observed profile preventing observation of the polymer coated
nanocrystals.

The second set of SANS experiments examined the protein corona formed on silica
nanoparticles as an alternative to polymer coated nanocrystals. The acquired scattering
profiles for protein coated silica nanoparticles showed a distinct difference from the bare
nanoparticles. An attempt to fit the scattering profiles was performed using core shell
form factors. The fitted profiles showed characteristics that mimicked parts of the acquired
profiles but did not explain the features fully. A possibility is that there is a mixture of
structures, which increases the complexity of the fitting. Another possibility is that the use
of a core-shell form factor is not suitable to model the corona, in particular the soft corona.
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Conclusion and future work

6.1 Conclusion to the thesis

In Chapter 3 a method for functionalising nanocrystals with a thin silica layer over an
amphiphilic polymer foundation was presented. A foundation of poly(styrene-co-maleic
anhydride) was formed upon the particle by the hydrophobic interaction between the
pendant phenyl groups and the nanocrystal ligands. The anhydride rings were then reacted
with (3-aminopropyl)triethoxy silane which subsequently polymerised to form a silica
shell.

The layer was characterised with a wide selection of techniques, which allowed the
chemical composition of the layer to be identified and the product was identified as
containing both the amphiphilic polymer foundation and silica. The location of the layer
was proven using EDX and EFTEM proving that the silica was situated on the nanocystals.

In Chapter 4 families of pro-amphiphilic polymers containing the activated ester
monomer N-(acryloyloxy)succinimide and amphiphilic polymers containing acryloyloxy
poly(ethylene glycol) monomethyl ether were synthesised, characterised and had their
ability to water transfer nanocrystals tested. It was found that poly(N-(acryloyloxy)-
succinimide-co-styrene) polymers could perform a partial transfer of the nanocrystals
tested. The ability to transfer particles increased with decreasing polymer chain length, an
observation similar to that of with their synthesised poly(styrene-alt-maleic anhydride).207

The poly(N-(acryloyloxy)succinimide-co-octadecylacrylate) polymers were found to
be ineffective at transferring nanocrystals. No partial transfers were observed. This may be
attributed to poor choice of the pendant alkyl chain. A possible reason for incompatibility
is poor interactions between ligand and polymer due to size differences. This may explain
the difference between synthesised octadecylacylate and styrene copolymers.

Both types of poly(acryloyloxy poly(ethylene glycol) monomethyl ether-co-octadecyl
acrylate) were unable to achieve any transfer of the Fe3O4 nanocrystals. This could be due
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to poor choice of the pendant alkyl chains as with the poly(N-(acryloyloxy)succinimide-
co-octadecylacrylate) polymer or how the polymer behaves in chloroform as the solvent
is removed. It is likely that the acryloyloxy poly(ethylene glycol) monomethyl ether has
significantly different properties in solution in comparison to the commercially available
polymers that have been used successfully.

In Chapter 5, the study of the protein corona formed upon nanocrystals and silica
nanoparticles was attempted using SANS. The first experiment on amphiphilic polymer
systems revealed that the polymer coated nanocrystals contained an excess of unbound
polymer. The excess could be removed using SEC when working on a small scale but
became an issue after scaling up the particle concentration to the concentrations required
for SANS.

The second experiment focussed on the corona formed on silica nanoparticles. The
information from this would provide valuable information on the structure of the corona
and allow the development of fitting processes to interpret the scattering profiles obtained.
Soft and hard coronas were observed using SANS but could not be fitted due to the samples
being too complex for simple SANS models. It is not clear if the complexity arises from
the corona around a particle or if other species exist contributing to the observed scattering
patterns.

6.2 Future work

To expand the work conducted in Chapter 3, the layer synthesised could be increased
in thickness by introducing TEOS into the layer growth phase. The ability to deliver
controlled shell thicknesses would be an attractive extension to this work. The poor
reproducibility of the silica coating methods discussed in Section 3.1.2.3 is suspected to be
due to the water content of the organic solvents in which the reactions are performed. In
this work the reproducibility was improved by controlling the temperature and slowing the
reaction further by use of triethoxysilanes and not trimethoxysilanes, although the question
of water content has not been addressed. Control over water could be addressed by using
solvents containing defined water content by salt hydrate pairs to buffer the water content.

The polymers synthesised in Chapter 4 were unable to perform complete transfers of
Fe3O4 nanocrystals. An extension of this work would be to synthesise a series of polymers
where the length of the pendant alkyl chain decreases to see if this has any influence
on transfer ability. There are other activated ester containing monomers which could
potentially be explored, such as pentafluorophenyl acrylate, although the partial transfers
observed do not suggest (N-(acryloyloxy)succinimide is the source of the poor transfers
observed.

Investigation of monomers containing shorter poly(ethylene glycol) chains could im-
prove transfer. Pendent poly(ethylene glycol) chains which are longer than the amphiphilic
polymer backbone are likely to dominate the properties of the resulting polymer. Although,
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the use of shorter poly(ethylene glycol) chains could compromise colloidal stability of the
coated nanocrystals.

The studies of corona formation upon nanocrystals and model nanoparticle systems did
not yield any reliable information on the dimensions of the coronas formed. The corona
is a complex system made from a large potential range of proteins, which have different
affinities, packing abilities, sizes and solvations. Studying a single protein system, in
particular the hard corona, may allow the development of the fitting process which can
be expanded for the more sophisticated corona formed at media which resembles in vivo

systems more closely. For instance, a study of HSA on silica particles of different surface
funtionalisations could allow the use of existing form factors or the development of a
custom form factor for the protein corona. If sample preparation is introducing artefacts,
SANS measurements of the corona-nanoparticle system in situ would allow comparisons
to be made to the isolated corona-nanoparticle system.
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APPENDIX A

Typical nanocrystal characterisation data

InP@ZnS characterisation

Figure A.1: An HRTEM micrograph of InP@ZnS nanocrystals.
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Figure A.2: An SAED pattern of InP@ZnS nanocrystals showing the hkl Miller indices for
InP identified using PDF 00-032-0452.
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Figure A.3: An EDX spectrum for InP@ZnS
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Fe3O4 characterisation

Figure A.4: An HRTEM micrograph of Fe3O4 nanocrystals.
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Figure A.5: An EDX spectrum for Fe3O4
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Figure A.6: An SAED pattern of Fe3O4 nanocrystals showing the hkl Miller indices for Fe3O4
identified using PDF 00-019-0629
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AuNP characterisation

Figure A.7: An HRTEM micrograph of AuNP.
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Figure A.8: An EDX spectrum for AuNP
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Figure A.9: An SAED pattern of AuNP showing the hkl Miller indices for Au identified using
JCPDS 4-0784
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APPENDIX B

Publications

The research paper by McNaughter et al., detailed below, is included with permission from
Wiley. Copyright (2011).

P. D. McNaughter et al., ‘A thin silica-polymer shell for functionalising colloidal
inorganic nanoparticles’, Angew. Chem. Int. Ed., 2011, 50, 10384–10387, DOI: 10.1002/
anie.201103954

The title page of the book chapter by Bear et al., detailed below, is included with kind
permission of Springer Science+Business Media. Copyright Springer Science+Business
Media, LCC (2011).

J. Bear et al., In vivo applications of inorganic nanoparticles, in BetaSys: Systems

biology of regulated exocytosis in pancreatic β -cells, ed. B. Booß-Bavnbek et al., Springer
New York, New York, NY, 2011, pp. 185–220, ISBN: 978-1-4419-6955-2, DOI: 10.1007/
978-1-4419-6956-9_9
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Organic–Inorganic Hybrid Composites
DOI: 10.1002/anie.201103954

A Thin Silica–Polymer Shell for Functionalizing Colloidal Inorganic
Nanoparticles**
Paul D. McNaughter, Joseph C. Bear, David C. Steytler, Andrew G. Mayes, and Thomas Nann*

Universally applicable, thin, and reproducible coatings
for colloidal nanoparticles are a prerequisite for almost
any of the wide-ranging applications of these exciting
materials. Many techniques developed for coating and
functionalization of nanoparticles have restrictions
toward future applications with regard to key proper-
ties, such as solubility, size, and colloidal stability.[1] The
greatest weakness of current methods, such as ligand
exchange,[2] silica shells of various thicknesses,[3–5] and
organic shells,[6, 7] is the strong dependence of the
chemistry on the inorganic core surface. Herein, InP/
ZnS and Fe3O4 colloidal inorganic nanoparticles that
have different surface properties are coated with a thin,
cross-linked and functionalized shell containing organic
and inorganic layers. Although not shown in this report,
the method has also been applied to other colloidal
particles, such as Au, CuInS2 (CIS), CdSe/ZnS, and InP.
This work expands nanoparticle coating techniques to
develop a completely new type of hybrid coating
technique. Using silicon as a marker, we conclusively
prove that the underlying amphiphilic polymer foun-
dation[8–12] is arranged on the particle surface as
predicted in past reports.

The synthesis of the hybrid surface layer takes
advantage of the adsorption of amphiphilic polymers to the
hydrophobic stabilizing ligands on the colloidal nanoparticle
surfaces. Commercial poly(styrene-co-maleic anhydride)
(PSMA) was adsorbed as described by Mulvaney and co-
workers (Scheme 1, step A).[8] The silica precursor, 3-amino-
propyltriethoxysilane (TEAPS), was then reacted, resulting
in a silane being tethered to the polymer (Scheme 1, step B).
Generally, other methods for thin silica layers[3, 4,13] use
trimethoxysilanes as silica precursors. In an effort to separate
the nucleophilic attack of the silica precursor to the polymer
foundation and the polymerization to form silica the
triethoxysilane equivalent was used, thus attempting to

resolve steps B and C in Scheme 1. The temperature of the
reaction mixture was also lowered to further aid this process.
The polymerization of the tethered silica precursors occurs
(Scheme 1, step C) resulting in particles that are soluble in
dimethyl sulfoxide (DMSO), dimethylformamide (DMF),
and 0.05m NaOH (aq).

High-resolution transmission electron microscopy
(HRTEM) and dynamic light scattering (DLS) measurements
(Figure 1) both show that the particles were well-dispersed in
solution. The DLS results show an increase in the hydro-
dynamic radius of the particles during the synthesis indicating
that a layer has formed on the surface of the particles. The
HRTEM image of a single hybrid-layer-coated particle (Fig-
ure 1b) showed no indication of a layer. This is unsurprising
because the layer is amorphous and consists of elements that
scatter electrons weakly. Once transferred to 0.05m NaOH
(aq) the zeta potential of the colloid was �37.1 mV indicating
a good stability.

Retention of nanoparticle properties when coated with a
hybrid layer is fundamental for their application. To inves-
tigate the retention of nanoparticle properties, the lumines-
cence of InP/ZnS quantum dots was monitored during the
formation of the layer. The luminescence decreased by
approximately 33% between polymer coating and growth of
the silica component of the layer. Once transferred to DMF
the luminescence was still present although approximately

Scheme 1. Formation of the thin layer around the nanoparticle. A) The amphi-
philic polymer, PSMA, wraps around the particle. B) The silica precursor,
TEAPS, opens the anhydride ring on the polymer and attaches the silane to the
polymer. C) Polymerization between the bound and free TEAPS to form a thin
silica layer. The solvent used at each stage is noted above each structure.
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halved relative to the luminescence observed before the
transfer to CHCl3.

The IR spectrum of the hybrid-layer-coated particles was
compared to that of the layer precursors (Figure 2). The
hybrid layer contains many chemical functionalities
(Scheme 1), which complicates the characterization, but the
presence of an amide group (1556 and 1634 cm�1; Figure 2,
top), and the disappearance of the vibrational modes of acid
anhydride from the original polymer (1775 and 1855 cm�1,
Figure 2, bottom), verify the successful reaction between
silane and polymer on the particle surface. The hybrid layer
IR spectrum shows a broad Si�O band (3500 cm�1–2500 cm�1;
Figure 2, top), which is a characteristic feature of amorphous
silica. The Si�O peak in the silane spectrum (1067 cm�1) is
still present in the hybrid layer spectrum but is widened
(1068 cm�1). Both signals indicate Si�O bonds from silica are
present in the hybrid-layer-coated particle. Numerous bands
from both silane and polymer can be seen superimposed on
the coated particle spectrum, demonstrating retention of key
functionalities. The weak amine peaks observed in the silane
spectrum (1600 cm�1, 3366 cm�1) are masked by other fea-
tures in the hybrid layer spectrum.

To confirm the presence of multiple nitrogen environ-
ments, X-ray photoelectron spectroscopy (XPS) was used.
The spectrum for the N 1s electron from InP/ZnS with the
hybrid layer (Figure 3) shows an asymmetric peak, not
present in the XPS results of the untreated InP/ZnS and
after addition of polymer. Fitting was achieved using a pair of
Gaussian functions separated by 1.71 eV, which confirms two
environments: an amine (lower energy) and an amide (higher
energy) environment. Other peaks, such as the C 1s peak,
contained too many potential environments for an accurate
analysis and were not fitted.

Figure 1. a) TEM image showing well-separated Fe3O4 particles coated
with hybrid layer and b) HRTEM image of a single Fe3O4 particle
coated with the hybrid layer. c) DLS size distribution showing InP/ZnS
particles coated with the hybrid layer and transferred to 0.05m NaOH
(aq). d) DLS size distribution showing Fe3O4 particles coated with the
hybrid layer, after transfer to DMF. In c) and d) the full lines represent
the uncoated particles in CHCl3, the dotted lines represent particles
after coating in CHCl3 and the dashed lines represent particles in the
new respective solvent (d =particle size).

Figure 2. IR spectra (T = transmittance) with the key functionalities
labeled for Fe3O4 coated with the hybrid layer (top), silane precursor
(middle), and poly(styrene-co-maleic anhydride) (bottom).

Figure 3. XPS spectrum observing the N 1s electron of InP/ZnS coated
with hybrid layer. XPS spectrum (dots), baseline (dashed line),
Gaussian function for the amide group (dotted and dashed line),
Gaussian function for the amine group (dotted and long dashed line)
and envelope formed from both Gaussian functions (full line).
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Energy dispersive X-ray spectroscopy (EDXS) measure-
ments were performed on individual Fe3O4 particles at the
different stages of layer formation (Figure 4). As expected,
polymer-coated particles showed no silicon signal. After
reaction with silane and transfer to DMF a silicon peak was
evident and the oxygen peak increased dramatically, con-
firming the presence of these elements in the outer coating.
The large copper and carbon peaks originate from the TEM
grid.

Electron energy loss spectroscopy (EELS) images were
collected to locate electrons that had lost energy to selected
elements. Figure 5 (left) shows the TEM image for Fe3O4

particles coated with the hybrid layer; as previously seen in
Figure 1, the hybrid layer is not visible. The image was filtered
to observe electrons that had lost energy to Fe and the
particles are still visible (Figure 5, center). The image was

again filtered to observe electrons interacting with Si
(Figure 5, right). Si is clearly located on the surface of the
Fe3O4 particles, which appear slightly larger in the Si-filtered
image, indicating that the diameter of the hybrid-layer-coated
particle is larger than the initial particle (consistent with the
DLS data, Figure 1) and also that the coating is rather
uniform.

The use of amphiphilic polymers with colloidal inorganic
nanoparticles has become increasingly popular but little
direct proof exists as to the location or uniformity of the
layer. Silicon in the silica layer provides a marker to locate the
amphiphilic polymer foundation using EELS measurements.
Figure 5 serves to prove that the amphiphilic polymer is
located on the surface of individual particles and the layer is
uniform across the surface. The EDX measurements
(Figure 4) also support this conclusion though not as elegantly
as the EELS.

In summary, a novel hybrid material consisting of organic
and inorganic polymers has been successfully synthesized
around the surface of two distinct types of colloidal inorganic
nanoparticles forming a thin layer which results in non-
aggregated colloidally stable particles. The layer was charac-
terized using IR spectroscopy and XPS, confirming that the
reaction had taken place by the presence of amide and amine
groups and silica. The location of the hybrid material was
confirmed using EDXS and EELS showing that the layer was
formed on the surface of the particles. As a consequence
silicon acts as a marker proving that the amphiphilic polymers

Figure 4. Energy dispersive X-ray spectroscopy (EDXS) measurements
of Fe3O4 at each stage of hybrid layer formation with an inset TEM
image depicting the region of the EDXS measurement. Top panel:
Untreated Fe3O4 nanoparticles, middle panel: Fe3O4 particles coated
with polymer foundation, and bottom panel: Fe3O4 with complete
hybrid layer.

Figure 5. EELS images of Fe3O4 nanoparticles with hybrid layer. TEM
image of Fe3O4 nanoparticles (top), EELS image showing Fe only
(middle), and EELS image showing Si only (bottom).

Communications

10386 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 10384 –10387

177



used are located on the surface of the colloidal inorganic
particles thus supporting the work of Parak, Mulvaney, and
others.[8,10, 12] It is envisioned that this material can act as a
foundation for further incorporation of colloidal inorganic
particles into more complex materials.

Experimental Section
The procedure for the synthesis of InP/ZnS quantum dots was based
on an earlier publication by Xu et al.[14] made up to 7 mL. The
procedure for the synthesis of Fe3O4 particles used was described by
Lattuada and Hatton[15] and the saturated particle in toluene solution
was diluted 100-fold. An amount of 0.5 mL of this solution was used in
a typical reaction.

To determine the quantity of poly(styrene-co-maleic anhydride)
(Aldrich, Mn = 1700; PSMA) required, a series of water transfer
experiments were undertaken where the amount of PSMA was varied
using the method of Lees et al.[8] Typically, InP/ZnS (100 mL)
redispersed in chloroform (1 mL) required 0.9 mg of PSMA in
CHCl3 to achieve a transfer when 0.5 mL of a 0.12m aqueous solution
of ethanolamine (Sigma–Aldrich, � 99.9%) was added.

Coating of colloidal inorganic particles with a thin hybrid
organic–inorganic layer was achieved as follows:

Using InP/ZnS as an example, InP/ZnS (100 mL) were redis-
persed in chloroform (1 mL) and were stirred with PSMA (0.9 mg)
overnight. 3-Aminopropyltriethoxysilane (7 mL, Sigma–Aldrich,
99%) was added and stirred at 18 8C for 24 h. Toluene was added to
precipitate the particles. The resulting precipitate was redispersed in
tetrahydrofuran (1 mL, Sigma–Aldrich, � 99.5%), dimethylsulfoxide
(1 mL, Sigma–Aldrich,� 8.0%) or 1 mL of 0.05m NaOH (aq) (Fisher
Scientific, � 98.0%).
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Chapter 9
In Vivo Applications of Inorganic Nanoparticles

Joseph Bear, Gaëlle Charron, María Teresa Fernández-Argüelles,
Salam Massadeh, Paul McNaughter, and Thomas Nann

Abstract Chapter 9 is primarily concerned with in vivo applications of
nanoparticles. This very broad review includes aspects such as bioconjugation,
which is a pre-requisite for any in vivo application, and nanotoxicity. We intro-
duce the two main fields of in vivo applications of nanoparticles: bioimaging and
therapy. In the field of imaging, magnetic resonance imaging and optical imaging
are distinguished, and the latter is further subdivided into groups of luminophores.
These groups include gold nanoparticles, semiconductor quantum dots and rare-
earth-doped nanoparticles. In Section 9.4, we discuss the methods of hyperthermia,
photodynamic therapy and magnetic targeting. The aim of this chapter is not to
provide in-depth insights into the different applications but to give an overview of
possibilities and limitations when nanoparticles are used within living organisms.

Keywords Imaging · In vivo · Nanoparticles · Therapy · Toxicity

Abbreviations

AC Alternating current
AuNP Gold nanoparticle
AuNR Gold nanorod
BSA Bovine serum albumin
DHLA Dihydrolipoic acid
DNA Deoxyribonucleic acid
DTPA Diethylenetriaminepentaacetic acid
DTT Dithiothreitol
EDC 1-Ethyl-3- (3-dimethylaminopropyl) carbodiimide
FRET Förster or fluorescence resonance energy transfer
GPC Glial progenitor cell
Hb Haemoglobin
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