
TKK Dissertations 81
Espoo 2007

MONOLAYER PROTECTED CLUSTERS: 
ELECTROSTATICS, STABILITY AND 
APPLICATIONS
Doctoral Dissertation

Helsinki University of Technology
Department of Chemical Technology
Laboratory of Physical Chemistry and Electrochemistry

Timo Laaksonen



TKK Dissertations 81
Espoo 2007

MONOLAYER PROTECTED CLUSTERS: 
ELECTROSTATICS, STABILITY AND 
APPLICATIONS
Doctoral Dissertation

Timo Laaksonen

Dissertation for the degree of Doctor of Science in Technology to be presented with due permission 
of the Department of Chemical Technology for public examination and debate in Auditorium K at 
Helsinki University of Technology (Espoo, Finland) on the 10th of August, 2007, at 12 noon.

Helsinki University of Technology
Department of Chemical Technology
Laboratory of Physical Chemistry and Electrochemistry

Teknillinen korkeakoulu
Kemian tekniikan osasto
Fysikaalisen kemian ja sähkökemian laboratorio



Distribution:
Helsinki University of Technology
Department of Chemical Technology
Laboratory of Physical Chemistry and Electrochemistry
P.O. Box 6100
FI - 02015 TKK
FINLAND
URL: http://www.tkk.fi/Units/PhysicalChemistry/
Tel.  +358-9-451 2572
Fax  +358-9-451 2580
E-mail: timo.laaksonen@tkk.fi

© 2007 Timo Laaksonen

ISBN 978-951-22-8885-4
ISBN 978-951-22-8886-1 (PDF)
ISSN 1795-2239
ISSN 1795-4584 (PDF) 
URL: http://lib.tkk.fi/Diss/2007/isbn9789512288861/

TKK-DISS-2324

Multiprint Oy
Espoo 2007



AB
HELSINKI UNIVERSITY OF TECHNOLOGY
P. O. BOX 1000, FI-02015 TKK
http://www.tkk.fi

ABSTRACT OF DOCTORAL DISSERTATION

Author Timo Laaksonen

Name of the dissertation

Date of manuscript 13.3.2007 Date of the dissertation 10.8.2007

Monograph Article dissertation (summary + original articles)
Department

Laboratory
Field of research
Opponent(s)
Supervisor
(Instructor)

Abstract

Keywords Nanoparticles, electrochemistry, self-assembled monolayers, liposomes, ligand exchange

ISBN (printed) 978-951-22-8885-4

ISBN (pdf) 978-951-22-8886-1

ISSN (printed) 1795-2239

ISSN (pdf) 1795-4584

Publisher Laboratory of Physical Chemistry and Electrochemistry

Print distribution Laboratory of Physical Chemistry and Electrochemistry

The dissertation can be read at http://lib.tkk.fi/Diss/2007/isbn9789512288861/

Monolayer Protected Clusters: Electrostatics, Stability and Applications

X

Department of Chemical Technology
Laboratory of Physical Chemistry and Electrochemistry
Physical Chemistry
Professor Mathias Brust
Professor Kyösti Kontturi

X

Monolayer protected clusters (MPCs) have become one of the most actively researched areas in chemistry. They have
the potential to be the next step in creating building blocks for future highly miniaturised electric devices and could be
used in biosciences as effective drug carriers and sensors. This thesis showcases some physico-chemical aspects and
applications of these particles and attempts to provide tools and ideas for further research in this expanding field.

In this thesis, electrochemical studies showed that MPCs can have as many as 15 distinctive charge states and that
even a HOMO-LUMO gap can be measured at room temperature for sufficiently small nanoparticles. Self-assembled
monolayers on the nanoparticle surface were shown to be ion permeable, and this can radically affect the charging
phenomenon. Degradation of the single electron transfer was observed with small counter-ions, which can penetrate
into the monolayer and increase its capacitance. In another study, ion rectified MPC film charging response was shown
to be due to ion solvation phenomena and could be treated analogously to a liquid|liquid interface, with charging onset
potential dependent on the standard ion transfer potential of the counter-ion across the film|solution interface.

Aqueous stability of charged MPCs was also considered in the thesis. The solubility was demonstrated to be
practically independent of the ionic strength of the solution for salts comprised of large counter-ions. These ions were
shown to form an electrostatically bound steric barrier around the nanoparticle. Such solubility issues are very
relevant for biosensor applications where typically aqueous dispersion of nanoparticles are used.

Dithiol place exchange of the MPC bound thiol is an interesting reaction and often used in the formation of MPC
superstructures. Here, aggregation induced by interlinking MPCs with hexanedithiol was studied by dynamic light
scattering and fitted to a simple kinetic model. This provided an indirect means to link the ligand exchange to the
aggregation kinetics.

Finally, an application of gold nanoparticles to drug delivery is presented. Liposomes loaded with Au-MPCs and
marker molecules were shown to be relatively stable and released their contents with an external signal i.e. laser
irradiation. The technique would be an excellent option for drug delivery in particular in ocular medicine.

ISBN (others) Number of pages 69 p. + 60 p.





AB
TEKNILLINEN KORKEAKOULU
PL 1000, 02015 TKK
http://www.tkk.fi

VÄITÖSKIRJAN TIIVISTELMÄ

Tekijä Timo Laaksonen

Väitöskirjan nimi

Käsikirjoituksen jättämispäivämäärä 13.3.2007 Väitöstilaisuuden ajankohta 10.8.2007

Monografia Yhdistelmäväitöskirja (yhteenveto + erillisartikkelit)
Osasto
Laboratorio
Tutkimusala
Vastaväittäjä(t)
Työn valvoja
(Työn ohjaaja)

Tiivistelmä

Asiasanat Nanopartikkelit, sähkökemia, itsejärjestäytyneet yksikerrokset, liposomit, ligandinvaihto

ISBN (painettu) 978-951-22-8885-4

ISBN (pdf) 978-951-22-8886-1

ISSN (painettu) 1795-2239

ISSN (pdf) 1795-4584

Julkaisija Fysikaalisen kemian ja sähkökemian laboratorio

Painetun väitöskirjan jakelu Fysikaalisen kemian ja sähkökemian laboratorio

Luettavissa verkossa osoitteessa http://lib.tkk.fi/Diss/2007/isbn9789512288861/

Yksikerroksella suojatut klusterit: sähköstatiikka, stabiilisuus ja sovellukset

X

Kemian tekniikan osasto
Fysikaalisen kemian ja sähkökemian laboratorio
Fysikaalinen kemia
Professori Mathias Brust
Professori Kyösti Kontturi

X

Yksikerroksella suojatuista klustereista (Monolayer Protected Clusters, MPC) on tullut yksi eniten tutkittu kemian ja
fysiikan alue. Niille on suunniteltu useita merkittäviä sovelluksia tulevaisuudessa; Ne voisivat muun muassa olla
seuraava askel elektronisten komponenttien pienentämisessä. Jo nyt niitä voidaan käyttää biotieteissä lääkkeiden
kuljetuksessa ja bioantureissa.

Tässä väitöskirjassa sähkökemialliset tutkimukset osoittivat, että MPC:llä voi olla jopa 15 eri varaustilaa ja että
HOMO-LUMO väli voidaan mitata huoneenlämmössä tarpeeksi pienillä nanopartikkeleilla. Työssä osoitettiin, että
varsinkin pienet ionit pystyvät läpäisemään itsejärjestäytyneen yksikerroksen nanopartikkelin pinnalla ja että tämä voi
radikaalisti muuttaa varautumisilmiön energiatiloja. Nämä vastaionit aiheuttivat huononemista kvantittuneissa yhden
elektronin siirtoreaktioissa. Työssä osoitettiin myös, että vastaionien aiheuttama MPC-ohutkalvon varautuminen on
verrannollinen klassiseen neste-neste rajapintaan, ja riippuu ionin standardisesta siirtopotentiaalista.

Työssä tutkittiin myös varattujen MPC:iden vesiliuosten stabiilisuutta. Liukoisuuden osoitettiin olevan liki
riippumaton liuoksen ionivahvuudesta tarpeeksi suurilla vastaioneilla. Näiden ionien osoitettiin muodostavan
sähköstaattisesti sitoutuneen steerisen esteen nanopartikkelien ympärille. Liukoisuuskysymykset tulevat olemaan
erittäin merkityksellisiä bioanturisovelluksissa, joissa tyypillisesti käytettään nanopartikkelien vesiliuoksia.

MPC:n pinnalla tapahtuva ditioli-ligandinvaihto on mielenkiintoinen reaktio, jota usein käytetään
MPC-superrakenteiden muodostamisessa. Tässä työssä tutkittiin heksaaniditiolin aiheuttamaa nanopartikkelien
aggregaatiota. Yksinkertaisen mallin avulla voitiin arvioida ligandinvaihdon kineettisiä parametrejä. Täten voitiin
saada tietoa aggregaatiomekanismista ja -kinetiikasta ja samalla arvioida ligandinvaihdon nopeutta.

Työssä on esitelty myös yksi nanopartikkelien sovellus lääkkeenannostelussa. Kultananopartikkeleilla muokattuja
liposomeja käytettiin vapauttamaan sisältämänsä merkkiaineet ulkopuolisen signaalin avulla; laserilla aiheutettu
paikallinen nanopartikkelien lämmitys avasi liposomikalvoon aukkoja, joiden kautta merkkiaineet pääsivät
vapautumaan.

ISBN (muut) Sivumäärä 69 s. + 60 s.





Preface

This work was carried out at the Laboratory of Physical Chemistry and Electro-

chemistry, Helsinki University of Technology between December 2002 and March

2007, partly in collaboration with the University of Kuopio.

I would first like to acknowledge the help and guidance from my supervisor,
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1 Introduction

Thiol protected metal nanoparticles, the so called monolayer protected clusters

(MPCs), have become one of the most actively researched topics of the decade.

They have the potential to be the next step in scaling down electronic devices and

could be used in biosciences as effective drug carriers and sensors [1–3]. For fu-

ture applications, detailed information about their fundamental properties must be

obtained. This is the main focus of this thesis.

The term “nanoparticle” is used to describe almost any kind of particle that

has at least one dimension in the range of 1 - 1000 nm. This is quite confusing

and there is a need to redefine the terminology of the field to make it less ambigu-

ous. Here, the author uses the term only for nanometer scale noble metal clusters

which have been passivated by a monolayer of organic ligands (figure 1.1). Semicon-

ductor nanoparticles, often called quantum dots, are not part of the scope of this

thesis, nor are latex particles, vesicles or polymer capsules, which are also referred

to as nanoparticles in the pharmaceutical literature. To set this particular type of

nanomaterials apart, the term monolayer protected clusters is often used.

For electronic applications, quantised double layer charging, where sequential

electron transfer to the core occurs at discrete potential intervals, is the single most

interesting characteristic of MPCs [4]. This has been studied in electrolyte solu-

tions in the current work. It was shown that up to 15 discrete charge states can

be accommodated in the gold core at room temperature and it is even possible to

observe the HOMO-LUMO gap electrochemically when the nanoparticle size is de-

creased sufficiently. Furthermore, the nature of the electric double layer was shown

to affect this charging phenomenon. Experimentally, when small ions were intro-

duced into the system, the MPC capacitance increased and this in turn affected

the charging energy. A model taking into account the effect of ion penetration to

the self-assembled monolayer (SAM) on MPC charging was constructed and it was

demonstrated that the observed experimental data could be conclusively explained.

MPC charging energy was shown to depend on counter-ion size, MPC charge and
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Figure 1.1: A schematic illustration of a monolayer protected metal cluster.

the permittivity of the solvent.

A curious aspect of MPC modified electrodes is the so-called ”rectified” quan-

tised charging [5]: in aqueous solutions, there is a large potential gap before the

first MPC oxidation peak in measured voltammograms. This has been attributed

to ion association, which disrupts the concentration balance for the redox-reaction

as per classical ion association theory. In the light of the results presented in this

thesis, this is an erroneous interpretation. Another model, based on liquid|liquid ion

transfer and electroneutrality of the film was constructed and used to conclusively

explain the results.

Many sensor applications involving MPCs, in particular in biosciences, will be

conducted in water environments [6]. Therefore, the aqueous stability of nanopar-

ticles is an important aspect. According to the current work, it is clear that the

choice of electrolyte should be carefully considered in these cases. Since many of

the nanoparticles are electrostatically stabilised, they precipitate easily at high salt

concentrations. Here, the fact that the particles are sufficiently small to be of a

comparable size to many larger ions was exploited to increase their solubility. It

was shown that counter-ion size has a huge impact on the colloidal stability of the

nanoparticle system. The observed increase was not a slight increase of the critical

coagulation concentration, but rather a dramatic jump to complete independence

from the ionic strength of the solution. This fact should be taken into account for
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future bioapplications.

Ligand exchange, where the MPC surface bound thiols can be exchanged by a

thiols added to a solution, is an important aspect of MPCs. It can be used to make

the initially non-functionalised nanoparticles active sensors by incorporating vari-

ous active groups such as single-stranded DNA, chromophores or simple chemical

groups such as carboxylic acids onto the surface. Ligand exchange can also be used

to self-assemble MPCs into superstructures. Regulated self-assembly by dithiols may

indeed be the way that nanoparticle electronic devices will be manufactured [7]. In

the current work, the difficult to asses dithiol place exchange induced aggregation

was studied using dynamic light scattering. The experimental data was fitted to

a simple mathematical model to get information about the superstructure growth

mechanism and thiol exchange. The method does not require extensive experimen-

tal preparation or expensive instrumentation and gave valuable kinetic information

about the system. To the best of the author’s knowledge, this is the only kinetic

study of dithiol place-exchange reaction done on nanoparticle surfaces.

In the last part of the thesis, an application based on the use of MPCs is

demonstrated: plasmonic heating by gold nanoparticles was used to induce content

release from heat sensitive liposomes. The method was shown to be easily switchable

such that no release occurred in the absence of nanoparticles and the release rate

could be dramatically increased if nanoparticles were heated by laser irradiation.

This would enable drug release with an external signal at a specific location and at

a desired moment. The technique was shown to be applicable to both hydrophobic

and hydrophilic nanoparticles, making it very versatile and easy to modify.

This thesis showcases some physico-chemical aspects and applications of these

particles and attempts to provide tools and ideas for further research in this expand-

ing field.
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2 Monolayer protected noble metal clusters

2.1 Background

Gold colloids have been known and used for well over a thousand years. While

elemental gold has been known throughout the written history and the production

methods for soluble, colloidal gold itself have been known from the early middle-ages

[1]. Medieval church windows are colored with gold and silver colloids and doctors

have used colloidal gold and silver to treat various diseases. The real breakthrough

in the scientific study of these fascinating particles was achieved by Faraday [8]

who’s gold colloid films have survived to this day. The methods for producing

gold colloids have since extended to many other elements, notably Ag, Pt and the

transition metals [9]. Current attention is focused on colloids with particles smaller

than 100 nm, so-called nanoparticles. Especially interesting are particles in the size

regime between 1 and 10 nm, where they cannot easily be treated as molecules and

dealt with quantum mechanics or as bulk materials and with classical physics [10].

Nanoparticles can have fundamentally different properties compared to their

bulk counterparts [10]. For example, they can exhibit surface plasmon resonance

and photoluminesence [11,12], their melting point is lower than that of bulk metals

[13–15] and their charging can be a quantized single-electron event [16,17]. Virtually

any chemical functionality can be bound to them by simple surface reactions [18,19]

and different metal compositions can be used to tailor the electronic properties of the

core [9,17]. And most interesting of all, most of these properties are size-dependent

and can be adjusted by changing the nanoparticle size.

The intense color of nanoparticles that so interested the medieval artisans is

caused by their surface plasmon resonance (SPR) [11,20]. External electromagnetic

field causes the conduction-band electrons to move. This will cause strong absorp-

tion if the electromagnetic field becomes resonant with the electron motion and is

seen as an increased absorption in the UV-vis spectra of noble metal nanoparticles.

SPR is very sensitive to the size of the particles. It is not observed for bulk materials
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but also vanishes for radii < 2 nm due to quantum effects. For 2 - 20 nm particles,

the position and the intensity of SPR is well defined by the Mie theory [21,22] and

can be used to get information about the concentration and polydispersity of the

nanoparticle sample. The location of the SPR peak is also shifted by the choice of

the medium, capping ligands and the particles shape, all of which must be taken

into account when interpreting UV-vis spectra. Cross-sections, that is their effec-

tive areas of extinction, of the nanoparticles are bigger than their actual size [21,22],

making them efficient ”energy harvesters” [23, 24]. Plasmonic heating presented in

paper V is a direct application of the plasmon resonance. Aggregation also affects

surface plasmon resonance as the SPR of a single particle changes if it is brought

in close proximity to another particle. This has been used to develop sensitive

colorimetric methods for DNA analysis [25].

During the past decade, a significant amount of work has been carried out in

the field of functionalised monolayer protected clusters. The number of scientific

papers on metallic nanoparticles has increased exponentially from the 1990s and is

still rapidly increasing with no end in sight. The pioneering work of Brust et al. [26,

27] in the synthesis of alkanethiolate-protected and functionalised gold nanoparticles

was followed by the introduction of place-exchange reactions with other thiol ligands

by Murray et al. [18, 19] MPCs have already found a wide range of applications in

areas such as catalysis, biochemistry and sensors [1,2,6,23,24,28–32]. Although gold

is a very inert material, gold nanoparticles have been successful at catalysing CO

oxidation [33], combustion of methanol [34,35] and hydrogenation reactions [36,37].

Gold nanoparticles have been used in targeted drug delivery as delivery vectors

[38–42]. As they can carry multiple functionalities, they can simultaneously carry

therapeutic chemical groups as well as immuno-protective stabilisers and membrane

translocating peptides. Sensors based on MPCs can simply rely on the mass increase

by staining the target compounds by specifically bound nanoparticles, which makes

the target visible in TEM. More complicated methods rely on changes in the surface-

enhanced raman scattering and surface plasmon resonance induced by nanoparticle

aggregation [6]. One commercial home pregnancy test even uses gold particles to
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form the pink line, which is actually made of 40 nm Au MPCs functionalised with

a human antibody [6].

2.2 Synthesis and functionalisation through ligand exchange

Considering how small and well-organised the structure of MPCs are, it is surpris-

ingly easy to make them by bottom-up methods. There are several routes to pro-

duce nanosized colloids and more are published every month. However, only a few

have proved to be reliable and flexible enough to get an established position. One

of the most widely used method is the ground-breaking two-phase Brust-Schiffrin

method [26], in which aqueous sodium borohydride is used to reduce AuCl−4 in

toluene in the presence of stabilising thiols. 1-5 nm particles are easily obtained

and can be directly functionalised by using different thiols. Thiol coating makes

the particles extremely stable and they can be repeatedly dried and redispersed in

various solvents without degradation. The synthesis has since been further mod-

ified to get more monodisperse end-products [43, 44]. Another reliable method is

the older Turkevich synthesis [45], where gold salt is boiled together with citrate

to get 10-15 nm water-soluble particles. This method is not perfect however, since

the as-produced particles produced are not stable against drying since the citrate is

not strongly bound onto the surface of the particles. They are also susceptible to

changes in pH and ionic strength, which can lead to an irreversible aggregation.

A common feature for most techniques is that a metal salt is first chemically

reduced. Particles then start to grow around nucleation points. To control the

process, the growth is usually terminated by a stabilising group, which also acts a

steric barrier against aggregation. Each step of the reaction is equally important

and affects the size of the nanoparticles obtained [9]. Often the product is then

either annealed or size-separated to isolate the desired size-fraction from the crude

product. As the properties of the nanoparticles are strongly size-dependent, it is

important that the end-product has a narrow size-distribution. Very small nanopar-

ticles (< 5 nm) have a tendency to have a size distribution that favours certain sizes.
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Nanoparticle crystals prefer to have closed shell structures, such as a truncated oc-

tahedron, with a specific number of atoms. These numbers are known as ”magic

numbers” [17] and size fractions of them can be isolated from synthesis [44]. A good

synthetic method is defined as one that will give a high fraction of a single sized

nanoparticles. This is the reason why the Brust-Schiffrin and Turcevich methods

have been so widely used.

Since bulk phase is thermodynamically far more favourable than nanocrystals,

nanoparticles would irreversibly aggregate under normal conditions. This is due

to the fact that surface atoms are at higher energy states than the atoms inside

the crystal. For small particles, more than half of the atoms reside on the surface,

making it highly unstable. It would like to minimise surface area and therefore if

it comes into contact with another nanoparticle, they will stick and form a larger

crystal. This must be prevented in order to achieve stable nanoparticles. Stabilisa-

tion of the nanoparticles can be achieved by two fundamentally different ways: by

steric stabilisation or electrostatic stabilisation. In steric stabilisation, nanoparticles

are capped with ligands such as thiols that form a tight layer, which prevents the

particles from coming into direct contact with each other. In electrostatic stabilisa-

tion, similarly charged particles suspended in an electrolyte repulse each other due

to their high surface potential. This force is relative to the ionic strength of the

solution [46].

Besides these two widely used synthetic routes, many other types of synthesis

have been developed. Among these are the microemulsion techniques [47], where

synthesis occurs in nanometer sized droplets, thermal decomposition of metallic

salts and various reduction/stabilisation methods. For a comprehensive review, the

author recommends the reviews by Burda et al. [13] and Cushing et al. [9]. In this

thesis, most of the Au and Ag MPCs were produced by the Brust-Schiffrin method.

In addition, a direct reduction method proposed by Kimura et al. [48] was used to

make water soluble carboxylate-modified Au nanoparticles.

One of the most interesting properties of noble metal clusters is the place-

exchange reaction, where one protecting ligand is exchanged for another through
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simple chemisorption and desorption [17–19,49–51]. All thiols have nearly the same

affinity towards a clean gold surface, so one can be changed to another by simply

adding the desired thiols in suitable quantities to the system. This provides for a

nearly endless variety of functionalities that can be incorporated to the nanoparticle

peripheral monolayer through the use of α,ω-functionalised ligands. These periph-

eral groups at the other end of the thiol molecule can take part in further chemical

reactions, allowing for even more complicated structures to be formed [17, 52]. For

example, ssDNA can be attached to nanoparticles, enabling them to be used as

highly sensitive marker-molecules [6].

Thiol-exchange is a simple 1:1 stoichiometry reaction which occurs at the three

gold atom junction where thiols normally bind [17]. It can also be used to anneal the

particles by having a strong excess of the same thiol. This forms a large amount of

thiol-Au(I)-complexes that can come off the nanoparticle surface [4]. Free relocation

of the complexes to different particles will eventually make the particles highly

monodisperse at a thermodynamically stable size determined by the magic numbers.

Place-exchange reactions can be used to form self-assembled nanoparticle

structures by cross-linking particles with α,ω-functionalised ligands such as dithi-

ols [53,54]. Materials formed in this way maintain many of the unusual properties of

their original nanosized components because the MPCs remain segregated [53, 55].

The properties are also tunable since the distance separating the particles is well

defined by the choice of dithiol. Several reports of both non-covalent [56, 57]

and dithiol-induced [52, 54, 58–64] self-assembly of nanoparticles have been made

and studies on smaller, more defined, nanoparticle structures have also been pub-

lished [65–67].

Tailoring of the ligand shell allows one to choose the desired solubility, reactiv-

ity and functionality that are most suitable for the given application. Many of the

future nanoparticle based sensor applications will utilise functionalised MPCs that

can be used as carriers with multiple functionalities and recognition units embedded

on the surface through ligand exchange.
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2.3 Electrostatics of charged spherical interfaces

A nanoparticle can be charged by two different ways: either the core has an excess

or deficiency of electrons or the ligand shell has charged groups, usually carboxylic

acid or amine functionalities. Whatever the case, if a charged particle is suspended

in an electrolyte solution, it will be surrounded by an ionic cloud [46, 68–70]. Ions

will be distributed according to their valence and the strength of the electric field

created by the charged sphere. Counter-ions will have increased concentration near

the particle and similarly charged ions will be repulsed from the surface as per the

classical Gouy-Chapman theory [68]. The area of perturbed concentration profiles is

called the electrical double layer. It plays a vital role in many instances such as sol-

ubility, electrophoresis and charging of the nanoparticles. The extent of the double

layer is affected primarily by the electrolyte concentration and dielectric constant

of the solvent. The standard approach used to calculate the potential distribution

around a charged interface is to use the Poisson-Boltzmann equation [68], which

relates the ionic strength of the solution to the laplacian of the potential ψ as follows

O2ψ = −ρ
ε

= κ2 sinh
( F

RT
ψ
)

(2.1)

∂

∂r
ψ|r=a = −σ

ε
= − ze

4πεa2
(2.2)

where ρ is the charge density, σ is the surface charge density, ε is the dielectric

constant of the solvent, F is the Faraday constant, T is temperature, R is the ideal

gas constant and c is the electrolyte concentration. The inverse of the Debye length,

κ, is a measure of the extent of the double layer and is defined for a 1:1 electrolyte as

κ =

√
2F 2c

εRT
(2.3)

The solution to eq. (2.1) is easily obtained for planar or sufficiently large geometries,

but is more difficult for small and spherical systems where no simple analytical

expression can be reached. It can be relatively easily solved by numerical methods,
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however a more convenient approach is to use an approximation such that devel-

oped by Ohshima et al. [71]. This allows for simple and fast calculations. These

equations give a good estimate even at low ionic strengths and can be success-

fully applied even with κ values as low as 0.1. The analytical equations are as follows:

σ = (8cεRT )1/2

[
1 +

1

κa

2

cosh2(fψ0/2)
+

8

(κa)2

ln[cosh(fψ0/4)]

sinh2(fψ0/2)

]1/2

(2.4)

ψ(r) =
2kT

e
ln

[
(1 +Bs)[1 +Bs/(2κa+ 1)]

(1−Bs)[1−Bs/(2κa+ 1)]

]
(2.5)

where f = F/RT , ψ0 is the surface potential and

s =
a

r
exp

[
− κ(r − a)

]
(2.6)

B =
[1 + κa/(κa+ 1)] tanh(eψ0/4kT )

1 +
{
1−

[
(2κa+ 1)/(κa+ 1)2

]
tanh2(eψ0/4kT )

}1/2
(2.7)

The potential profile obtained from eqs. (2.1) - (2.7) corresponds to a 1/r depen-

dence in an area with zero charge density. When the charge density increases, the

potential profile will get steeper. Thus, at high ionic strength, the area where the

potential drop is confined is small and the Debye length corresponding to the extent

of the double layer is reduced. The same effect is seen with low dielectric constants.

In water (ε ≈ 78), the electric double layer is quite thin, but in organic solvents

it is extended much further. That also means that in water, the increase in ionic

strength will collapse the double layer at much lower concentrations making the

electrostatically stabilised MPCs more susceptible to changes in salt concentration.

In this thesis, the effect of the double layer structure on the coulombic charging

and electrostatic stability of MPCs is considered. The solution to eq. (2.1) is

different for both cases but they follow the same laws and can be modelled easily

with eq. (2.4).
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3 Quantised double layer charging of MPCs

3.1 Background

An intriguing aspect of MPCs is their quantised double layer charging (QDL), which

means that the injection of electrons into < 2 nm MPCs is discrete and happens

at well defined intervals of 100-500 mV [4, 16, 44, 72]. Not only is the charging

discrete, but the nanoparticles can also retain this charge if the thermal energy is

lower than what is required for an electron to tunnel out of the core. Since the

charging eV difference can be in the hundred meV range, this condition is met

already at room temperature. It is shown in this thesis that a single particle can

have even 15 different charge states [72]. Single electron charging is probably one

of the most interesting future applications of nanoparticles. It has already been

shown that combining bottom-up strategies (chemical synthesis and self-assembly

of MPCs) and top-down lithography can be used to manufacture some interesting

elements for electronics [7, 73–75]. Further refinements are still needed for a true

application, but one can already envision nanometer scale transistors and memories

based on MPC charging. With sufficiently small nanoparticles, it is even possible

to see the HOMO-LUMO gap as the particle approaches molecular behaviour, as

is shown in publication I of the thesis [72]. An example of this sort of charging

behaviour is shown in figure 3.1.

The reason why MPC charging is discrete, is the combination of their small

size and the area of low dielectricity surround the metallic core. It is easy to compare

this to a regular capacitor, where two metals plates are divided by either vacuum

or a dielectric material. One plate corresponds to the metallic core and the other

to the electrolyte solution. However, the case is more complicated with MPCs due

to their high curvature and the nature of the electric double layer. It is good to

distinguish this phenomenon from semiconductor quantum dots. With gold MPCs,

QDL is purely a capacitive phenomenon, but in for example CdSe quantum dots,

the similar discrete charging is due to both capacitive effects and the electronic
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Figure 3.1: Differential pulse voltammetric (DPV) responses for MPC solutions
measured at a Pt microelectrode: 177 µM C6S-Au147 (upper) showing 15 high-
resolution QDL peaks and 170 µM C6S-Au38 (lower) showing a HOMO-LUMO gap.
The electrode potential scanned negative to positive. (Reprinted with permission
from The American Chemical Society)

structure of the core. In gold, the Fermi level is in the centre of the energy band of

the electrons and there is only a small difference to go from HOMO to LUMO. This

difference is increased at very small particles, but is far less than thermal energy

for few nm sizes. With semiconductors however, the Fermi level is between the

occupied and unoccupied state bands and there is a large difference between the

HOMO and LUMO [76]. Thus, CdSe exhibits discrete charging even at large sizes

that is entirely due to quantum size effects. The same can be seen for gold as well,

but only at sub-nanometer radius, where the crystal can already be considered more

like a molecule [72].

The MPC capacitance was first calculated by using a simple concentric

sphere capacitor model, where the effect of the double layer charging is assumed

to be negligible [17, 44, 77]. This capacitance can be determined using eq. (3.1).

In electrochemical measurements such as differential pulse voltammetry, the

capacitance of the whole MPC can be obtained from the measured peak spacings

between successive electron transfers to the metal core as follows

CMPC = 4πεlε0rc(rc + l)/l (3.1)

12



CMPC = e/∆E (3.2)

where εl is the dielectric constant of the ligand shell, rc is the nanoparticle core size,

l is the length of the protecting ligands, CMPC is the capacitance of the whole MPC

and ∆E is the potential difference between two charging events.

Equation (3.1) predicts the charging behaviour quite well to a certain degree.

It is good for low charge states and predicts the increase in capacitance with smaller

ligand lengths and larger core radii observed experimentally [44]. However, this

model is quite inaccurate as it fails to predict the decrease in capacitance close to

the potential of zero charge and variations seen at higher MPC charge states. A more

realistic model has been developed in this work. It was deduced that the monolayer

capacitance and double layer capacitance together determine the charging properties

and CMPC will be affected by the whole double layer structure surrounding the

nanoparticle [5, 44, 72, 78]. It is expected that the monolayer permeability to ions

will influence electron transfer (ET) to the metal core. Ion gated electron transfer

has been reported for comparable planar self-assembled monolayers (SAMs), where

the permeability of the monolayer was gated by controlling the charge compensating

counter-ion size and/or monolayer structure, which in turn controls the energetics

of the ET reaction under study [79]. Also, ions have been shown to penetrate into

the monolayer if sufficiently high potential is applied [80, 81]. Planar SAMs are

generally thought to be dense and nearly impenetrable to ions if the chain length

is long enough. However, spherical SAMs, such as those on MPC surfaces, are

less dense and loose on their outer boundaries [82, 83]. Thus, particles of the same

composition are anticipated to show markedly different charging behavior simply by

altering the counter-ions in solution and the medium itself.

Previously, some irregularities in ∆E have been noted at high core charges,

|z| > 4 [4, 78]. Also, typically for the same particles, ∆E is dependent on the

charge sign of the particles, i.e. whether the particles are undergoing oxidation or

reduction [72]. The difference between reports is likely to be due to medium effects;

the solvent and base electrolyte used in the electrochemical measurements and thus
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the barrier properties of the monolayer. In the current work, it is demonstrated

that charged MPCs can associate with base electrolyte ions and this interaction

induces changes in ∆E analogous to ion-pairing phenomena noted for conventional

redox species e.g. bis(fulvalene)dinickel [84, 85]. However unlike with conventional

molecules, association here is a measure of the ion permeability of the protecting

monolayer. Recently, Guo et al. proposed that this effect is due to hydropho-

bic ions or solvent molecules that can change the dielectric constant of the mono-

layer [78]. Hydrophilic ions would just form an adsorbed layer around the charged

MPC, whereas the hydrophobic parts of ions such as alkylammonium cations would

interlace with the SAM. In this thesis, the validity of such an assumption was tested

and an improved physical description of what is really happening at the surface was

developed.

A curious aspect of the electrochemical behaviour of MPC modified electrodes

with several layers of nanoparticles, is the so-called ”rectified” quantised charg-

ing [5, 86–88]: in aqueous solutions, there is a large potential gap before the first

MPC oxidation peak in measured voltammograms. For this type of MPC modified

electrodes, no MPC reduction peaks have been reported in the literature. The charg-

ing onset potential can be set by using different electrolytes, with more hydrophilic

having higher onset potentials. This has been attributed to ion association, which

disrupts the concentration balance for the redox-reaction as per classical ion as-

sociation theory. In the light of the results presented on this thesis, this is an

erroneous interpretation. Another model, based on the electrochemical properties

of liquid|liquid interfaces and the electroneutrality of the film was constructed in

this thesis and was used to conclusively explain the experimental results.

3.2 The effect of SAM ion permeability on MPC charging

In this study, identical MPCs were dispersed in solvents with differing dielectric

constants, 1,2-dichloroethane (1,2-DCE) and chlorobenzene (CB) (ε = 10.24 and 5.6

respectively) [89] and the effect of different electrolytes on the charging properties

14



Figure 3.2: Measured SWV plots showing discrete charging of identical MPCs in
the presence of different electrolytes: (a) TBAPF6 in CB (solid line), TBAPF6 in
DCE (dashed line) and TPAsTPBF20 in DCE (dash-dot). (b) TEATPBF20 (solid
line), TBAPF6 (dashed line) and TPAsTPBF20 (dash-dot) all in DCE. The base
electrolyte concentration was 10 mM in all cases. The plots are offset on the current
axis for clarity and focused on the interesting potential region. (Reprinted with
permission from The American Chemical Society)

was studied. It was shown that the choice of base electrolyte determines the amount

of energy required to achieve a given MPC charge and that this can be used as a

simple measure of the ion permeability of SAMs formed on nanoparticle surfaces.

The voltage separation ∆E between charging events was measured with square

wave voltammetry (SWV) and typical plots obtained are shown in figure 3.2. The

peaks correspond to the half-wave potentials for the z / z ± 1 charge states and

the troughs the z states [17]. Representative plots of peak separation vs. charge

state are given in figure 3.3. The largest electrolyte used, TPAsTPBF20 gave the

best resolution, but with smaller ions such as PF−6 ”washing out” of the peaks at

high charge states can be seen. Changing the solvent from DCE to CB induced

an even more pronounced decrease already at a lower core charge. In essence, the

nanoparticle capacitor is ”leaking”. This was observed for both cations and anions.

As a first approximation, the ion absorption suggested by Guo et al. was tested.

It was quickly seen that this model could only account for very small changes of a

few tens of mV and not the ca. 100 mV changes observed here. It was concluded
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Figure 3.3: (a) Measured peak separation (symbols) values and the corresponding
best fits obtained using the ion penetration model (lines) vs. particle charge state for
identical MPCs dispersed in differing solvent/base electrolytes. (a) TPAsTPBF20 in
DCE (◦, solid line), TBAPF6 in DCE (�, dashed line), TBAPF6 in CB (O, dash-
dot). (b) TBAPF6 (�, dashed line), TEATPBF20 (4, dash-dot), TPAsTPBF20 (◦,
solid line) all in DCE. (Reprinted with permission from The American Chemical
Society)

that the only explanation for this was that ions could enter the monolayer. This

is illustrated in figure 3.4. Counter-ions are assumed to be able to permeate the

monolayer up to a fixed distance from the core surface. Outside this region, ions

are freely distributed as they would be in a normal double layer. Area I is the ion-

free monolayer, while areas II and III denote the extent of counter-ion penetration

in the monolayer and the extent of the double layer, respectively. To evaluate the

potential distribution, analytical equations by Ohshima [71] were used in areas II

and III and the continuity of potential and surface charge densities at each interface

was enforced.

However, the potential distribution in area II is difficult to address as

charge density in this region is non-zero. To circumvent this problem, we make a

simplifying assumption. It was assumed that eq. (2.4) needs only be modified by

a constant value, which would arise from integrating to a finite value instead of

infinity. The surface charge density in area II is then
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Figure 3.4: Schematic illustration of the ion distribution around a positively
charged MPC with counter-ion penetration to the monolayer. Area I denotes the
extent of the ion-free monolayer, area II the extent of counter-ion penetration in the
monolayer and area III the extent of the diffuse layer. (Reprinted with permission
from The American Chemical Society)

σ = σnon−confined + b2 (3.3)

where σnon−confined is the surface charge density from eq. (2.4) and b2 is a constant.

The boundary conditions are as defined for the simple adsorption model used in the

previous section. The solution is now obtained by iterating the potential at point

r = rc + l to be so that boundary conditions are satisfied.

The model parameters are the monolayer dielectric constant and the distance

of closest approach of the counter-ions to the particle core. The dielectric constant

in area II is taken to be the average of the monolayer and the solvent dielectric

constants and the extent of ion penetration, α, is defined as

α =
a1 − rc

l
(3.4)

where rc is the radius of the particle core, l the thickness of the ligand shell and a1

the location of the area I/II boundary. α has values between 0 to 1, zero indicating
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Table 3.1: A summary of a obtained from fitting, a1 − rc values and ionic radii.
The radius of TPBF−20 was assumed to be the same as of TPB−. (Reprinted with
permission from The American Chemical Society)

α a1 − rc / Å rion / Å

PF−6 (CB) 0.9 - 0.44 6.9 - 3.4 1.4 [90]

PF−6 (DCE) 1 - 0.6 7.7 - 4.6 1.4 [90]

TEA+ (DCE) 0.49 3.8 3.4 [89]

TBA+ (DCE) 0.74 5.7 4.1 [89]

TPAs+ (DCE) 0.70 5.4 4.2 [89]

TPBF−20 (DCE) 1 7.7 4.3 [89]

complete ion penetration through the monolayer, while unity reflects a completely

impermeable monolayer.

As was expected, α has a strong influence on predicted ∆E values. ∆E drops

off precipitously as α is decreased. This is of a comparable magnitude to that

experimentally observed (figure 3.3) depending on the choice of α. For z > 0, the

best fit for PF−6 in DCE was obtained by allowing α to gradually change from 1.0 to

0.6 with increasing charge. With the same ion in CB, the best fit was obtained by

keeping α close to 0.9 for the first two charge states and then letting it quickly drop

down to 0.44. All the cations considered were found to penetrate the monolayer

at least to a certain degree for z < 0. With the largest base electrolyte , TPBF−20,

no ion penetration to the monolayer was observed. The results are summarised in

table 3.1. It is evident there is a direct correlation between ion size and the absolute

distance (a1−rc) the ion can approach the core, smaller ions being able to penetrate

the monolayer most. Thus it is clear that small, hydrophilic counter-ions can move

far more freely inside the alkane thiol monolayer than previously realised. This

size dependence of ion penetration into the SAM on the MPC surface is a direct

consequence of the radial ordering, i.e. alkyl chain order decreases with increasing

distance from the core.
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To account for the values of α obtained in different solvents, we have to

consider the energetics of ion solvation in the monolayer relative to the bulk

solvent. The simple Born model can be used to give an estimate for the differ-

ence in the Gibbs energy of solvation ∆G for small ions in solvents of differing ε [89].

∆s
mG = −NAz

2e2

8πε0rion

( 1

εs

− 1

εl

)
(3.5)

where subscripts l and s refer to the monolayer and solvent respectively and NA is

Avogadro’s number.

According to eq. (3.5), a lower solvent dielectric constant would facilitate ion

transfer from a solvent with ε comparable to that of the monolayer. Therefore, it is

only logical that PF−6 moves into the SAM more freely from CB than from DCE. The

gradual decrease in ∆E with increasing z noted in DCE corresponds to electrostatic

potential driven transfer of ions from the solution to the monolayer, analogous to

conventional ion transfer across a liquid-liquid interface [89].

The results presented here suggest that there is no large difference between

hydrophilic and hydrophobic ions when considering ion permittivity of the SAM on

nanoparticle surface. Ion size is the biggest factor when determining ion penetra-

tion, although some other factors do play a role as well, as is seen from the different

behaviour of TPAs+ and TPBF−20, which are similar in size. Therefore, it is instruc-

tive to consider the MPC surface as a ultra-thin liquid that offers steric resistance to

large ions, but can compensate smaller ones as per classical liquid-liquid interfaces.

This can be used to tailor electrochemical response of nanoparticles and should be

taken into account when designing future electronic devices. For a successful device,

regular peak separations may be superior to variable ones and therefore this study

can be used as a measure of what conditions should be avoided. It also gives both

qualitative and quantitative tools to study these systems and presents a plausible

physical model for ion association to nanoparticle surfaces.
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3.3 Ion transfer limited MPC film charging

In this section, the electrochemical behaviour of thin films composed of MPCs de-

posited on metal electrodes and immersed in aqueous electrolyte solutions. In such a

system, the choice of the electrolyte has a clear and dramatic effect on the charging

properties of the film. In the presence of very hydrophilic electrolytes, it is very dif-

ficult to get any charging inside the film. Increasing the hydrophobicity of the anion

changes the onset potential, where normal oxidative quantised charging behaviour

is observed at more positive potentials. No reduction peaks have been reported for

MPC films in aqueous solutions. This ion induced rectification of MPC charging has

been interpreted by Chen et al. [5, 86–88] as ion-pairing shifting the concentration

ratio of MPCs in the few top layers of the film and changing the apparent standard

potential. The whole film is thus not charged, but the bottom layers simply transfer

the charge to the electrode.

However, there are a few problems with this interpretation. The proposed

ion-association effect on the charging of the MPC film is questionable. As has been

shown in this thesis, static ion association has little effect on the charging of MPCs

in solution. Possible ion penetration should make it easier to charge them but this

would really only be applicable at higher charge states and definitely not for the first

charging step. In fact, there should be very little ion association to begin with, since

there is a large charge separation between the MPC core and the counter-ion and

high salt concentration used in the experiments and the high dielectric constant of

water together cause a nearly full collapse of the double layer structure surrounding

the nanoparticle. It should also be noted that no perceivable shift in the position

of the first oxidation peak has been seen for MPCs in solution [17]. Should the

rectification be ion association dependent, there should be a decrease in current

with different degrees of association and at higher charge states since the MPC

concentration available would be lower. This is also reflected in the derivation of

the equation used in the ion-pairing theory [91]. Decrease in current was seen in

the experiments with fullerenes and with viologen monolayers [91,92], but not with
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nanoparticle films [5, 88, 93]. Furthermore, removing the associated species from

the mass balance of the electrochemical reaction is an unreasonable assumption.

Therefore, the idea that ion-association to the outermost layers would control the

whole electrochemical response seems to be invalid.

There is an alternative explanation, which accounts for the rectified charging

behavior: simultaneous electron transfer at the metal|film interface and ion transfer

across the film|aqueous solution interface. In this model, the electrochemical charg-

ing at the electrode surface is not possible without the presence of counter-ions to

preserve the electroneutrality of the film. Hence, for each electron transferred to an

MPC, a counter-ion must transfer from bulk phase into the MPC film. Similar limit-

ing behavior has previously been seen at three-phase boundaries at oil droplets sus-

pended on electrode surfaces [94–96], where the apparent E0 of the reaction could be

controlled by changing the counter-ion. It was shown that an electrochemical reac-

tion in a film derived of a supporting electrolyte could not happen without a coupled

ion transfer from bulk solution. Shifts in the apparent E0 were directly proportional

to the standard ion transfer potential of the counter-ion, clearly demonstrating con-

trol of the electrochemical reaction by ion transfer. Similar behaviour has also been

observed by changing the interfacial potential at microelectrodes fully covered by

an organic droplet [97]. The idea of counter-ion movement was also used by Murray

et al. [93] in their explanation for MPC film charging. The film itself is strongly hy-

drophobic and will be almost completely ion free when no potential is applied, since

water and hydrophilic electrolytes will not want to go into the film [98]. Only when

a sufficient potential difference is applied to the film/solution interface to drive ion

transfer into the film, can MPC charging proceed. In essence, the film|solution in-

terface is a classical immiscible liquid|liquid-interface as is schematically illustrated

in figure 3.5.

To see how ion transfer would affect the electrochemical response, we must

first write down the total electrode reaction. For simplicity, only the first oxidation

peak is considered.
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Figure 3.5: Schematic illustration of the MPC film charging mechanism

MPC + B−aq 
 MPC+ + B−o + e− (3.6)

where B is the anion transferring into the MPC film.

Let’s now consider the potential drop at the MPC|water interface, ∆o
wϕ.

From the chemical potential differences, we obtain:

∆o
wϕ = ∆o

wϕ
0
B −

RT

F
ln
coB
cwB

(3.7)

where ∆o
wϕ

0
B is the standard transfer potential from organic phase to water for the

anion B, coB and coB are the concentrations of B in the film and in water respectively.

The potential drop at the electrode is

Eelectrode = E0 +
RT

F
ln
cMPC+

cMPC

(3.8)

where cMPC and cMPC+ are the concentration of the non-charged and charged MPC

species respectively.

Assuming a very thin film with a low iR-drop, the total potential drop in the

film is therefore

E = Eelectrode + ∆o
wϕ (3.9)
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E = E0 + ∆o
wϕ

0
B +

RT

F
ln
cMPC+coB
cMPCcwB

(3.10)

From eq. (3.10) and mass balance, it is possible to obtain the concentration of

MPC+:

cMPC+ =
cwB θ

2

[
− 1 +

(
1 + 4

c0MPC

cwB θ

)1/2]
(3.11)

where c0MPC is the total nanoparticle concentration in the film and

θ = exp
[ F
RT

(E − E0 + ∆o
wϕ

0
B)
]

(3.12)

Assuming a pure thin film response, where there are no concentration gradients

inside the film, the current in a potential sweep experiment is [68]

i = FAlv
dcMPC+

dt
(3.13)

where A is the area of the electrode, l is the thickness of the film and v is the

potential scan speed.

Substituting eq. (3.11) into eqs (3.10) and (3.13) and solving for peak current

and peak potential, we get

ip =
F 2Alvc0MPC

5.83RT
(3.14)

Ep = E0 + ∆o
wϕ

0
B −

RT

F
ln cwB +

RT

F
ln 0.83c0MPC (3.15)

The equations above reproduce the concentration and sweep rate dependences that

have been reported for MPC films [5, 88]. They also explain the thickness depen-

dence. For a small number of monolayers, peak current is a nearly linearly dependent

on the thickness [93], as per eq. (3.14). But when the thickness is further increased,
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Figure 3.6: a) Dependence of the first peak potential of MPC film charging on
the concentration of the electrolyte for various salts: NH4PF6 (◦), NH4ClO4 (�),
NH4BF4 (4) and NH4NO3 (•). b) Dependence of the first peak potential of MPC
film charging on the standard ion transfer potential of the anion used. Potential
was interpolated to the case where ln c = 0 and the estimated E0 was subtracted
from the value. Linear fit gave a slope of -1.02.

peak current no longer increases accordingly. This is due to diffusion inside the MPC

film. Electron diffusion coefficient has been measured to be as low as 10−8cm2/s [93].

This would give a limit for the thin film response at a thickness of a few hundred

nm, and diffusion limited response after that. At diffusion limited region, there is no

current dependence on the film thickness, exactly what is seen for MPC films [93].

To see whether the phenomenon seen is really ion transfer limited, charging

onset potentials were compared to calculated values using Gibbs energies of transfer

between water and dichlorobenzene (DCB) [99]. While an MPC film is not strictly

comparable to simple solvents such as DCB, differences in Gibbs energies will be of

the right magnitude and we should see the same order in the position of the onset

potentials. Standard transfer potentials calculated from Gibbs energy data for the

four most commonly used anions were 165 mV (PF−6 ), 266 mV (ClO−4 ), 331 mV

(BF−4 ) and 489 mV (NO−3 ). This is the same order that is seen experimentally.

Peak potential dependence on standard ion transfer potential also follows the same

linear dependence as in eq. (3.15) surprisingly well, as is highlighted in figure 3.6.

This is a strong proof for the coupled electron and ion-transfer mechanism. Cations

have an effect as well, indicating that some co-transfer of cation and anion might
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happen with sufficiently hydrophobic cations.

Simply put, the onset potential of the film charging is the other end of the

potential window for the film|water boundary. We should therefore see different

responses in other solvents and with sufficiently hydrophobic ions. A simple ex-

periment done with the same experimental set-up as in the literature [5, 88] was

conducted in order to study this. An extremely hydrophobic anion, TPBF−20, was

used to further enhance this effect. TPBF−20 transfers at all potentials within acces-

sible experimental range. Thus, electron transfer at the electrode|film interface is

not expected to be limited by anion transfer across the film|solution interface. In

the experiments, no potential gap was seen and a charging response comparable to

that observed for freely diffusing MPCs in organic solvents was obtained, indicating

that ion transfer really is the key step to MPC film charging.
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4 Electrostatic stabilisation of aqueous nanoparticles

4.1 Background

Water-soluble metallic nanoparticles have been the subject of continued interest

and many prospective applications in biosciences have recently been demonstrated

[6,42,70,100]. They can be used e.g. in bio-electronic devices [6], as label molecules

[6] and in targeted drug delivery [42]. While it is quite easy to make stable monolayer

protected nanoparticles soluble in organic solvents, stable water-soluble particles are

more problematic [101]. They are commonly charge-stabilised particles protected by

carboxylic acid or amine terminated ligands, making their solubility pH dependent.

Also, the ligands must be large enough to impart steric stability. With chains shorter

than 4 carbons, significantly lower core stability has been observed [101], causing

them to aggregate irreversibly due to core coalescence after a few weeks of storage.

Similar problems are faced with citrate stabilised [45] particles. As citrate is not

strongly bound to the surface and will be detached if the solvent is removed, the

particles cannot be isolated from solution without irreversible aggregation, which

restricts their use for applications. For longer covalently bound ligands, the life-

time is much longer and the particles can often be precipitated and redispersed

several times without degradation. Their stability as a colloid solution is however,

a different matter and will be considered in the following section.

Here, the focus is on negatively charged MPCs, but the same principles will

apply for positively charged particles, just in a different pH range. At low pH,

carboxylic acid-stabilised nanoparticles agglomerate due to protonation and hydro-

gen bonding [102], rendering them soluble only in basic conditions. At high pH, the

carboxylic acid groups deprotonate and stabilise the particle dispersion through elec-

trostatic repulsion. Overlap of the electrical double layers surrounding the particles

prevents them from approaching each other and agglomerating by attractive van der

Waals forces. The double layer is contracted and surface potential decreased with

increasing salt concentration and therefore the particles coagulate when the ionic
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strength exceeds a limit known as the critical coagulation concentration (c.c.c.). This

limit depends strongly on the charge of the counter-ion (Schulze-Hardy rule) [46]

and only to a smaller extent on the structure and size of the ion. Typically, this

limit is low, between 50 - 100 mM for monovalent counter-ions and much lower for

multivalent counter-ions [46]. All classical colloids such as clay follow this rule. For

example, when rivers close in on the ocean and their salt concentration increases,

electrostatically stabilised clay particles will precipitate and form the river deltas.

A common theory for describing the stability of colloidal systems of this

type is the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [46, 70], which

works qualitatively well for most systems, but needs modifications at very small

length scales [103, 104]. The DLVO-theory simply states that there is an attractive

force due to van der Waals forces acting between two particles. This will cause

aggregation of the colloids unless there is an opposing force of similar magnitude. In

the charged particle case, the counter-force is the electrostatic repulsion. Standard

equations to estimate the value of total interaction energy Vtot = Vrep + Vatt are as

follows [70,105,106]:

Vrep = 4πa2
(RT
F
ψ0
)2 e−κh

2a+ h
(4.1)

Vattr = −AH

6

[
2a2

h2 + 4ah
+

2a2

(h+ 2a)2
+ ln

h2 + 4ah

(h+ 2a)2

]
(4.2)

where Vrep is the repulsive potential, Vattr is the attractive potential, h is the surface

to surface separation, a is the size of the nanoparticle and AH is the Hamaker’s

constant.

These equations use the so-called linear-superposition approximation, where

interaction energies are assumed to be simply superposed on each other [107].

Hamaker’s constant is a scaling factor of the van der Waals force and can be com-

puted from the known dielectric constants of the medium and the particle. Unfor-

tunately, it is very difficult to define analytically and must be fitted to data in many

cases. Calculating the total interaction energy with eqs. (4.1) and (4.2) gives po-
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Figure 4.1: Interaction energy between two identical spheres at different salt con-
centrations: (a) 1 mM, (b) 10 mM, (c) 30 mM, (d) 90 mM and (e) > 1 M. (Reprinted
with permission from Wiley-VCH Verlag GmbH & Co. KGaA)

tential energy curves such as the ones shown in figure 4.1. As can be seen, the total

interaction energy is minimised at high salt concentrations, which directly causes

aggregation of the colloidal particles.

Many studies have been done on the effect of ion concentration on the stability

of a colloidal system. It has been a text-book example for many years [46]. The

concept of ion size in DLVO theory was already proposed in 1972 by Frens and

Overbeek [108], who estimated that large counter-ions could enhance the stability

of colloids by increasing the distance of closest approach for two colloids to twice

the diameter of the counter-ions. With the emergence of nanoparticles, this has

received only marginal attention. What has been overlooked is that the classical

examples deal with quite large colloids. For MPCs with sizes in the few nm range,

it is possible to use ions, which have sizes comparable to the particles themselves.

This should affect the stability of such a system. Previously, it has been found that

larger ions could impart better stability and higher c.c.c. [109,110], but this was not

observed in the older literature [46]. It has also been suggested that this relation

could be linearly dependent on the ion size [109,110], although all the measurements

were done with relatively small ions with no large difference in size. In this thesis,

further studies on this were conducted.
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The deciding factor in the solubility of carboxylic acid capped nanoparticles is

pH. In most literature reports, this is fixed with NaOH [102,111–113]. However, it is

interesting to consider the effect of larger counter-ions as this will alter the distance

of closest approach and change the double layer structure. The effect of a probable

adsorbed layer can easily be incorporated with previous calculations of the double

layer structure by taking the charge separation between carboxylic acid groups and

their counter-ions into account [71].

4.2 Counter-ion size and the stability of anionic nanoparticles

In the stability studies, it was decided to use the Kimura method to produce mer-

captoundecanoic acid (MUA) capped Au-MPCs [48, 111, 112, 114]. These particles

can be repeatedly isolated and redispersed in aqueous solution and have good core

stability due to the long ligand used [101, 114]. Therefore, there will be no coa-

lescence effects interfering with the study of the colloidal stability. MUA only has

one pKa value in contrast to the more widely used capping agent, mercaptosuccinic

acid, making the experiments simpler. As the MPCs are capped with carboxylic

acids, their solubility and stability is closely linked to the double layer structure and

pH of the system [48, 102, 113]. The effect of different counter-ions (Na+, tetram-

ethylammonium (TMA+), tetraethylammonium (TEA+) and tetrabutylammonium

(TBA+)) on the stability of the nanoparticles was studied by light scattering and

zeta potential measurements.

A model taking counter-ion size into account was used to explain differences

noted in particle solubility and zeta potential for each ion. Here, the charged plane

resides at the periphery of the ligand shell. This will cause ions to associate around

it according to the theory explained in chapter 2.3. This is illustrated in figure 4.2.

Counter-ions will form an ionic layer around the ligand shell and follow the double

layer behaviour around it. There will be an area of zero charge density between

the carboxylic acid groups and the charge centres of the counter-ions set by the

radius of the ion. Outside that, the electrolyte will follow a standard double layer
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Figure 4.2: Schematic illustration of the double layer structure surrounding a MUA
capped nanoparticle. Area I is the area of zero charge density and area II is the
electric double layer. (Reprinted with permission from Wiley-VCH Verlag GmbH &
Co. KGaA)

structure set by eqs (2.1) - (2.7). The resulting potential distribution is easy to solve

when one uses the usual boundary conditions: continuity of potential and surface

charge density. Also illustrated in figure 4.2 is the slipping plane, which is defined

so that all ions inside move with the particle when it is subjected to an external

electric field [46]. The potential at that point is called the zeta potential, ζ, and is

an indirectly measurable quantity.

The effect of counter-ion size was experimentally seen when the electrolyte con-

centration was increased. All nanoparticles precipitated out of the solution when

the NaOH concentration exceeded 90 mM. However, with TMAOH, TEAOH and

TBAOH, no upper solubility limit was reached in the concentration range studied

here and the particles remained dispersed in solution even at 1 M salt concentrations.

If sufficient NaOH was added to these solutions, it would induce precipitation indi-

cating that quaternary ammonium ions and Na+ have a competing interaction at the

particle surface. Conversely, it was possible to add a high amount of TEAOH into

NaOH solutions without causing precipitation regardless of the high ionic strength

reached.
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Figure 4.3: Zeta potential of MUA-capped nanoparticles with varying counter-
ions at different salt concentrations: Na+ (N), TMA+ (◦), TEA+ (�) and TBA+

(4). Dashed lines are added as guides to the eye. (Reprinted with permission from
Wiley-VCH Verlag GmbH & Co. KGaA)

Zeta potential measurements (figure 4.3) showed that with increasing counter-

ion size, the value of the zeta potential shifted to less negative potentials. This

follows from more efficient shielding of the negative surface charge. The magnitude

of the zeta potential is commonly taken as a measure of colloidal stability. However,

since the number of charged groups and hence the surface charge is the same for all

cases and comparative concentrations were used for all counter-ions, the increased

stability observed with the quaternary ammonium hydroxides must be due to other

reasons, i.e. the double layer structure.

The location of the slipping plane was determined as the radius, where the

modelled potential equals the zeta potential determined experimentally. Results

are shown in figure 4.4 as a function of κa. The calculations revealed that the

location of the slipping plane shifted further from the surface of the nanoparticles

with increasing counter-ion size. A simple fit was made, where the location of

the slipping plane was assumed to follow a formula aκ−1 + b, where the first part

corresponds to the stretching of the double layer due to changes in ionic strength

(Area II) and the second part is due to the size of the particle and Stern layer (Area

I). The best fit was obtained with a = 1/5 and b = a+ 2dcounter−ion. As can be seen

in figure 4.4, this seems to fit the data quite well. The term 2dcounter−ion describes
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Figure 4.4: Location of the slipping plane as a function of distance from the surface
of the ligand shell at different concentrations with varying counter-ions: Na+ (N),
TMA+ (◦) and TEA+ (�). Dashed lines are fits with an assumed location of the
slipping plane at 1/5κ−1 +a+2dcounter−ion. (Reprinted with permission from Wiley-
VCH Verlag GmbH & Co. KGaA)

the thickness of the Stern layer. Even though the choice for the slipping plane is

arbitrary, it has a physical meaning as well. For very high ionic strengths, the first

term disappears and only the term for ions adsorbed in the Stern layer is left. The

measurements thus indicate the formation of a steric barrier against aggregation,

and confirm the applicability of the idea proposed by Frens and Overbeek [108] for

MUA stabilized gold nanoparticles. When two particles approach each other, they

probably can share the same adsorbed layer, but cannot come closer than that.

This is the distance of closest approach for two nanoparticles and is illustrated in

the figure 4.5.

It appears that the choice of the electrolyte should be carefully considered

when using this type of nanoparticle in water solutions. An easy modification of

the system gives a greatly enhanced stability and even allows surface reactions that

would otherwise not proceed. For example, the kinetics of thiol exchange reactions

involving charged species will be greatly dependent on the ionic strength of the

system, which can be more flexibly set with bigger counter-ions. The study also
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Figure 4.5: Schematic illustration of a nanoparticle pair suspended in an elec-
trolyte. Two layers of counter-ions separate the particles. (Reprinted with permis-
sion from Wiley-VCH Verlag GmbH & Co. KGaA)

demonstrates that counter-ion size has a huge impact on the colloidal stability of

the nanoparticle system. The imparted stability is not simply linear increase of the

c.c.c. as has been suggested previously [109, 110], but rather a dramatic jump to

complete independence from the ionic strength of the solution. It was shown that,

as the nanoparticle is of comparable size to the counter-ions used, large ions will

strongly increase its electrostatic stabilisation via a steric effect.
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5 Formation of MPC superstructures through ligand

exchange

5.1 Background

Thus far, the dynamics for the formation of superstructures through ligand exchange

has received very little attention as studies of place-exchange reactions have focused

on individual MPCs. Some reports on dithiol induced self-assembly have been pub-

lished [52,54,58–64]. These studies focus mostly on the optical and electrical proper-

ties of the assemblies. The actual mechanisms and kinetics behind the self-assembly

has received limited attention. One reason for this may be that it is very difficult

to get reliable data since the reaction is very often rapid and difficult to quench

at a desired moment. It is common to use a power law to describe the aggregate

growth [115], but this gives very little quantitative information. One option is to

use the Smoluchowski aggregation equation [116], but this is quite cumbersome and

difficult to link directly to the dithiol exchange kinetics. Murray et al. have studied

ligand exchange with 1H NMR by measuring the spectra of the released thiols and

compared that to the original sample. Originally, this method required interrupting

the reaction and decomposing the MPCs with I2 [117]. Recently, they developed

a much more convenient way to do this in situ [118, 119]. However, this method

is only valid if the incoming and outgoing thiols can be readily distinguished from

each other in NMR spectra. It remains speculative whether this technique could be

used to analyse dithiol place-exchange and nanoparticle aggregation.

Fortunately, there is a simple way to follow aggregation kinetics. Dynamic

light scattering (DLS) [120,121] offers a convenient way to measure size changes of

nanoparticles and their colloidal aggregates in situ. Larger aggregates will scatter

much more efficiently and therefore, it is possible to follow the size development of

the biggest aggregates. In other techniques such as TEM, samples must be taken and

the reaction quenched at appropriate time intervals. With DLS, one can follow the

evolution of colloid size in the same sample without the cumbersome work required
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to prepare one sample for each time step. While DLS is limited to following the

hydrodynamic radius and cannot give the actual geometry of the measured object,

the method is satisfactory for characterising and monitoring changes in well-defined

colloidal systems. DLS has already been used to follow various kinds of aggregation

processes. For further reading, a recent review from Sandkühler et al. [116] and

references therein are recommended.

The reaction mechanisms for particle aggregation can be classified mainly

through the fractal dimension of the resulting cluster [122]. For tightly packed

clusters, this value is large. If the fractal dimension is low, the cluster is diffuse

with a lot of empty space inside the structure. With dithiols, it is assumed that the

product will probably be tightly packed since there can be many links between the

particles and all interconnects will be very strong. Another issue that should be con-

sidered when constructing a mechanism is whether the clusters of MPCs can grow

solely by attachment of single nanoparticles or can they connect to other clusters

as well. This is a much more difficult and can only be fully analysed by comparing

theory to experimental data.

5.2 Kinetics of dithiol induced Ag-MPC aggregation

A kinetic study on the formation of Ag-MPC superclusters was done. It was pro-

posed that one could get kinetic information about the actual dithiol place-exchange

reaction indirectly by monitoring the aggregation of the nanoparticles. For this pur-

pose, a simple theoretical model, which links the aggregation rate to the rate of the

thiol exchange reaction, was constructed and applied to experimental data. To do

so, one must first formulate an analytical expression relating the measured hydro-

dynamic size to the extent of thiol exchange.

A simple diffusion model was used [123, 124], where the growth of the

aggregates was divided into two phases: I) a single nanoparticle is functionalised by

a dithiol moiety and II) this functionalised particle monomer attaches to a growing

cluster of nanoparticles as is illustrated in figure 5.1. The number of these growing

35



Figure 5.1: Schematic mechanism for the dithiol induced nanoparticle aggregation.
In phase I, functionalized monomers are formed, and in phase II monomers attach
to an aggregate. (Reprinted with permission from the American Chemical Society)

clusters, or nucleation points is assumed to be constant throughout the reaction.

It was also assumed that the fractal dimension is high, so that the clusters are

dense and that the growth proceeds mainly due to single nanoparticles attaching to

the supercluster. It was later seen that the assumptions were appropriate and the

model was successful in describing the measured data. The supply of monomers is

dictated by the ligand-exchange reaction as follows:

nanoparticle + dithiol → functionalised nanoparticle (5.1)

The monomer mass balance is thus given by the difference in the monomer

formation rate and the incorporation of monomers in the aggregates:

dcM,bulk

dt
= kec

u
NPc

υ
DT −

cNucl

Vm

dV

dt
(5.2)

where cM,bulk, cNP, and cDT are the bulk concentration of the monomer, concentration

of the nanoparticles, and concentration of dithiol, respectively, ke is the rate

constant for thiol exchange, n = u + υ is the order of the reaction, r is the mean

radius of the aggregates, Vm is the volume of the monomer, V is the volume of the
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aggregate, and cNucl is the concentration of nucleation sites. The growth flux Jg and

the flux of monomer desorption from the aggregates Jd are:

Jg = 4πr2kacM,r (5.3)

Jd = 4πr2kd (5.4)

where ka is the rate constant for attaching a monomer, kd is the rate constant for

desorption of the monomer, and cM,r is the concentration of the monomer close to

the surface of the cluster. Furthermore, the equilibrium constant, Keq, is defined as

the ratio between rate constants for detachment and attachment:

Keq =
kd

ka

(5.5)

Keq is assumed to be very low, because monomers in the aggregate are tightly

bound through multiple dithiol bonds. The diffusion flux toward the surface of

the aggregate must equal the growth rate and is obtained from Fick’s first law

in spherical coordinates, assuming that the moving boundary due to growth can

be neglected [125]. This assumption is valid for the slow growth considered here.

Hence, the monomer diffusion flux near the aggregate’s surface is given by:

Jdiff = 4πDr(cM,bulk − cM,r) (5.6)

where D is the diffusion coefficient of nanoparticles.

In the stationary state, the flux balance dictates that attachment and

detachment fluxes are equal to the diffusion flux:

Jg + Jd = Jdiff (5.7)

Combining eqs (5.3) - (5.7) gives us the monomer concentration near the surface of
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the aggregate:

cM,r =
DcM,bulk + rkd

rka +D
(5.8)

The volume change of the aggregate can be obtained from the diffusion flux, which

is in effect the accumulation flux:

NAVmJdiff =
dV

dt
(5.9)

Combining eqs (5.6), (5.8), and (5.9) gives:

dr

dt
= NAVmD

(
cM,bulk −Keq

r +D/ka

)
(5.10)

Thus, we can rewrite eq. (5.2) in the following form:

dcM,bulk

dt
= kec

u
NPc

υ
DT − 4πr2NADcNucl

cM,bulk −Keq

r +D/ka

(5.11)

Furthermore, in the calculations we also have to take into account the mass balance

of all other species.

Using the model described above to fit ke and cNucl to measured hydrodynamic

data measured at various temperatures, it is possible to estimate the kinetics of the

ligand exchange from a simple thiol to a dithiol. It was found that the values of Keq

and ka were small and played only a minor role in the shape of the calculated curve.

The most interesting value, the rate of the thiol exchange ke, could be fitted quite

well. As the measurements were performed at different temperatures, it was also

possible to obtain the value of the activation energy for the same reaction by using

the Arrhenius equation. An example of measurement data and corresponding fits

is given in figure 5.2. The measurement data fit best to pseudo first-order reaction

kinetics where n = 1 and u = υ = 0.5, as the concentration dependence of the
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Figure 5.2: Evolution of hydrodynamic radius of the nanoparticle aggregate: ex-
perimental results (dots) and calculated values (solid lines). Concentration excess of
thiol to nanoparticles was 94 (a), 47 (b) and 9 (c). Temperature was set to 10 ◦C (•)
25 ◦C (◦) and 40 ◦C (H). Arrhenius plot (d) is shown for the same calculations with
concentration excess of thiol to nanoparticles as 94 (H), 47 (◦) and 9 (•). (Reprinted
with permission from the American Chemical Society)

Arrhenius plot vanishes almost completely. The rate constant for the thiol exchange

reaction was found to vary between 0.6 - 4.0·10−4 s−1 and the activation energy was

46 ± 10 kJ mol−1. These values correspond quite well to similar data obtained for

gold nanoparticles.

As can be seen from the results, combining simple DLS measurements to theory

provided a simple and efficient way to monitor this difficult to assess thiol exchange

reaction. The reaction would be almost impossible to probe in any direct way, but

can be easily approached indirectly.
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6 Au-MPC facilitated content release from

liposomes

Regular non-targeted liposomes are used as carriers in drug delivery to deliver, e.g.

anti-cancer drugs. Despite intensive studies, the controlled drug release from li-

posomes at the target site remains a major challenge. Many strategies to achieve

triggered and site-specific release have been suggested in the literature. These strate-

gies are based on either chemical or physical properties of liposomes and different

external signals. Here we describe a novel method for the light induced release of an

encapsulated marker substance from gold nanoparticle-loaded liposomes [126]. Gold

nanoparticle containing liposomes remain intact below 37 ◦C but can be opened with

UV radiation. Gold nanoparticles work as localised heat-traps by absorbing the en-

ergy of UV radiation and transforming it into heat. The lipid bilayer undergoes

phase transition due to local temperature increase and releases the encapsulated

substance through gaps between fluid and gel like phases [127, 128]. The three

different approaches used to integrate gold nanoparticles into the liposomes are il-

lustrated in figure 6.1. Hydrophobic nanoparticles can be embedded into the lipid

bilayer, negatively charged hydrophilic nanoparticles are encapsulated in the core of

liposomes, and lipid functionalised gold particles are localised at the interface, either

on the inner or the outer surface of liposomes. Small gold particles of 1-3 nm were

used although bigger particles of >10 nm would have a more pronounced surface

plasmon resonance and hence a better heating efficiency. It was thought that bigger

particles would interfere with the integrity of the lipid bilayer and cause unwanted

leaking.

It is good to bear in mind that with nanoparticles what is seen in the UV-

vis-extinction spectra of pure nanoparticles is indeed due to absorption and not

scattering [11, 21, 22]. This in turn means that all the energy the particles absorb

will eventually be emitted. This property can be used to heat small systems. The

particles used were small enough to have little or no distinctive plasmon absorbance
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Figure 6.1: Schematic representation of gold nanoparticle functionalised lipo-
somes: a) hydrophobic particles embedded in the lipid bilayer, b) anionic hydrophilic
nanoparticles in the liposome core and c) gold nanoparticles at the lipid bilayer-water
interface. (Reprinted with permission from Elsevier B. V.)

band [43]. However, as the Au-MPC absorbance always rises towards UV-region,

any wavelength in that region is suitable for heating. Therefore, it was decided to

irradiate the particles with 250 nm light in the experiments. The amount of heat

created in the system is difficult to define. Previous calculations have indicated very

high values [31, 32], even hundreds of kelvins in the vicinity of the particle surface.

This is not necessarily true here since the particles used were quite small and the

light source was not very powerful. However, to induce a phase transition in the

surrounding lipids, a difference of only a few degrees is needed and excess heating

would not be useful and could even be undesirable. Heating of this magnitude is

definitely attainable with the system used and is demonstrated by the results below.

Calcein was chosen as the marker molecule due to its concentration dependent

fluorescence. It has a strong fluorescence at low concentrations in bulk solution.

When the same amount is confined in the small volume inside the liposomes, fluo-

rescence is autoquenched due to the high concentration. Fluorescence is recovered

when calcein is released and diluted to a lower concentration. The signal strength

is nearly linear over a wide range of concentrations and can therefore be used for

both quantitative and qualitative purposes.

Liposomes with different Di-stearoylphosphatidylcholine:Di-palmitoyl-
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phosphatidylcholine (DSPC:DPPC) ratios (100:0, 95:5, 90:10, 80:20, 60:40, 0:100)

were prepared to control the transition temperature at which calcein is released.

As a hydrophilic probe, calcein does not permeate across intact lipid bilayer. By

changing DSPC:DPPC ratio in liposomes, it was possible to control the temperature

for calcein release between 35 and 48 ◦C. Calcein release temperatures were slightly

lower than expected on the basis of Tm of the lipids (DSPC 55 ◦C, DPPC 41

◦C). This may be due to the conditions of the experiment, such as aqueous buffer

with ions, high stirring, and differences in lipid packing [129]. For example, small

unilamellar DPPC vesicles have phase transition approximately at 4 ◦C lower than

multilamellar vesicles of DPPC [130]. The size of liposomes in the experiments was

between 200 and 500 nm and the size was not dependent on the lipid composition.

The lipid composition with DSPC:DPPC ratio 90:10, with calcein release at 45 ◦C,

was chosen for further experiments because the liposomes should remain intact in

the blood stream or tissues, but relatively small increase in bilayer temperature

should induce phase transition and increase the permeability of the membrane.

Gold nanoparticles were embedded into liposomes. Both hydrophobic (thiol-

capped, Au-C6SH) and hydrophilic (mercaptosuccinic acid capped, Au-MSA)

nanoparticles were used. Based on their physico-chemical properties, Au-C6SH

nanoparticles were presumably embedded into liposomal bilayer, and hydrophilic

Au-MSA nanoparticles were expected to be encapsulated in the core of liposomes.

Integration of gold nanoparticles did not have an effect on the calcein encapsulation

efficiency or liposome size.

When the bulk temperature was increased, calcein release was affected by the

presence of gold nanoparticles. The integration of gold nanoparticles decreased the

calcein release temperature by about 2 ◦C and calcein release at the pre-transition

temperature was observed, especially with Au-C6SH at 40 ◦C (figure 6.2a). Embed-

ding of gold nanoparticles into bilayer probably causes changes in lipid packing. The

lamellar lipid lattice undergoes structural change to the ’rippled’ gel state, which

can be observed as pre-transition and changes in calcein release graph. The inten-

sity of calcein fluorescence was increased 40%, which was also observed in the UV
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Figure 6.2: a) Calcein release from gold nanoparticle-loaded (500 pmol) Au-MSA
(•), Au-C6SH (�) and plain liposomes (◦) in temperature gradient (1.5 ◦C/min). b)
- d) Calcein release from liposomes in constant temperature (37 ◦C) with different
types of loaded nanoparticles: b) NanogoldR©, c) Au-C6SH and d) Au-MSA. UV
radiation was started after initial period of 20 min. Nanoparticle concentrations
were 0 pm (◦), 100 pm (•), 200 pm (�), 500 pm (N) and 1000 pm (�). (Reprinted
with permission from Elsevier B. V.)

spectra of calcein and the corresponding gold nanoparticle concentration. These

three changes in calcein release (decreased release temperature, pre-transition, fluo-

rescence increase) temperature gradient indicated the successful integration of gold

nanoparticles into the liposomes. Importantly, in the case of DSPC:DPPC (90:10)

liposomes with gold nanoparticles, the phase transition still remained above 37 ◦C.

Results indicated that calcein is released from gold nanoparticle-loaded lipo-

somes by the UV-light triggered mechanism (figure 6.2). At 37 ◦C and without UV-

light radiation, the liposomes did not release calcein or released it very slowly during

the initial 20 min period. Liposomes with different concentrations of nanoparticles
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released calcein upon irradiation with 250 nm UV-light for 30 min.

Lower amounts (100 and 200 pmol) of nanoparticles in liposomes were able to

induce calcein release with UV light, but did not affect on liposomal bilayer integrity

at 37 ◦C. However, at 500 and 1000 pmol the nanoparticles caused some release of

calcein already during the initial 20 min period without UV-irradiation. It is likely

that high gold nanoparticle concentrations in liposomal bilayer may interfere with

the integrity of bilayer, causing non-specific leakage of encapsulated calcein. It was

also clearly seen that without gold particles, the UV radiation of liposomes did not

induce any calcein release.

The light-triggered calcein release was more pronounced with hydrophobic Au-

C6SH and DPPE-Nanogold R© than with hydrophilic Au-MSA nanoparticles. Appar-

ently, the heat from the bilayer associated Au-C6SH and Nanogold R© is conducted

more efficiently to lipid molecules, thereby inducing the phase transition and calcein

release. Heating by nanoparticles is presumably extremely localized and therefore

Au-MSA particles located at the center of the liposome do little to heat the lipo-

somes, whereas particles close or attached to the bilayer are the useful ones in terms

of content release. Also, Au-MSA particles themselves can leak from the liposomes.

In the bulk phase, they will definitely be too far from the liposomes to cause any

perceivable heating. The difference in calcein release between liposomes with and

without gold nanoparticles was evident (figure 6.2). The rate of calcein release from

gold nanoparticle-loaded liposomes was up to 100-fold greater compared to that

for plain liposomes, clearly demonstrating the triggering of drug release by gold

nanoparticles.

This study demonstrates selective light induced contents release from lipo-

somes. Gold nanoparticles act as ”heat-traps” by converting the energy of UV light

to heat. Presumably, light induces a local temperature increase, lipid phase transi-

tion and probe release. Three different types of liposome-nanoparticle composites

were all shown to 1) be stable in solution at low nanoparticle concentrations, 2)

not release their contents without light irradiation at body temperature and 3) only

release their contents under irradiation if functionalised with gold nanoparticles.
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7 Summary

In this thesis work, fundamental properties of MPCs and their superstructures were

studied. Electrochemical studies showed that MPC could have even as many as 15

distinctive charge states and a that HOMO-LUMO gap could be measured even at

room temperature for sufficiently small nanoparticles. SAMs on the nanoparticle

surface were shown to be ion permeable, and that this could radically affect the

charging phenomenon. A decrease in the discrete single electron transfer energy was

observed in the presence of small counter-ions, which penetrate into the monolayer

and increase the MPC capacitance. MPC film charging was shown to dependent on

the ion transfer from bulk solution into the film phase, which shifts the onset of the

charging peaks according to the standard ion transfer potential of the counter-ion.

This is in strong contrast to the earlier explanation of ion association presented

in literature. The information presented here will be useful for future molecular

electronic devices.

Aqueous stability of charged MPCs was also one of the topics in the thesis.

Nearly total independence from the ionic strength of the solution was observed in

the presence of large counter-ions, which were shown to form an electrostatically

bound steric barrier around the nanoparticle. This is very relevant as nanoparticle

solubility will be a big issue for biosensors and other aqueous applications. The

enhanced stability noted here could be advantageous of in the design of such systems.

The lifetime of the colloidal system can be increased ten- or even hundredfold with

a different choice of counter-ions.

Dithiol place exchange is an interesting reaction and one that is often used

in the formation of superstructures. In order to study this, aggregation induced by

interlinking MPCs with hexanedithiol was studied. A simple mathematical model

enabled the estimation of the apparent kinetic parameters for ligand exchange from

light scattering data. This provides an indirect means to link the chemical attach-

ment of MPCs to the aggregation kinetics while simultaneously giving insight on

the mechanism itself. It is proposed that this procedure should be applied to other
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aggregation mechanism studies, as it can easily be applied in situ.

Finally, an application of gold nanoparticles for drug delivery was presented.

Liposomes loaded with Au-MPCs were shown to be relatively stable and released

their contents with an external signal i.e. laser irradiation. Nanoparticles were

heated due to surface plasmon resonance. This could raise the local temperature by

a few degrees, enough to induce a phase transition and increase the permeability of

the lipid bilayer. The technique would be an excellent option for drug delivery for,

in particular, ocular medicine.

In conclusion, several points about the physico-chemical properties of MPCs

were studied and tools for further research in the field were constructed. The author

hopes that this work will inspire others to study nanosciences in a quantitative

way and to explore further ways to utilise these fascinating new materials. In the

future, they will surely prove to be much more than just building blocks for research

scientists.
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List of Abbreviations

Au-C6SH Hexanethiol capped Au nanoparticles

Au-MSA MSA capped gold nanoparticles

Au-Nanogold R© NanogoldR© capped Au nanoparticles

c.c.c. Critical coagulation concentration

CB Chlorobenzene

DCB Dichlorobenzene

DCE Dichloroethane

DLS Dynamic light scattering

DLVO Derjaguin-Landau-Verwey-Overbeek theory

DSPC Di-stearoylphosphatidylcholine

DPPC Di-palmitoylphosphatidylcholine

DPV Differential pulse voltammetry

ET Electron transfer

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital

MUA Mercaptoundecanoic acid

MPC Monolayer protected cluster

MSA Mercaptosuccinic acid

QDL Quantised double-layer charging

QRE Quasi-reference electrode

SAM Self-assembled monolayer

SVW Square-wave voltammetry

TBA Tetrabutylammonium

TEA Tetraethylammonium

TEM Transmission electron microscope

TMA Tetramethylammonium

TPAs Tetraphenylarsonium

TPBF20 Pentafluorophenyl borate
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List of Symbols

α Fitting parameter for the ion penetration model

∆w
o ϕ Potential drop at the water|organic interface

∆w
o ϕ

0
B Standard transfer potential from water to organic phase for species B

∆E Charging peak separation

ε Dielectric constant

ε0 Permittivity of vacuum

εl Dielectric constant of the ligand shell

εs Dielectric constant of the solvent

κ Inverse Debye length

ρ Charge density

σ Surface charge density

ψ Potential

ψ0 Surface potential

A Electrode area

AH Hamaker’s constant

a Nanoparticle size

a1 Location of an ion inside the ligand shell

F Faraday constant

CMPC Total MPC capacitance

c Concentration

caq
B Concentration of B in water

coB Concentration of B inside an MPC film

cDT Dithiol concentration

cM,bulk Bulk concentration of a monomer

cMPC MPC concentration in an MPC film

c0MPC Total MPC concentration in an MPC film

c+
MPC Charged MPC concentration in an MPC film

cNP Nanoparticle concentration
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cNucl Concentration of nucleation sites

D Diffusion coefficient

dcounter−ion Size of a counter-ion

e Elementary charge

E Applied potential

E0 Standard potential

Eelectrode Potential drop at the electrode

Ep Peak potential

h Surface to surface separation

i Current

ip Peak current

Jd Flux of monomer desorption from the aggregates

Jdiff Diffusion flux

Jg Growth flux

ka Rate constant for attaching a monomer

kd Rate constant for desorption of a monomer

ke Rate constant for thiol exchange

Keq Equilibrium constant

l Length of the protecting ligands, thickness of the MPC film

NA Avogadro’s constant

n Order of the reaction

R Ideal gas constant, resistance

r Radius; Mean radius of aggregates

rc Radius of the nanoparticle core

rion Ionic radius

T Temperature

V Volume of an aggregate

Vattr Attractive potential in DLVO theory

Vm Volume of a monomer

Vrep Repulsive potential in DLVO theory
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Vtot Total interaction potential in DLVO theory

v Scan speed in cyclic voltammetry

z Electric charge
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