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Abstract

Nanoparticles possess unique properties compared to corresponding bulk materials of

identical composition. Potential applications in composite materials, catalysis, sens-

ing, and many other areas have driven research of nanoparticles and nanomaterials for

decades. One of the key challenges in harnessing the unique properties of nanoparticles

is the limited stability of finely dispersed matter. Stabilizing agents therefore represent

an intrinsic part of the preparation and handling of nanoparticles. This work deals

with the preparation and characterization of polymer functionalized gold nanoparti-

cles. Using a novel approach, gold nanoparticles are transferred to an organic phase

and stabilized by end-grafted polystyrene ligands. These composite particles are then

characterized by a wide range of methods. Dynamic light scattering and analytical

ultracentrifugation are used to examine the scaling of the brush height regarding lig-

and chain length and grafting density. Although high polymer grafting densities are

achieved in general, there is a strong negative correlation between the chain length and

the grafting density. The particles can be stabilized in a variety of organic solvents.

The optical properties of the plasmonic gold particles are characterized by UV/Vis

spectroscopy. A complex dependence on the refractive index of the solvent and brush

swelling in that solvent is found. Small-angle x-ray scattering confirms the presence of

attractive inter-particle interactions in non-polar solvents. The mechanism of ligand

binding to the nanoparticle surface is investigated in fluorescence-based kinetic experi-

ments. A distinct ligand chain length dependence of the effective rate constant suggests

a diffusion-limited mechanism, which can also explain the lower grafting densities of

polymer brushes formed by longer polymer chains. These findings can potentially be

applied to other particle materials and polymers and aid in the development of stable

composite materials that are compatible with a broad range of media and matrices.
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Kurzzusammenfassung

Nanopartikel besitzen einzigartige Eigenschaften verglichen mit makroskopischen

Körpern gleicher Zusammensetzung. Anwendungsmöglichkeiten in Kompositwerk-

stoffen, Katalyse, Sensorik und vielen anderen Bereichen haben die Forschung an

Nanopartikeln und Nanomaterialien für Jahrzehnte angetrieben. Eine Heraus-

forderung bei der Nutzbarmachung der besonderen Eigenschaften von Nanopartikeln

ist die begrenzte Stabilität feindisperser Materie. Stabilisatoren stellen daher

einen zentralen Aspekt der Herstellung und Verarbeitung von Nanopartikeln dar.

Diese Arbeit befasst sich mit der Darstellung und Charakterisierung polymerfunk-

tionalisierter Gold-Nanopartikel. Mittels einer neu entwickelten Methode werden

Gold-Nanopartikel in eine organische Phase überführt und durch terminal angebun-

dene Polystyrol-Liganden stabilisiert. Diese Komposite werden mit einer Reihe von

Methoden charakterisiert. Die Abhängigkeit der Dicke und Dichte der Ligandenschicht

vom Molekulargewicht der Liganden wird mittels dynamischer Lichtstreuung und ana-

lytischer Ultrazentrifugation untersucht. Trotz insgesamt hoher Pfropfdichten, gibt es

eine negative Korrelation zwischen Molekulargewicht und Pfropfdichte. Die Partikel

können in diversen organischen Lösungsmitteln stabilisiert werden. Die optischen

Eigenschaften der plasmonischen Gold-Partikel werden mittels UV/Vis-Spektroskopie

untersucht. Eine komplexe Abhängigkeit vom Brechungsindex des Lösungsmittels und

Quellung der Polymerschicht wird beobachtet. Kleinwinkel-Röntgenstreuung zeigt das

Auftreten attraktiver Wechselwirkungen zwischen Partikeln in unpolaren Medien. Der

Mechanismus der Ligandenanbindung wird mittels fluoreszenzbasierter kinetischer

Experimente untersucht. Eine Abhängigkeit der effektiven Geschwindigkeitskonstante

von der Kettenlänge der Liganden legt einen diffusionslimitierten Mechanismus nahe,

welcher auch die niedrigeren Pfropfdichten von Schichten aus längeren Polymerketten

erklärt. Diese Ergebnisse können potenziell auf anderen Partikelmaterialien und

Polymere übertragen werden und zur Entwicklung stabiler Komposite beitragen.
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1 Introduction

The vibrant red and purple colors of gold nanoparticles (AuNPs) and their application

as colorant in glass manufacturing have been known for millennia.[1] Some evidence of

the use of gold and other metal nanoparticles in glass staining survives to this day in

the form of colorful church windows and ornate glassware.[2, 3] Nevertheless, an under-

standing of these optical phenomena and their physicochemical origin has only been

enabled by analytical and computational methods developed in the past few decades.[4]

In turn, this has spurred tremendous interest in the use of metal nanoparticles in ma-

terials science,[5–7] nano-optics,[8–10] sensing,[11–14] and medicine.[15–18] This work

focuses on the preparation and characterization of polymer stabilized AuNPs with

potential applications in functional nano-composites and nano-optic sensors.

Nanoparticles (NPs) are defined as particles with sizes between 1 and 100 nm.[19] As

such, they are a subgroup of colloidal particles, which extend the size range to 1 µm.[20]

The term NP is usually associated with more or less isotropic nanomaterials, for which

the definition is met in all three dimensions. Other terms, such as nanorod, nanowire,

and nanosheet, are applied to anisotropic nanomaterials that exhibit nanoscopic sizes

in at least two dimensions or one dimension, respectively.

NPs fill the gap between the atomic and microscopic length scales, which has con-

sequences for their properties. With sizes well below the diffraction limit for visible

light, individual NPs cannot be resolved in conventional bright-field microscopy.[21]

Already during the early days of colloid science, ultramicroscopy, a variation of op-

tical dark-field microscopy, was developed to visualize NPs.[21] However, it still was

incapable of resolving details, e.g. their shape or exact size. To achieve the resolu-

tion required to visualize such features, advanced imaging methods, such as electron

microscopy,[22] super-resolution laser scanning microscopy,[21] and atomic force mi-

croscopy were developed.[23, 24] Another important set of methods that have enabled

structural investigation of nanomaterials are scattering techniques.[25, 26] These typi-

cally use the scattering of light,[27, 28] x-rays, or neutrons to record intensity patterns

or intensity fluctuations,[29, 30] which can then be related to structural parameters of

the sample. As scattering patterns are reciprocal-space representations of real-space
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structures, they are particularly suited to probe very small objects. Characteristic

length scales, are on the order of D ≈ λ/2, where λ is the wavelength of the radiation

used.[31] Hence, visible light allows characterization of nano- and microscopic objects,

whereas much shorter wavelength x-rays and neutrons can potentially achieve atomic

resolution. This is demonstrated by the early use of the closely related method of

x-ray diffraction to measure atomic length scales in crystallography.[32, 33] Because

they rely on interference, scattering techniques require a certain degree of uniformity

or periodicity in the sample in order to acquire meaningful data. In addition, scatter-

ing techniques usually involve extensive ensemble-averaging. On one hand, this allows

for unmatched statistical reliability of the results. On the other hand, information on

variations between particles within the sample is frequently lost. The combination of

advanced imaging techniques and scattering methods eventually allowed detailed stud-

ies of the structure-property relationships in nanomaterials and boosted nanoscience

as they became more widespread and affordable.

One consequence of the small dimensions of NPs is their high surface-to-volume ratio,

which is inversely proportional to particle size.[34] This is even amplified by the fact

that NPs are constructed of discrete atoms rather than consisting of infinitely fine,

continuous matter, as demonstrated by the following examples. We consider a cube

of N atoms on a primitive cubic grid. If N = 1000 atoms, the cube has an edge

length of 10 atoms and the number of surface atoms is exactly 488 or 48.8% of all

atoms in the cube. We now increase the edge length of the cube to 100 atoms, such

that N = 1, 000, 000. In this case, the exact number of surface atoms is 58808 or

5.9% of all atoms in the cube. If we further increase the edge length to 1000 atoms,

the cube now contains N = 109 atoms, of which 0.59% are surface atoms. The

correlation between the edge length of the cube and the fraction of surface atoms is

shown in Figure 1. Bearing in mind that the particle sizes corresponding to these

examples roughly represent the full nanoscopic range, we can make two observations.

Firstly, the number of atoms in a single NP can be very small, similar to that of large

molecules, but increases rapidly with particle size. Secondly, small NPs comprise a

large proportion of surface atoms, emphasizing the properties of the surface over those

of the bulk material.
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Figure 1: Correlation between the edge length of a cube of atoms and the corresponding
fraction of surface atoms.

Their small size also has implications regarding the stability of NPs. Compared to

macroscopic bulk materials, which are stabilized by internal lattice energies and cohe-

sion forces, surface tension and van-der-Waals forces have a much greater influence.[35]

The Laplace pressure, i.e. the pressure caused by surface tension acting on curved

surfaces, is inversely proportional to the radius of curvature.[36] While promoting the

isotropic, often spherical, shape of NPs, it also increases the internal energy of small,

dispersed systems. A phenomenon related to the Laplace pressure and commonly ob-

served in NPs is Ostwald ripening.[37] The Laplace pressure increases the chemical

potential of surface atoms in small particles compared to larger ones. If there is a

pathway of mass transport between particles, e.g. due to partial solubility, small par-

ticles will shrink in favor of large particles, which will grow in size. This concept is

illustrated in Figure 2.

Ostwald ripening can be reduced by reducing the surface tension between NPs and the

surrounding medium and by inhibiting mass transport.[38, 39] Both can be achieved

by stabilizing agents. Stabilization of NPs is also required to overcome attractive

van-der-Waals interactions between particles. Due to the small mass of NPs, these

otherwise relatively weak forces are sufficiently strong to cause irreversible particle

aggregation. A repulsive potential to prevent aggregation can be created by electro-

static or steric interactions.[35] The sum of attractive and repulsive forces creates a

potential barrier between particles, that is usually finite in height. Thus, such NPs are
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Time

Figure 2: Schematic illustration of Ostwald ripening of solid particles. The Laplace
pressure is higher for small particles than for large particles. Over time, small particles
will shrink and ultimately disappear, while large particles increase in size.

only kinetically stabilized, rendering particle dispersions metastable. Changes in en-

vironmental parameters, for instance pH or ionic strength of the dispersing medium,

can shift the force equilibrium and destabilize the dispersion. The most important

strategies for the stabilization of NPs are shown in Figure 3.

+

+

+

+

+

++

+

+
+ +

+

a) c)b)

Figure 3: Examples of concepts for nanoparticle stabilization. a) Introduction of
surface charges. b) Stabilization by surfactant bilayers. c) Stabilization by surface
bound ligands.

One simple method to improve stabilization of NPs is a direct chemical or physical

modification of the particle surface, which is generally aimed at introducing surface

charges (Figure 3 a). Naturally, these processes often are specific to a given parti-

cle material. A more universal approach involves the use of surfactants as stabilizing

agents, which adsorb to the particle surface or even form protective bilayers in order

to reduce interfacial tension (Figure 3 b).[40, 41] Using anionic or cationic surfac-



5

tants with charged headgroups and nonpolar tails, electrostatic repulsion also provides

stabilization against aggregation. AuNPs are frequently stabilized using the cationic

surfactant cetyltrimethylammonium bromide (CTAB).[40, 42] Non-ionic surfactants

may also be used, in which case stabilization is achieved via steric interactions.[43, 44]

Finally, NPs can be stabilized by organic ligands, which are coordinated or covalently

bound to the particle surface (Figure 3 c). The term ligand covers a broad range of

not closely defined substances. Ligands can be small, multifunctional molecules,[45]

end-functional hydrocarbon chains,[46, 47] linear or branched polymers,[48–52], and

bio(macro)molecules.[53, 54] Depending on the type of ligand used, particle stabiliza-

tion against aggregation can be electrostatic or steric. This variety renders the ligand

approach very versatile and the properties of NPs can be controlled and fine-tuned by

the choice of different ligands. For instance, ligands can be used to introduce surface

charges in otherwise relatively inert materials, such as gold. They can also increase

the compatibility with a dispersant or matrix and be used to promote specific binding

events on the particle surface, which can be used for sensing. Polymeric ligands in

particular can be tailor-made to fulfill a specific purpose.

Polymers are comprised of macromolecules, i.e., molecules with a high molecular

mass.[55] Specifically, polymer molecules are macromolecules that are formed by a

large number of identical or similar sub-units, called monomers. Polymers containing

more than one type of monomer are called copolymers. Whereas the chemical nature

of the monomers defines many properties of the polymers they form, some other

typical properties of polymers, e.g., toughness and flexibility, are a result of their

large size.[56] This size is usually expressed as the degree of polymerization, N ,

which is the number of monomer units in the chain. Importantly, synthetic polymers

rarely contain chains with identical N , but rather a distribution of N . They are

polydisperse. Polymer molecules can have varied structures, including linear chains,

branched chains, stars, dendrimers, three-dimensional networks, and others.[57] Of

these, linear homopolymers are the simplest and the most studied. Figure 4 shows

schematic examples of polymer molecules with N = 31 and different molecular

architectures.
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c)

a) b)

d) e)

Figure 4: Examples of polymer architectures shown as beads on a string. Each bead
represents a monomer unit, with all examples comprising N = 31 monomers. Different
colors represent different types of monomer. a) Linear, statistical copolymer, b) linear,
ABA tri-block copolymer, c) branched polymer, d) star polymer, e) dendrimer.

This thesis deals with the preparation and characterization of AuNPs that are sterically

stabilized by hydrophobic polymer ligands in organic media. AuNPs typically are

prepared and stabilized in aqueous media.[58–60] Although there are methods for the

direct preparation of AuNPs in organic media,[61–63] the more common approach to

obtain such particles is by a ligand driven phase transfer of particles from an aqueous

to an organic phase.[47, 64, 65] During this process, a hydrophobic ligand is used to

replace the ionic, hydrophilic ligands of AuNPs at the water/organic interface and

thus promote a migration of particles into the organic phase. The phase transfer

works reliably with small, strongly binding hydrophobic ligands in combination with

small nanocrystals or spherical NPs. However, the phase transfer of large AuNPs and

non-spherical AuNPs can be challenging.[66, 67] In addition, the reactive end groups

of long polymer chains may not be as accessible as those of short chain ligands, which

hinders the phase transfer process. In order to fully utilize the advantage of polymer

ligands in terms of tunable functionality without affecting stability, a method that is

inherently versatile and adaptable to a wide range of particle sizes and geometries,

polymer materials, and functionality is required. One of the earlier approaches has

been the direct functionalization of particles in water-miscible organic solvents.[68–

70] In this method, a dispersion of gold or silver NPs is slowly added to a polymer

solution in acetone or THF. A potential disadvantage of this method is the temporary
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destabilization of particles, which requires high dilution in order to prevent aggregation

before they are sufficiently functionalized with polymer. Indeed, precipitation of the

particles during the grafting process has been reported.[68, 69] Another approach

has been the functionalization of NPs with a temporary ligand in aqueous phase or

by phase transfer, which can then be replaced by a polymer ligand in an organic

phase.[71, 72] The main challenge of this process is to use a temporary ligand that

sufficiently stabilizes NPs in organic media but can be replaced by other ligands.

An interesting combination of different methods has been presented by the group of

Liz-Marzán. In their approach the direct functionalization with a first, end-grafted

polymer ligand in THF is followed by the addition of a second, amphiphilic polymer

in the organic phase and a re-transfer to the aqueous phase.[66, 67]

For this thesis, linear, α, ω-functionalized polystyrene (PS) ligands with varying chain

length will be grafted to AuNPs using a novel approach that combines the methods

presented previously. PS is a well-characterized polymer that is soluble in a range

of organic solvents. Moreover, α, ω-functionalized PS ligands with narrow molecular

weight distributions are easily accessible by controlled polymerization techniques. The

first part of the thesis focuses on the method used to prepare polymer stabilized

AuNPs. In the second part of this thesis, the structure and properties of the polymer

ligand shell on small, spherical AuNPs will be examined in detail, in particular with

regard to the molecular weight and grafting density of the ligands. These findings

will be compared to theoretical models describing polymer brushes, i.e., dense layers

of polymer chains end-grafted to a solid surface. Finally, the kinetics of the binding

process of α, ω-functionalized PS on the AuNP surface will be investigated.
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2 Theoretical background

2.1 Thermodynamics of polymer solutions

This section deals with a brief overview of the thermodynamics of polymer solutions, in

particular the Flory-Huggins equation.[56, 57] This fundamental equation describes the

free energy of mixing, ∆Fmix, for polymer solutions and blends, although we will limit

ourselves to polymer solutions here. The Flory-Huggins equation allows predictions

regarding whether or not a polymer of a certain molecular weight will dissolve in a

solvent at a given concentration and temperature. It also introduces a concept of

solvent quality, i.e. how capable a solvent is of dissolving a specific polymer. Solvent

quality has a major impact on the properties and conformations of polymers, as will be

discussed in the following section. The Flory-Huggins equation has been derived from

statistical considerations of polymers and solvent molecules on a lattice. This lattice

can be two- or three-dimensional and can have different geometries. For sufficiently

large lattice size, the resulting expressions will be equal. Figure 5 shows an example

of polymer chains on a two-dimensional lattice.

Figure 5: Example of a lattice representation of a polymer solution. Lattice sites
occupied by polymer and solvent are shown in black and white, respectively. The
lattice size is 10×10, the degree of polymerization is N = 10, and the polymer volume
fraction is ϕ = 0.3.

The fixed size of the grid is the reason for expressing the thermodynamics of mixing

in terms of free energy (isochoric process) rather than free enthalpy (isobaric process),

which is a reasonable approximation as the volume change for the dissolution of poly-
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mers tends to be small.[73, 74] Equation 1 shows the Flory-Huggins equation, where

N is the degree of polymerization, ϕ is the volume fraction of polymer, and χ is the

Flory-Huggins interaction parameter.

∆Fmix = kBT

[
ϕ

N
lnϕ+ (1− ϕ)ln(1− ϕ)

︸ ︷︷ ︸
∆Smix

+χϕ(1− ϕ)

︸ ︷︷ ︸
∆Umix

]
(1)

The first two terms in the square brackets correspond to the entropy of mixing, ∆Smix

and are similar to expressions found for the mixing of gases. However, the degree of

polymerization has a major impact on the entropy gain during mixing. The first term

decreases as N increases. As a result, the entropy of mixing is small for polymers,

which typically have N in the order of 102 - 106. The last term in square brackets

represents the energy of mixing, ∆Umix, which has the major contribution to polymer

solubility. The interaction parameter, χ, can be approximated by the use of tabulated

solubility parameters, δt,p and δt,s of polymer and solvent respectively.

χ ≈ V (δt,p − δt,s)
2

kBT
(2)

Here, V is the volume of a grid site or the typical volume of a monomer unit of the

polymer in question. The concept of solubility parameters was first introduced by

Hildebrand and is based on the heat of vaporization of a liquid.[75] For polymers,

the values have to be estimated from structural analogies. As the Hildebrand model

only accounts for non-polar interactions, it often fails for strong polar or specific in-

teractions. A more refined system is that of Hansen solubility parameters.[76] Here,

individual contributions of dispersion interactions, δd, polar interactions, δp, and hy-

drogen bonding, δh, are considered to define the total solubility parameter, δt, as

shown in Equation 3.

δt =
√
δ2d + δ2p + δ2h (3)

A stable solution will generally be obtained as long as the difference between solu-

bility parameters of polymer and solvent is small. For good solvents, χ is small or
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even negative. If χ > 0.5, in the poor solvent regime, phase separation may occur,

depending on T , ϕ, and N .[57] A special case are systems with χ = 0.5, in which

the net change of pairwise interaction energies between polymer segments and solvent

upon polymer dissolution is zero.[57] This is referred to as θ conditions and a solvent

which satisfies this condition is called θ solvent. Polymers in θ solvents have special

properties, which will be discussed in the next section. In general, χ itself is a function

of volume fraction and temperature.[57] As demonstrated by Equation 2, one would

expect a χ ∝ T−1 dependency. However, more complex behavior is often observed,

leading to a wide variety of phase behavior of polymer solutions.[77]

2.2 Dimensions of polymer chains in solution

2.2.1 Conformational isomerism of polymer chains

The conformation of polymer chains in solution is tightly linked to the physical

properties of the polymer solution. This section will discuss common models

and quantities used to describe the dimensions of polymer chains. For the sake

of simplicity and in the context of this thesis, only linear homopolymers with a

continuous C–C backbone will be discussed. The large number of bonds within a

typical polymer chain results in several differences between the solution behavior of

polymers and small molecules. Each of the dihedral bond angles within a polymer

chain follows a Boltzmann distribution, with the trans position as the most likely

and the cis position as the least likely conformation. The two gauche positions

represent local minima in the rotation potential, slightly higher in energy than the

trans conformation. Figure 6 shows a schematic energy curve in relation to dihedral

angle. The exact energies of the conformers will depend on the substitution pattern.

In n-butane for example, the energy barrier for a full rotation through the cis position

is ≈ 20 kJ/mol, whereas the gauche positions are ≈ 4 kJ/mol higher in energy than

the trans position.[78] Thus, bond rotation is possible over a wide range of angles at

room temperature, but mostly restricted to the trans position and the two gauche

positions.[79]
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Figure 6: Schematic energy curve for the C-C bond rotation of a polymer chain seg-
ment. The conformations are shown from a perspective along the rotating C-C bond,
with the black CH2R1 group at the back and the blue CH2R2 group in front. Eclipsed
conformations are shown slightly offset for clarity.

As the number N of bonds within the polymer chain increases, there are more pos-

sible combinations for the overall conformation of the polymer chain. For sufficiently

large N, the sum of bond rotation angles results in a continuous distribution of chain

dimensions. This distribution also describes the segment density profile of a chain in

solution, i.e. how the chain segments are distributed relative to the center of the coil.

The distribution of chain dimensions is identical for the ensemble average of many

chains and time average of a single chain. This property of polymer chain statistics is

called ergodicity and it is relevant in both experimental and theoretical contexts.[77]

For example, experiments involving a time averaged measurement will also give us

information about the ensemble average and vice versa. Moreover, theoretical models

can utilize both ensemble and time averaged methods, for instance Monte Carlo (en-

semble average) and molecular dynamics (time average), to come to identical results.
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2.2.2 Ideal polymer chains

The most simplistic model system to describe the conformation of a polymer chain is

the freely jointed chain (FJC). In this model, the chain is represented by N segments

of fixed length l that are linked together without restrictions to the angle between

adjacent segments. This is shown in Figure 7. The segments have no volume and

can overlap. The end-to-end vector, s⃗, of the chain is the sum of segment vectors r⃗i

with |r⃗i| ≡ l. The magnitude |s⃗| ≡ s is called end-to-end distance.[57]

s⃗ =

N∑
i=1

r⃗i (4)

sr1
rNxg

Rg
Rh

Figure 7: Representation of a polymer chain as series of bond vectors, r⃗i. The end-
to-end vector, s⃗, is shown in blue. The center of mass, x⃗g, and the radius of gyration,
Rg, are shown in red. The hydrodynamic radius, Rh is shown in green.

As there are no restrictions of bond angles, the FJC is equivalent to a random walk

with N steps in three dimensions. For large N or averaged over a large number of

chains, the expected value ⟨s⟩ will approach zero.

⟨s⟩ =

∣∣∣∣∣ limN→∞

N∑
i=1

r⃗i

∣∣∣∣∣ = 0 (5)

Therefore, the mean-square end-to-end distance ⟨s 2⟩ is often used as a non-zero en-

semble average instead.
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⟨s2⟩FJC =

N∑
i=1

(r⃗i − ⟨r⃗ ⟩)2 =

N∑
i=1

r⃗i
2 = Nl2 (6)

From the root-mean-square (RMS) end-to-end distance we finally obtain the relation

commonly known as
√
N law.

√
⟨s2⟩FJC =

√
Nl (7)

This scaling law is frequently used to approximate polymer chains by a simple math-

ematical expression. However, it does not account for the fixed bond angles and re-

stricted bond rotation of real molecules. Thus, deviations from the FJC model can be

substantial, in particular for polymers with high molecular weights or bulky monomer

side groups. By including a chain expansion factor, the ideal chain (IC) model de-

scribes the true dimensions of polymer chains following random walk statistics. In

an experimental context, the total chain expansion is frequently described in terms of

the characteristic ratio, C, between the true mean-square end-to-end distance and the

FJC model. The characteristic ratio depends on the degree of polymerization. For

sufficiently large N , it becomes constant and is denoted as C∞.[57]

⟨s2⟩
⟨s2⟩FJC

∣∣∣∣
N≫1

=
⟨s2⟩
Nl2

∣∣∣∣
N≫1

= C∞ (8)

⟨s2⟩IC = Nl2C∞ (9)

The characteristic ratio is specific to a polymer/solvent pair in θ conditions and is a

measure for the stiffness of a polymer chain. The higher C∞, the lower the flexibility

of the chain along the backbone. A popular alternative formalism for the expanded

ideal chain is given by the Kuhn equivalent chain. This model constructs an ideal

chain from a random walk of NK Kuhn segments with the Kuhn length lK, which are

chosen in a way that Equation 10 is satisfied.

⟨s2⟩IC = NKlK
2 (10)
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From a comparison of coefficients between Equations 9 and 10 we can deduce that

NK = N
C∞

and lK = lC∞. Similarly to the characteristic ratio, the Kuhn length is a

common measure for the stiffness of a polymer chain.

Although ⟨s 2⟩ can be obtained experimentally in some cases, a more directly mea-

surable quantity describing the size of a polymer chain in solution is the radius of

gyration, Rg. It is derived from the distribution of mass within the polymer coil. In

the chain representation in Figure 7, the mass is located at the nodes of the segments.

For N segments, there are N + 1 nodes. With x⃗i as the position of the i-th node and

x⃗g as the position of the center of gravity of the chain, Rg can be calculated according

to Equation 11.

Rg
2 =

1

N + 1

N∑
i=0

(x⃗i − x⃗g)
2 (11)

It can be shown that ⟨s 2⟩ and ⟨Rg
2⟩ are directly proportional.[57]

⟨s 2⟩ = 6⟨Rg
2⟩ (12)

This relation is very helpful, since we can obtain values for Rg from scattering tech-

niques, which we can then translate into end-to-end distances.

The radius of gyration is usually obtained from static scattering methods, such as

static light scattering (SLS) and small angle neutron scattering (SANS). However,

dynamic light scattering (DLS) can also be used to obtain a size measure for polymer

chains, which is called the hydrodynamic radius Rh. It determines the velocity at

which the polymer chain or other small object moves through a viscous medium. The

hydrodynamic radius is the radius of a sphere with the same diffusion coefficient as

the object. Since polymers in solution are not dense spheres and therefore experience

little hydrodynamic drag, we can expect that Rh will be much smaller than the actual

dimensions of the chain. From considerations based on the hydrodynamic interaction

between particles, Rh of a polymer chain has been derived as

1

Rh
=

〈
1

|x⃗i − x⃗j|

〉
i ̸=j

(13)
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where x⃗i and x⃗j are positions of mass points or monomer units along the chain. For

the FJC model, we obtain the following expression.[77]

Rh =

√
3π

128

√
Nl ≈ 0.271

√
Nl (14)

As expected, Rh is much smaller than
√

⟨s2 ⟩ and Rg.

2.2.3 Real polymer chains

Real polymer chains differ from the ideal chain models discussed so far due to their

molecular volume and additional interactions that have to be taken into consideration

as a result. These interactions often are referred to as long-range interactions. This

terminology is misleading, as the forces involved do not act over particularly long

distances. Instead, the term long-range is related to the distance between segments

along a chain, which are affected by these interactions. In this context, short-range

refers to interactions between adjacent chain segments, i.e. restrictions to bond angles

and rotation. The change to the conformation and properties of polymers in solution

due to long-range interactions is called excluded volume effect. Despite its name, the

excluded volume, v, is only loosely related to the monomer or chain segment dimen-

sions. Instead, it can be understood as a volume difference between space dominated

by repulsive and attractive interactions, respectively.[57] As a result, the excluded vol-

ume will assume negative values, if attractive interactions outweigh repulsion. This

is the case for polymer chains in poor solvents. In good solvents, the excluded vol-

ume is positive, resulting in chain expansion beyond ideal chain dimensions. Due

to its origin in polymer-polymer interactions, the excluded volume is related to im-

portant thermodynamic quantities, such as the second virial coefficient, A2, and the

Flory-Huggins interaction parameter, χ, which was already introduced in the previous

section. Equation 15 shows the theoretical relation between v and χ in context of the

Flory theory.[57]

v = (1− 2χ)l3 (15)

Here, l3, i.e. the cube of the monomer length, represents a coarse, spherical approx-
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imation of the monomer volume. In many cases, the dimensionless excluded volume

parameter, v/l3 = 1− 2χ, is used instead, deleting the necessity for an accurate value

for the monomer volume. Notably, the excluded volume vanishes for χ = 0.5, which

corresponds to θ conditions and results in ideal, random walk chain statistics. With

v ̸= 0, the chain can no longer be described by a random walk, as chain segments

interact. They are no longer allowed to occupy the same volume, which is why the

conformation of real chains also is referred to as self-avoiding walk. A first, simple

derivation of the chain statistics of real chains in good solvents was presented by

Flory. Equation 16 shows his estimation of the total free energy of a real chain in a

good solvent, where s is the end-to-end distance of the chain.

F = kBT

(
v
N2

s3
+

s2

Nl2

)
(16)

The first term in the brackets corresponds to the internal energy contribution, whereas

the second term corresponds to the entropic contribution. F has a minimum regarding

s, which determines the most likely end-to-end distance, sF. The derivative of F is

shown in Equation 17.

∂F

∂s
= kBT

(
−3v

N2

s4
+ 2

s

Nl2

)
(17)

We solve for s = sF at the minimum of F , i.e. dF/ds = 0.

sF ≈ v1/5N3/5l2/5 (18)

Comparing the Flory result for sF with ideal chain scaling, we find that the end-to-

end distance scales with N3/5 rather than N1/2, reflecting the departure from random

walk statistics. Although Flory’s approach was flawed due to inaccurate estimation

of energetic and entropic contributions, his result for the scaling exponent is in good

agreement with later numerical calculations as well as experimental data.[57, 77] In

practice, more generalized scaling laws with ν as the so-called Flory exponent are

often used. The RMS end-to-end distance of a real chain,
√
⟨s2⟩

RC
, therefore satisfies

Equation 19 in any solvent, where b is the statistical segment length.
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√
⟨s2⟩RC = Nνb (19)

Akcasu et al. expanded this generalized scaling law with expressions for Rg,RC and

Rh,RC.[80]

Rg,RC =
1√

2(ν + 1)(2ν + 1)
Nνb (20)

Rh,RC =

√
6π

12
(2− ν)(1− ν)Nνb (21)

Using this set of relations, the scaling of polymer chains can be determined by mea-

suring either ⟨s2⟩, Rg, or Rh, using various methods. The found parameters can then

be used to calculate any of the other measures of chain dimensions, that may not be

accessible experimentally. Importantly, the scaling exponent itself remains unchanged,

regardless of the experimental method used, and can be directly extracted from a set

of data without conversion of the experimental quantity into a different measure of

chain dimension.

2.3 Dimensions of polymer chains at surfaces

2.3.1 Flat surfaces

The conformation and dimensions of polymers attached to surfaces by one chain end

can differ significantly from those of polymers in solution. In addition to parameters

such as degree of polymerization, chain flexibility and solvent quality, the conforma-

tion of attached chains also depends on the grafting density, σ, i.e. the number of

chains attached per surface area and the curvature of the surface.[81] At high graft-

ing densities, a strong influence of the excluded volume effect can be expected. High

surface curvature results in a stronger excluded volume effect for chain segments near

the surface, whereas segments far from the surface are less affected. Furthermore, the

restriction of space in one direction by the substrate must inevitably change the scaling

statistics. At low grafting densities, polymer chains attached to a surface retain their

scaling statistics, independent of σ. However, as only half the space surrounding the
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attached chain end is accessible, their dimensions are approximately twice of those of

a free chain in solution.[81] This situation is referred to as dilute or mushroom regime,

as shown in Figure 8 a. At grafting densities of σ ≥ ⟨s⟩−2 the chains start to interact

and stretch. Such densely packed structures of stretched, end-grafted polymer chains

are called polymer brushes. At intermediate grafting densities, they behave similarly

to semi-dilute polymer solutions and are therefore called semi-dilute polymer brush

(SDPB). Figure 8 b illustrates a SDPB on a flat surface. At even higher grafting

densities, chain interactions begin to dominate the brush structure, often leading to

significant chain stretching. This scaling regime is referred to as concentrated polymer

brush (CPB).[81]

c)a) b)

Figure 8: a) Dilute polymer brush in the mushroom regime. b) Semi-dilute brush on
a flat surface. c) Semi-dilute brush on a spherical surface. The correlation blobs are
indicated as dashed lines around the solid blue polymer chains.

The scaling theory for polymer brushes was pioneered by Shlomo Alexander and Pierre-

Gilles de Gennes and has since been refined and expanded by others.[82, 83] To un-

derstand the brush structure in the SDPB regime, it is helpful to divide the polymer

chains into smaller subsections, usually referred to as blobs. The chains within these

blobs follow the same statistics as the corresponding unperturbed chain. The size of

the blobs is determined by system parameters, such as temperature, polymer con-

centration, and mechanical stress. The relevant parameter that determines the blob

size of end-grafted chains is the local volume fraction or segment density. Such blobs

are also termed correlation blobs.[57] The blob size, ξ, is analogous to the end-to-end

distance of a chain with g segments of length b.[57]
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ξ ≈ bgν (22)

The volume fraction, ϕ, of polymer within each blob can be approximated as

ϕ ≈ gb3

ξ3
(23)

At semi-dilute concentrations, the solution volume is filled with densely packed corre-

lation blobs. This allows us to estimate the correlation blob size.

ξ ≈ bϕ−ν/(3ν−1) (24)

This relation will become important for chains grafted to a curved surface. For chains

grafted to a flat surface, this expression greatly simplifies, as the volume fraction

is approximately constant and defined by the surface area or footprint available per

chain.

ξ ≈ σ−1/2 (25)

Since ξ = bgν , the number of monomer segments per blob is

g ≈
(
ξ

b

)1/ν

= σ−1/(2ν)b−1/ν (26)

The flat brush of height H0 is formed by a chain of n = N/g blobs of size ξ.[57]

H0 ≈ ξ
N

g
≈ Nσ(1−ν)/(2ν)b1/ν (27)

For ν = 3/5, i.e., good solvent conditions, we obtain

H0 ≈ Nσ1/3b5/3 (28)

and for ν = 1/2, i.e. θ conditions we obtain

H0 ≈ Nσ1/2b2 (29)
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2.3.2 Curved surfaces

For polymer brushes on curved surfaces, the chains are more confined near the surface

than they are at a greater distance from it, as shown in Figure 8 c. Consequently,

the volume fraction of polymer tends to decrease as the distance, z, from the surface

increases. Compared to polymer brushes on flat surfaces, this allows for a complex

variety of brush structure and scaling behavior.[81, 84, 85] Within this broad range,

two extreme cases stand out; locally flat brushes and the star polymer limit. As

the name implies, locally flat brushes can mostly be treated like Alexander-de Gennes

brushes, discussed previously. This approximation is legitimate, if the radius of surface

curvature is large and the polymer chains are relatively short, resulting in a negligible

change of polymer volume fraction throughout the brush. In contrast, brushes in

the star polymer limit comprise relatively long polymer chains on surfaces with a

small radius of curvature. This situation leads to a highly divergent polymer volume

fraction profile, similar to that of star polymers.[84] Spherical brushes that are neither

locally flat nor in the star polymer limit can exhibit complex volume fraction profiles

and transitions between different scaling regimes.[81, 85] Approaches based on self-

consistent field theory (SCFT) or molecular dynamics have been used to investigate

the scaling behavior of such transitional brushes.[85, 86]

In the following, the impact of surface curvature, grafting density, and solvent quality

on brush scaling will be discussed. This discussion will focus on the star polymer

limit, as it is the most relevant for this thesis and allows for simple, analytical approx-

imations. The volume fraction profile for a brush in the star polymer limit is given

by Equation 30, where R is the radius of curvature of the grafting surface, z is the

distance from the surface, and d is the dimension of curvature, with d = 1 for a flat

surface, d = 2 for cylinders, and d = 3 for spheres.[85]

ϕ(z) = (σb2)(3ν−1)/(2ν)

(
R

R+ z

)(d−1)(3ν−1)/(2ν)

(30)

For spherical grafting surfaces, the polymer volume fraction scales approximately

as z−1 in θ solvents and z−4/3 in good solvents. Inserting this expression into

the concentration-dependent size of correlation blobs (Equation 24), we obtain the
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distance-dependent blob size ξ(z).

ξ(z) ≈ σ−1/2

(
R+ z

R

)(d−1)/2

(31)

For d = 1, we obtain the same result as in Equation 25. For d = 3, i.e. a brush

on a spherical surface, ξ increases linearly with increasing distance from the surface

and increases with decreasing radius of curvature. Notably, the blob size does not

depend on solvent quality. The height of the brush in the star polymer limit can be

approximated using a similar approach to the one shown in Equation 27 or solved

analytically from the volume fraction profile.[84] In good solvents, the height, H, of

a curved brush scales as shown in Equation 32, which differs from the corresponding

height of a flat brush, H0 by an additional exponent of 3/5.[81, 84]

H ∝ N3/5σ1/5 ∝ H
3/5
0 (32)

In θ solvents, the scaling changes to Equation 33, linked to the flat brush height by

an exponent of 1/2.[81, 84, 87]

H ∝ N1/2σ1/4 ∝ H
1/2
0 (33)

We can therefore postulate a universal scaling law according to Equation 34.

H ∝ Nνσ(1−ν)/2 ∝ Hν
0 (34)

At high grafting densities, as the probability of polymer-polymer contacts becomes

comparable to that of polymer-solvent contacts, the effect of excluded volume decreases

and higher order interactions between chains begin to dominate. As a result, chain

statistics are now ideal, irrespective of the solvent conditions and the influence of σ is

more pronounced, as shown in Equation 35.[81, 84, 88]

H ∝ Nσ1/2 (35)

The absolute values for the brush height depend on, chain flexibility, excluded vol-
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ume, and the curvature of the grafting surface. All three parameters influence the

volume density profile, which can be solved by SCFT calculations. The different scal-

ing regimes for flat and curved brushes in good and θ solvents are summarized in

Table 1.

Table 1: Scaling relations for flat and curved brushes in good and θ solvents.

regime good solvent θ solvent
flat curved flat curved

mushroom N3/5 N1/2

semi-dilute Nσ1/3 N3/5σ1/5 Nσ1/2 N1/2σ1/4

concentrated Nσ1/2
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2.4 Dynamic light scattering

Dynamic light scattering (DLS) is one of the principal methods used in this thesis. In

DLS, the intensity fluctuations of light, elastically scattered by a sample, are analyzed

to determine the diffusion coefficients of scattering objects, e.g. particles and polymer

coils. From the translational diffusion coefficient, Dt, the hydrodynamic radius, Rh,

of the object can be calculated using the Stokes-Einstein equation. Unlike static light

scattering (SLS), which relies on average scattering intensities and therefore refrac-

tive index contrast, DLS is not as sensitive towards complex structures of scattering

objects, e.g. core-shell morphologies with a large refractive index contrast between

core and shell. DLS on the other hand requires a good understanding of the overall

shape of the objects (spherical, rod-like, fractal,...) in order to obtain meaningful size

information.

Intensity fluctuations are an inherent characteristic of light scattering measurements.

They originate from local refractive index fluctuations which are caused by motion

(usually translation and rotation) of molecules and dispersed particles in the sample.

The faster the motion, the shorter the decay time of the intensity fluctuations will be.

Experimentally, this decay is analyzed by means of an intensity-time autocorrelation

function, g(2)(τ), which compares the intensity at a certain point in time, Isc(t), with

the intensity at a later point in time, Isc(t+ τ), as shown in Equation 36.[89, 90]

g(2)(τ) =
⟨Isc(t) Isc(t+ τ)⟩

⟨Isc⟩2
(36)

This operation is repeated in real time and for a large number of delay times, τ , by

a hardware autocorrelator. g(2)(τ) is linked to the field-time autocorrelation function,

g(1)(τ), by the modified Siegert relation, shown in Equation 37.[91] Here, B is a

baseline parameter (ideally B = 1) and β is the intercept, a measure for signal quality.

g(2)(τ) = B + β
[
g(1)(τ)

]2
(37)

For a monodisperse sample, g(1)(τ) is a simple exponential decay with a mean decay

constant, Γ. Real samples usually possess some degree of polydispersity, which can be
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approximated by a series expansion. The coefficients µn are called the nthcumulant,

hence this approach is called cumulant method. One method for the cumulant anal-

ysis of experimental intensity-time autocorrelation functions has been described by

Barbara Frisken and is shown in Equation 38.[92] The main advantages of the Frisken

method are a higher fidelity and the possibility to apply the fit to the full data range,

rather than a manually defined sub-range, which facilitates automated data processing.

g(2)(τ) = B + βexp(−2Γτ)
(
1 +

µ2

2
τ2
)2

(38)

The polydispersity can be calculated from the second cumulant and the mean decay

rate.[90]

PDI =
µ2

Γ
2 (39)

For a Gaussian size distribution, the PDI is also defined by Equation 40, where σ is

the standard deviation of Rh.[93]

PDI =
σ2

R2
h

(40)

For greater accuracy, autocorrelation functions can be obtained at multiple scattering

angles, θ. In the case of purely translational diffusion, Dt can be obtained as the slope

from a plot of Γ versus the squared magnitude of the scattering vector, q.

Γ = q2Dt (41)

The scattering vector and its magnitude are defined as

q⃗ = k⃗sc − k⃗0 (42)

q =
4πn

λ
sin

(
θ

2

)
(43)

where k⃗sc and k⃗0 are the wave vectors of scattered and incident light respectively, n

is the refractive index, and λ is the wavelength of incident light. From the Stokes-
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Einstein equation, Rh can then be calculated from Dt, as shown in Equation 44. Here,

η is the dynamic viscosity of the medium.

Rh =
kBT

6πηDt
(44)

Most DLS measurements are performed using polarized light with the polarization

plane of incident and detected light perpendicular to the plane opened by θ. This is

also referred to as vv -geometry. Anisotropic objects, such as particle dimers possess

different polarizability along and perpendicular to their main axis. If struck by linearly

polarized light, anisotropic objects scatter differently, depending on their orientation

relative to the polarization plane of incident light. As a dipole moment will be induced

most efficiently along the axis with the highest polarizability, the polarization plane

of scattered light is rotated, which is called depolarization. Consequently, anisotropic

objects that are able to depolarize light upon scattering contribute to the scatter-

ing intensity measured with crossed polarizers (vh-geometry). Such experiments are

termed depolarized DLS or DDLS. As the intensity fluctuations now depend on trans-

lation as well as rotation of the objects, the rotational diffusion coefficient, Dr can be

determined. In this case, the angle-dependent mean decay rate is given by

Γ = q2Dt + 6Dr (45)

2.5 Small angle x-ray scattering

Small angle x-ray scattering (SAXS) is a scattering technique based on the electron

density difference between elements. As a rule of thumb, the electron density, ρe, in-

creases with atomic number. Consequently, SAXS is particularly suited for measure-

ments on inorganic or inorganic/organic composite samples. Although measurements

of purely organic samples are possible, high photon flux (i.e. synchrotron x-ray) or

long acquisition times are required.[29] In most experiments, SAXS is employed to ob-

tain time- and ensemble-averaged, two- or one-dimensional angle-dependent intensity

profiles. Although the angular range is not strictly defined, SAXS measurements are

usually limited to scattering angles of θ < 10◦. The corresponding scattering vector
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or q-range is sufficient to resolve features with sizes from 1nm to 1 µm. As shown

in Equation 46, the measured intensity as a function of q is the sum of coherent and

incoherent intensity contributions, Icoh and Iinc respectively.

I(q) = Icoh(q) + Iinc(q) (46)

Whereas the incoherent term can be considered as undesired background, the coherent

term contains information on size, shape, structure, and concentration of the sample

material. The contributions to Icoh(q) are shown in Equation 47, where N is the

number of scatterers, V is the volume of each scatterer, ∆η is the scattering length

density (SLD) contrast, P (q) is the form factor, and S(q) is the structure factor.[25]

Icoh(q) = NV 2∆η2P (q)S(q) (47)

The SLD can be calculated from the chemical composition and density of a material

and the SLD contrast is simply the difference of SLD of the various components within

the sample, e.g. particles dispersed in a liquid. The form factor, P (q), is a character-

istic function describing the angle dependence of the scattered intensity in relation to

the shape and size of a scattering object. Some of these form factors are analytical

functions, whereas others have to be modeled numerically. The most prominent form

factor, which is also used in this thesis, is the form factor for a sphere with radius R,

shown in Equation 48.[25]

P (q) =

[
3
sin(qR)− qR cos(qR)

(qR)3

]2
(48)

The structure factor, S(q), describes the angle dependence of scattered intensity in

relation to superstructures formed by multiple scattering objects. It represents a

Fourier transform of the pair correlation function of scatterers and S(q) ≈ 1 for dilute

or uncorrelated samples. In this thesis, a structure factor derived from a square well

potential (SWP) is used. The SWP is a simplistic approximation of a Lennard-Jones

potential and is defined as shown in Equation 49, where σ is the hard sphere diameter

(i.e. σ = 2RHS), ϵ is the well depth, and ∆ is the well width.
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U(r) =


∞ for 0 < r < σ

−ϵ for σ < r < σ +∆

0 for r > σ +∆

(49)

The analytical solution for S(q) corresponding to this potential has been derived by

R.V. and K.V. Sharma [94].

2.6 Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) is a method pioneered by Theodor Svedberg, in

which the sedimentation of particles and large molecules during centrifugation is moni-

tored to gather information about the size, shape, or density of the sample material.[95]

AUC can be used in a wide variety of modes, the most prominent being sedimentation

equilibrium and sedimentation velocity experiments.[96] In sedimentation equilibrium

experiments, the radial concentration profile within the sample is analyzed after an

equilibrium between sedimentation and back-diffusion has been reached. These exper-

iments are particularly useful to determine the molecular weight distribution of large

molecules, such as proteins. In sedimentation velocity experiments, the transient con-

centration profiles for a complete sedimentation process are analyzed.[97] Thus, the

molar mass, density, or diffusion coefficient of molecules and particles with a wide

range of weights and sizes can be obtained, depending on which of the quantities are

already known. Within this thesis, only sedimentation velocity experiments were per-

formed. Figure 9 schematically illustrates an AUC experiment. The rotor of the

centrifuge is shown in top view in a and in side view in b.

Sample chambers are set into the rotor. Unlike conventional UV/Vis cells, these sam-

ple chambers are trapezoidal to minimize the distortion of sedimentation near the walls

of the cells. The rotor is placed within a spectrometer setup. For transmission or ab-

sorbance experiments, this spectrometer consists of a flash lamp or other suitable light

sources and a detection unit, which also contains a monochromator. The spectrometer

is synchronized to the rotation of the rotor and measurements are performed when the

sample chambers pass through the light path. In order to obtain radial transmission
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Figure 9: Illustration of a typical AUC experiment with transmission detection. a) Top
view of a rotor with two sample chambers. b) Side view of the rotor, illustrating the
radially movable detection optic. c) Example of a radial absorbance profile, showing
the sedimentation front as a step in absorbance.

or absorbance profiles, the spectrometer can be moved radially, scanning through the

length of sample chamber. A schematic example of a radial absorbance profile for the

sedimentation of AuNPs is shown in Figure 9 c. The sedimentation front is seen

as a step in the radial absorbance curve. For sedimentation processes with negligible

diffusion, the sedimentation front can be sharp throughout the entire process, whereas

the sedimentation front becomes more blurry over time for processes with significant

diffusion. The resolution are limited by the speed of rotation, the sample frequency

of the spectrometer, and the time scale of the process to be observed. Basis for the

analysis of measured concentration profiles is the Lamm equation shown below.[96]

∂c

∂t
= −1

r

∂

∂r

[
csω2r2 −Dt

∂c

∂r
r

]
(50)

This inhomogeneous differential equation fully describes the time and radius dependent

concentration in relation to angular frequency, ω, diffusion coefficient, Dt, and sedi-

mentation coefficient, s. It can only be solved numerically, unless very strict boundary

conditions are introduced, e.g. equilibrium conditions (∂c/∂t = 0). The algorithm of

the software SEDFIT used in this thesis uses a finite difference approach to obtain a

distribution c(s) of sedimentation coefficients.[98] The sedimentation coefficient is a

normalized measure of the sedimentation velocity, v, as shown in Equation 51. It has
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the dimension of time and is usually given in the unit Svedberg, S = 10−13 s.

s =
v

ω2r
(51)

For a compact, spherical particle, the sedimentation coefficient can be expressed as a

function of Rh, η, and the densities of particle and solvent, ρpart and ρsolv, respectively.

s =
2Rh

2(ρpart − ρsolv)

9η
(52)

If either Rh or ρp are known, the other quantity can be determined, assuming that the

solvent properties (η and ρs) are known as well. Since Rh is also accessible through

DLS measurements, sedimentation velocity experiments can be used to determine the

average density of particles.

2.7 Optical properties of gold nanoparticles

The unusual optical properties of small gold particles are the result of phenomena that

occur in all metals but only manifest themselves in such a fascinating manner in a few

of them.[99] Although similar effects can be observed for bulk metals, we will limit

ourselves to a brief introduction to particles on the colloidal scale. The phenomenon

in question is the localized surface plasmon resonance (LSPR), which can be described

as a collective, forced oscillation of conduction electrons in a metal particle.[100, 101]

Electromagnetic waves that impinge on such a plasmonic particle cause a periodic

displacement of the electron gas, resulting in polarization of the particle. The process

of LSPR excitation is depicted in Figure 10.

The polarizability of the plasmonic particle depends on a wide range of parameters,

such as the material, size and shape of the particle, the nature of the surrounding

medium, and the wavelength of incident radiation.[100] The LSPR corresponds to the

wavelength, at which the polarizability exhibits a maximum. Figure 11 shows the

influence of the particle diameter, D, and refractive index of the surrounding medium

on the LSPR wavelength of AuNPs immobilized on glass substrates. The values were

calculated using fit parameters of experimental data found in literature.[102] The

LSPR wavelength increases with both particle size and the refractive index of the
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Figure 10: Schematic depiction of LSPR excitation in plasmonic nanoparticles. Light,
represented here by its E -field component, irradiates a gold particle and causes an
oscillating polarization of the particle, which is in phase with the electromagnetic
wave. The polarization creates a strong electromagnetic near-field, indicated by the
red and blue crescents.

medium. The energy stored in the oscillation can either be re-radiated or dissipated

as heat, leading to scattering and absorption of the incident radiation, respectively.

In contrast to most other metals, the LSPR of gold and silver nanoparticles typically

occurs in the visible or near infrared range, explaining the great popularity of these

materials for plasmonic particles.[99]

Figure 11: Calculated LSPR wavelengths of AuNPs as a function of the particle di-
ameter and the refractive index of the surrounding medium.
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2.8 RAFT polymerization

Free radical polymerization reactions are among the earliest polymerization meth-

ods used commercially and still account for a large portion of industrial polymer

production.[103] The main advantages of free radical polymerization are the excellent

compatibility with a wide range of vinylic monomers and relatively undemanding pro-

cess conditions, allowing low production cost for these polymers.[103] However, the

radical mechanism and complex kinetics result in broad molecular weight distribu-

tions, which limit the utility of free radical polymerization in some laboratory scale

applications and macromolecular design in particular. Thus, efforts have been made

to mimic the narrow and controlled molecular weight distributions, achievable by liv-

ing anionic and cationic polymerization, with radical polymerization. This ultimately

led to the development of a series of controlled radical polymerization techniques in

the 1990’s, including nitroxide-mediated polymerization (NMP), atom-transfer radical

polymerization (ATRP), and reversible addition-fragmentation chain transfer (RAFT)

polymerization.[104] The common working principle of all three methods is to reduce

the number of active radical chain ends by a reversible deactivation of growing chains.

This has two effects. Firstly, the overall rate of chain propagation is reduced compared

to the rate of initiation. Secondly, the probability of chain termination is reduced, as

radical-radical recombination and disproportionation become less likely. In contrast

to truly living anionic and cationic polymerization techniques, termination is not com-

pletely suppressed and polymerization will eventually cease. As a result, the molecular

weight distribution narrows significantly and the lower reaction rates allow for fine-

tuning of the average molecular weight. Nevertheless, chain termination reactions will

eventually cause the polymerization to cease, rendering these methods controlled, but

not strictly living polymerizations. RAFT polymerization has seen extensive use since

its first implementation in 1998.[105]. Its popularity largely originates from nature

of the chain transfer agent (CTA) or simply RAFT agent, which simultaneously acts

as initiator and capping agent. Thus, the chains are inserted within the structure of

the CTA, which provides a convenient and versatile route towards α,ω-functionalized

polymers and other complex polymer architectures. Figure 12 shows the four prin-
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cipal steps of the RAFT process. The polymerization begins with the formation of

initiator radicals (Ini ·) and the addition of monomers (M) to form a first, short chain

(Pn ·). Typically, but not exclusively, thermal initiators, such as AIBN, are used as

radical sources. The growing chain is quickly captured by the CTA, which typically

comprises a dithiocarbamate or trithiocarbonate moiety with a leaving group (R) and

a moderator group (X). The former is chosen such that it can undergo homolytic

cleavage of the S – R bond, whereas the latter controls the reactivity of the CTA.

The radical formed by capture of the Pn · chain is mesomerically stabilized and not

prone to recombination. From this point, either Pn · or R · can be released. If R · is

released, it will initiate a new polymer chain (Pm ·). Finally, a steady state is achieved

by reversible capture and release of polymer chains. During this equilibration stage,

molecular weights of individual chains converge (i.e. n ≈ m), resulting in a narrow

molecular weight distribution.

I)

II)

III)

IV)

Figure 12: Fundamental steps of the RAFT process, including I) initiation, II) chain
transfer, III) reinitiation, and IV) equilibration.

As mentioned previously termination occurs via recombination or disproportionation.

If the concentration [CTA] of the RAFT agent is much larger than the total con-

centration [Ini ·] of initiator radicals generated throughout the reaction, the Pm-CTA

complex on the right hand side of Figure 12 IV is the main product. Therefore, the

monomers have effectively been inserted into the R – S bond of the original CTA. The

proportion of the desired main product is determined by the livingness of the reaction,

i.e. the fraction of chains that will not undergo termination. The livingness L at full
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initiator conversion is shown in Equation 53, where [CTA]0 and [Ini]0 are the initial

concentration of the CTA and the initiator molecules, respectively. d is a numerical

parameter related to the termination mechanism, and f is the initiator efficiency, with

0 ≤ f ≤ 1. Depending on the decomposition half-life of the initiator, full conversion

is not achieved during the polymerization, resulting in higher livingness.[106]

L =
[CTA]0

[CTA]0 + d f [Ini]0
(53)

High livingness also promotes control over the average molecular weight and allows

for a narrow molecular weight distribution. Typically, [CTA]0/[Ini]0 ratios of 5 and

larger are preferable. At low livingness, the kinetics and obtained molecular weight

distribution will resemble that of a free radical polymerization.
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3 Experimental section

3.1 Materials

2,2’-Azobis(2-methylpropionitrile) (AIBN, 98%, Sigma-Aldrich) was recrystallized

from methanol. Styrene (99%, Acros Organics) was passed over basic alumina before

use. 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid 3-azido-1-propanol

ester (CTA, 98%, Sigma-Aldrich), gold(III) chloride hydrate (HAuCl4, 99.995%,

Sigma-Aldrich), trisodium citrate dihydrate (Na3Cit · 2 H2O, ≥ 99%, Sigma-Aldrich),

citric acid monohydrate (H3Cit · H2O,≥ 99.5%, AppliChem), EDTA tetrasodium salt

dihydrate (Na4EDTA, ≥ 99%, Sigma-Aldrich), sodium azide (99%, Acros Organics),

tetrabutylammonium azide (> 95%, TCI), hydroquinone (≥ 99.5%, Carl Roth),

cetyltrimethylammonium bromide (CTAB, ≥ 99%, AppliChem), cetyltrimethylam-

monium chloride (CTAC, 25 wt% in water, Sigma-Aldrich), sodium borohydride

(NaBH4, ≥ 98%, Merck), sodium bromide (NaBr, ≥ 99%, Fisher), ascorbic acid

(≥ 99%, Carl Roth), poly(N-vinylpyrrolidone) (PVP, 10 kg/mol, Sigma-Aldrich),

ATTO 488-NHS (ATTO-TEC), dibenzylcyclooctyne-amine (DBCO-amine, > 95%,

Jena Bioscience), 3-(aminopropyl)-trimethoxysilane (APTMS, 97%, Sigma-Aldrich),

and Sephadex LH-20 (GE Healthcare) were used as received. Solvents were used

in analytical grade. Ultrapure water with a resistivity of 18 MΩ cm was used for

syntheses and purification.

3.2 Preparative methods

3.2.1 Synthesis of spherical AuNPs

Spherical gold nanoparticles (AuNP) were prepared using an optimized protocol based

on work by Schulz et al.[107] The protocol is a variation of the inverse Turkevich

method, which reverses the sequence of reagent addition.[108] Synthesis usually was

performed in large batches in order to compensate for the low particle concentration

obtained using this protocol. For a typical batch size, 4.5 L of water were brought

to boil in a 5 L Erlenmeyer flask. A solution containing 2.206 g (7.5 mmol) of

Na3Cit · 2H2O and 0.525 g (2.5 mmol) of H3Cit ·H2O in 100 mL of water as well
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as 1.2 mL of an aqueous solution of Na4EDTA (0.1 M) were added. The solution was

stirred for 15 min, after which 30 mL of HAuCl4 (25 mM in water) were added under

vigorous stirring. The color of the solution quickly changed to a blue-ish gray, followed

by a change to the typical wine red color of small AuNP in dilute dispersion within

a few minutes. In order to achieve full conversion, the solution was kept boiling for

20 min and allowed to cool down to room temperature.

3.2.2 Synthesis of AuNRs

Gold nanorods (AuNRs) were prepared in a two-step method published by Vigdermann

et al. with slight modifications.[40] Monocrystalline seed particles were prepared by

mixing 5 mL each of aqueous solutions of CTAB (0.2 M) and HAuCl4 (1 mM) at 35 °C

and adding 920 µL of a freshly prepared solution of 10 mM NaBH4 and 10 mM of

NaOH under vigorous stirring. The color of the solution immediately changed from

dark yellow to copper-brown. The solution was stirred at 35 °C for 5 min and then

heated to 50 °C for 1 h in order to decompose excess NaBH4. These seed particles

are then used in a seed-mediated growth process. For this, 100 mL each of of aqueous

solutions of CTAB (0.2 M) and HAuCl4 (1 mM) were mixed at 35 °C. Then 1.4 mL of

an aqueous solution of AgNO3 (0.1 M) was added. After 2 min, 10 mL of an aqueous

solution of hydroquinone (0.1 M) were added dropwise while gently shaking the flask,

which led to a discoloration of the solution. Finally, 3.6 mL of the seed particle

dispersion were added and the flaks was shaken thoroughly to disperse them. The

reaction proceeded at 35 °C and without further agitation overnight, during which the

color gradually changed to a dark, brown-ish red. The particles were centrifuged at

6000g rcf for 10 min, removing fast-sedimenting spherical particles. The supernatant

was further purified by centrifuging twice at 4000g rcf until full sedimentation was

achieved.

3.2.3 Synthesis of AuNCs

AuNCs were kindly provided by Marcel Krüsman and Philipp Hammers and were

prepared by a protocol adapted from H.-L. Wu et al.[42] First, monocrystalline seeds

were prepared by quickly adding 450 µL of a freshly prepared aqueous solution of
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NaBH4 (0.2 M) to 10 mL of a solution of 0.1 M CTAC and 0.25 mM HAuCl4. The

dispersion was stirred at 30 °C for 1 h. Two separate feed solutions were prepared,

containing 0.1 M CTAC, 0.25 mM HAuCl4, 0.02 mM NaBr, and 0.09 mM of ascorbic

acid each. 25 µL of seed particle dispersion were added to 9.975 mL of the first feed

solution while shaking. 313 µL of the resulting mixture were quickly added to 1.025 mL

of the second feed solution. The seeded growth reaction was allowed to proceed for

30 min before quenching by centrifugation at 4700g rcf for 10 min.

3.2.4 Functionalization of AuNPs with PVP

In preparation for the later functionalization with polystyrene (PS) ligands, AuNPs,

AuNRs, and AuNCs were coated with poly(vinylpyrrolidone) (PVP) and transferred

into an organic solvent, in this case DMF. The amphiphilic nature of PVP allows

the stabilization of nanoparticles in both, aqeuous and organic media, whereas the

polydentate but relatively weak coordination to the gold surface render the chains

easily displaceable by more strongly binding ligands. Preliminary experiments showed

that the addition of 50 chains/nm2 was sufficient to stabilize AuNPs, prepared by

the inverse Turkevich method, during the entire purification and solvent exchange

procedure and subsequent storage as dispersion in DMF. The method was readily

adaptable to AuNRs and AuNCs. The required amount of polymer for a given particle

batch was determined using Equation 54.

mPVP = 50nm−2 ANP cNPVMPVP (54)

Here, ANP is the surface area of one particle in nm2, cNP is the molar particle concen-

tration, V is the volume of the particle dispersion, and MPVP is the molar mass of the

PVP used. For spherical AuNPs, the area was calculated from the average particle

radius, R.

ANP = 4πR2 (55)

If R had not been determined yet (by TEM or SAXS), a typical value of 6 nm was

assumed. For AuNRs, the surface area was calculated from the average length and



3.2 – Preparative methods 37

width, L and D respectively. As the rods had half-spherical ends, the surface area can

be approximated as show in Equation 56.

ANR = (L−D)πD + πD2 = LπD (56)

For AuNCs, the surface area was calculated from the average edge length, a. The

rounded corners were ignored.

ANC = 6a2 (57)

Particle concentrations were calculated from UV/Vis absorption data in accordance

with literature.[109, 110] First, the concentration cAu(0) of gold atoms was deter-

mined from the absorbance spectrum applying the Lambert-Beer law. The extinction

coefficient of ϵ = 2330 L mol−1cm−1 at a wavelength of 400 nm was taken from

literature.[109] Then, the particle concentration can be calculated from the mass ratio

between a single gold atom and a particle, as shown in Equation 58. Here, VNP is the

volume of one particle, MAu is the molar molar mass of gold, ρAu is the density of

gold, and NA is Avogadro’s number.

cNP =
cAu(0)MAu

VNPρAuNA
(58)

Particle volumes were calculated in analogy to the surface areas, according to Equa-

tions 59 - 61.

VNP =
4π

3
R3 (59)

VNR = (L−D)
π

4
D2 +

π

6
D3 (60)

VNC = a3 (61)

For the particle batch from Section 3.2.1, this yielded a required mass of 3 g of PVP

(MPVP = 10 kg/mol). The polymer was dissolved in 20 mL of water and added
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dropwise to the AuNP dispersion, which was then sitrred at a slow rate and at room

temperature for 24 h. The volume of the dispersion was reduced to approximately

250 mL by rotary evaporation and centrifuged at 3000g rcf. The particles were re-

dispersed in DMF and centrifugation was repeated two times, always redispersing the

particles in DMF. Thus, the water was gradually replaced by DMF, achieving a resid-

ual water content below 1%. The PVP functionalized AuNPs (AuNP@PVP) were

stored at 4 °C.

3.2.5 Synthesis of α,ω-functionalized PS ligands

Figure 13: Reaction scheme of the RAFT polymerization of PS using an azido-
terminated trithiocarbonate CTA.

The linear polystyrene ligands used for this thesis were prepared by RAFT polymeriza-

tion in bulk. Due to the choice of CTA and post-modification, the chains carry a thiol

group at one end and and an azide group at the other end. Whereas the thiol is the

main anchor group for binding to the AuNP surface, the azide represents a versatile

attachment point for further derivatization, e.g. dye labeling, by ”click”-chemistry.

As the azide is a small, non-ionic, and relatively inert group, it should not interfere

with the overall properties of the polymers or polymer decorated nanoparticles. All

synthesis followed the same general protocol, varying mainly the monomer/CTA ratio

and the reaction time. First, the CTA was dispensed into a round-bottom flask. Then,

AIBN was dissolved in styrene and an aliquot of this solution, containing the desired

amount of AIBN, was added into the flask. Finally, styrene was added to match the

monomer/CTA ratio, also incorporating the styrene added with the AIBN solution.

The flask was sealed off with a rubber septum stopper and purged with argon for

20 min. The argon supply was removed and the flask was placed in a pre-heated oil

bath. 1H-NMR spectroscopy was used to determine the monomer conversion during
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and after the RAFT polymerization and estimate the current Mn of the chains in

the batch. Samples were prepared by withdrawing 50 µL from the reaction mixture

and diluting them with approximately 0.45 mL of CDCl3. Spectra were recorded on

an Advance III (Bruker, USA) at 300 MHz operating frequency. The reaction was

quenched by quickly cooling the flask in an ice bath. The polymers were purified

by triple precipitation from methanol and dried in vacuo. The amounts of reagents

and other reaction parameters for each batch are listed in Table 2. The batch name

indicates the Mn of the polymer in kg/mol. Polymer characterization, including the

molecular weight distributions, are discussed in Section 4.

Table 2: Overview of the reagent amounts and reaction parameters for the synthesis
of PS ligands used within this thesis.

Batch nCTA [mmol] nAIBN [mmol] nStyrene [mmol] T [°C] tr [h]
PS6.5 0.54 0.054 70 70 15
PS18 0.22 0.044 211 70 13
PS21 0.22 0.044 211 70 17
PS25 0.32 0.065 103 65 93
PS28 0.27 0.053 204 70 33
PS33 0.22 0.044 211 70 89

Figure 14: Reaction scheme for the cleavage of the TTC group by NaN3 to form a
thiol. Side products are not shown.

The as-prepared polymers still carry the trithiocarbonate (TTC) group form the CTA,

which was cleaved in order to obtain a more reactive thiol terminus. Although the

TTC also binds to gold surfaces, the C12 side chain may hinder efficient binding and

increases the chain footprint on the surface.[111] A protocol published by Y. Wu et

al. was used for this post-modification step.[112] This protocol uses azide ions as

nucleophile to attack at the center carbon atom of the TTC group, replacing the

sulfur-terminal polymer chain. The main advantage of the azide nucleophile is the
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retention of the azide group at the other end of the polymer chain, which may be

attacked by less specific nucleophiles, e.g. primary amines. The disadvantage is the

low solubility of azide salts in organic solvents and the resulting low reaction rate. A

typical TTC cleavage reaction was performed as follows. 50 µmol of polymer were

dissolved in 20 mL of DMF and 60 mg (0.9 mmol) of sodium azide were added. In

order to overcome the low solubility of the salt, 10 mg of tetrabutylammonium azide in

0.5 mL of DMF were added. The organic ammonium ion acts as phase transfer catalyst

via the formation of a contact ion pair with the azide ion. The mixture was stirred at

room temperature for 96 h. The polymers were purified by triple precipitation from

methanol.

3.2.6 Fluorescent labelling of PS ligands

Figure 15: Reaction scheme for the functionalization of ATTO 488 with DBCO.

1 mg (1 µmol) of ATTO 488-NHS and 4 mg (15 mmol) of DBCO-amine were dissolved

in 1 mL of anhydrous DMF and stirred at room temperature for 4 days. The raw

product was passed over a column of Sephadex LH-20. The strongly fluorescent main

fraction was passed over the column again and stored as a 0.5 mM solution in DMF.

ESI-MS: m/z = 886.2 [ATTO 488-DBCO + K], 870.3 [ATTO 488-DBCO + Na], 848.1

[ATTO 488-DBCO].

1 µmol of the PS ligands were dissolved in 0.5 mL of DMF. 0.2 mL of ATTO-DBCO

(0.5 mM in DMF) were added, corresponding to a maximum degree of labeling of
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Figure 16: Reaction scheme for the coupling of ATTO 488-DBCO to PS ligands by
SPAAC.

10%. The solution was stirred at room temperature for 5 days to ensure quantitative

turnover. The polymer was precipitated by addition of 1 mL of methanol and centrifu-

gation at 10000g rcf for 90 min. It was re-dissolved in DMF and precipitated again.

The labeled polymers were dried in vacuo and stored as 1 mM solutions in DMF.

3.2.7 Functionalization of AuNPs with PS ligands

Polystyrene functionalized AuNPs (AuNP@PS) were prepared in a ligand exchange

reaction of AuNP@PVP and α,ω-funtionalized PS ligands. This method represents

a new approach for the preparation of AuNPs with hydrophobic polymer ligands in

a single phase. As AuNP@PVP were stored in DMF (see Section 3.2.4), which also

is a solvent for PS, the ligand exchange was conducted in this solvent. AuNP@PS

were prepared in several batches over time. The standard procedure for the particle

batches used in the majority of this work (apart from Section 9) was as follows. Firstly,

3.2 µmol of PS ligand (see Section 3.2.5) were dissolved in 8 mL of DMF in a glass vial.

Then, 2 mL of AuNP@PVP stock dispersion (0.14 µM) were added under stirring. The

resulting ratio of ligand per surface are was approximately 20 chains per nm2. The

dispersions were stirred gently for one week. Purification can be subdivided into two

phases. The first phase served to remove PVP from the equilibrium and potentially

increase the grafting density of PS on the particle surface. To do so, the dispersions

were filled into 50 mL centrifuge tubes and 25 mL of methanol were added, causing the
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AuNP@PS and free PS ligands to precipitate, whereas the PVP remains in solution.

The precipitate was sedimented by centrifugation at 10000g rcf for 30 min. The

supernatant was removed. The sediment was dried in air and redispersed in 10 mL

of DMF. This entire process was repeated another two times. The second phase of

purification was aimed to remove excess PS ligand, which was accomplished by triple

centrifugation in DMF at 15000g rcf for 2 h. Finally, the AuNP@PS were redispersed

in a small volume (approximately 3 mL) of DMF.
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3.2.8 Amine-functionalization of glass slides and AuNP deposition

76 mm × 26 mm soda-lime glass slides were cleaned using RCA-1 solution for 30 min

and dried in an oven at 60 °C.[113] For functionalization, the slides were immersed a

solution of 0.5 vol% of APTMS and 0.2 vol% of glacial acetic acid in methanol and

incubated at room temperature for 3 h. The slides were removed from the solution and

physisorbed silane was removed by sonication in ethanol for 10 min. The slides were

dried with N2 and placed in an oven at 60 °C for 1 h to improve silane binding. The

slides were sonicated twice in ethanol and once in water for 10 min each and dried at

60 °C. AuNPs were immobilized on the modified glass surface by dispensing 2 mL of a

1 nM particle dispersion on each slide and incubating at room temperature overnight.

The slides were enclosed in Petri dishes to prevent excessive evaporation of liquid.

The liquid was then removed with a pipette and the slides were rinsed with water and

ethanol an dried with N2. The slides were cut into smaller pieces of approximately

8 mm × 26 mm and treated with O2 plasma (0.2 mbar, 200 W) for 5 min, using a

PlasmaFlecto 10 (plasma technology GmbH, Germany). Subsequently the pieces were

immersed in pH 7 phosphate buffer solution for 2 h to remove oxidation products and

equilibrate surface charges and then rinsed with water and ethanol.

3.3 Methods

3.3.1 Atomic force microscopy (AFM)

AFM was used to characterize the AuNP loaded glass substrates before and after

binding of PS ligands. All measurements were performed on a NanoWizard 4 (JPK

Instruments, Germany), operated in intermittent contact mode (AC mode) and high-

resolution force mapping mode (QI mode). OTESPA-R3 probes (f = 300 kHz, k =

26 N/m, rtip = 7 nm, Bruker, USA) were used for measurements in AC mode. The

typical scan size and line rate were 1 µm × 1 µm and 1 Hz, respectively. Measurements

in QI mode were carried out using much softer and sharper SNL-B probes (f = 23 kHz,

k = 0.12 N/m, rtip = 2 nm, Bruker, USA). Tip velocity was 20 µm/s for both approach

and withdrawal. The force setpoint was 1 nN and the typical scan size was 200 nm ×

200 nm.
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3.3.2 Measurement of ligand binding kinetics by fluorescence spec-

troscopy

Fluorescence based kinetics measurements were performed using a FLS 980 (Edinburgh

Instruments, UK), equipped with a Xe lamp and photomultiplier tube detector in a

90° arrangement, as well as a temperature-controlled cell holder. 2.5 mL of a 10 nM

solution of dye-labeled PS ligand in DMF were filled into a quartz cuvette (10 mm

path length, Hellma, Germany) with a small stirring bar. The sample was placed

in the cell holder, which was set to 20 °C and equilibrated for 30 min while stirring

the solution. Kinetics were recorded by synchronous spectral scans with excitation

wavelengths from 480 to 550 nm, an emission offset of 20 nm, and 5 nm bandwidth for

both excitation and emission. Step size was 1 nm and integration time was 0.2 s. Each

scan consisted of two runs which were added for a better signal-to-noise ratio. Hence,

each measurement took approximately 30 s. The spectra were analyzed by a Gaussian

fit with a linear background. Measurements were performed in 10 min intervals. First,

a baseline of 90 min was recorded, then the AuNP loaded glass substrate was placed in

the cuvette and fixed against the wall opposite the emission optics of the spectrometer.

3.3.3 UV/Vis spectroscopy

All UV/Vis spectra were recorded on a Specord S 600 (AnalytikJena, Germany)

equipped with an 8-cell sample holder and Peltier elements for temperature control.

The temperature was measured in a reference cell in position 8 of the holder. Measure-

ments in water were carried out in disposable PMMA cuvettes (d = 10 mm), whereas

measurements in non-aqueous media were carried out in quartz cuvettes (d = 10 mm,

Hellma, Germany). For experiments involving accurate determination of peak wave-

lengths in different solvents, samples were equilibrated at 20°C in the holder for 10 min

before the measurement. The typical sample concentration was 1 nM particle number

density. Spectra were recorded for the full wavelength range from 182 to 1020 nm. A

cuvette containing the same solvent as the sample was used as reference.
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3.3.4 Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) was used to determine the average density of

AuNP@PS and from this the grafting density of chains on the particle surface. All ex-

periments were carried out on an Optima XL-A (Beckman Coulter, USA). AuNP@PS

were dispersed in DMF and the concentration was adjusted to an absorbance value

of A = 1 at the LSPR maximum. The samples were filled into titanium centerpieces

with quartz windows, which were then placed in the 8-hole rotor. The rotor chamber

was evacuated and equilibrated at a temperature of 20 °C. The experiment was carried

out at sedimentation velocity run at a constant speed of 5000 rpm for approximately

5 h. During the experiment, 40 radial absorbance profiles were measured per sample

at 418 nm wavelength and with 20 µm radial step size. The data was analyzed using

the freeware SEDFIT (v.16.36, Peter Schuck, NIST, USA) and the c(s) distribution

model with floating partial specific volume, v. The frictional ratio was estimated as

1.2, accounting for surface roughness and hydration of the particles. Values for the

viscosity and the density of DMF were taken from literature. Due to the low rota-

tional speed and relatively small hydrostatic pressures, the solvent was assumed to be

incompressible.

3.3.5 Dynamic light scattering

Angle-dependent dynamic light scattering (DLS) was employed to measure hydro-

dynamic radii, primarily of AuNP@PS. Measurements were carried out on a 3D LS

Spectrometer (LS Instruments, Switzerland) in the 2D pseudo-cross correlated single-

beam mode. A vertically polarized HeNe laser with λ = 632.8 nm was used as light

source. Samples were prepared at low concentrations, typically <0.5 vol%, passed

through a PTFE syringe filter (0.45 µm pore size) to remove dust and other large

impurities, and filled into borosilicate cuvettes. The samples were then placed in the

decalin bath of the instrument, which is used for temperature control and refractive

index matching. Samples were equilibrated for a minimum of 15 min prior to measure-

ment. Typical experiments consisted of triplicate measurements at scattering angles

from 30 to 140° in 10° angle increments. Integration times were between 45 and 90 s,



46 3 – Experimental section

depending on the concentration and scattering contrast. For depolarized measure-

ments, the detection polarizer was turned horizontal (vh geometry). All data was

analyzed using the cumulant method according to B. Frisken, including terms up to

the second cumulant.[92].

3.3.6 Small angle x-ray scattering

SAXS measurements were carried out on a Xeuss 2.0 (Xenocs, France), equipped with

a Cu Kα source (λ = 0.154 nm) and a Pilatus 3 300K detector (Dectris, Switzerland).

Samples were prepared in 1 mm round capillaries and measured at detector distances

of 1200 mm and 2500 mm with an acquisition time of 30 min per measurement. The

corresponding solvents were measured as reference samples under the same conditions.

Radial averaging, background subtraction and merging of the data from the two de-

tector distances was performed with Foxtrot (v.3.4.9, Soleil/Xenocs, France). Fitting

was done using SASfit (v.0.94.11, Paul Scherrer Institute, Switzerland).[114, 115]

3.3.7 Transmission electron microscopy

TEM measurements were performed on a JEM-2100Plus (JEOL, Japan) operated in

bright-field mode at 80 kV acceleration voltage. Samples were prepared on carbon-

coated copper grids (200 mesh, Science Services, Germany). Samples of aqueous dis-

persions were prepared by dispensing 7 µL of dilute dispersion onto the carbon-coated

side of the grid and letting the liquid dry in air. Samples from organic dispersions were

prepared by dispensing a small droplet of dispersion onto a PTFE surface and placing

the grid on top of the droplet with the carbon-coated side facing down towards the

liquids. The grid was removed after 60 s and dried in air. TEM images were processed

and analyzed using ImageJ (v.1.50, NIH, USA).

3.3.8 Values for material properties used in this work

Refractive indices were measured using an Abbemat WR/MW (Anton Paar, Austria).

Samples were equilibrated at the desired temperature until the refractive index was

constant. The values relevant for this work are summarized in Table 3.
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Table 3: Overview of refractive indices, nD of the solvents used at λ = 589.6 nm and
20 °C and 25 °C respectively.

Solvent nD,20 nD,25

MEK 1.3789 1.3764
THF 1.4073 1.4047

Dioxane 1.4223 1.4202
DMF 1.4305 1.4282

Chloroform 1.4459 1.4429
Toluene 1.4969 1.4941

Density and viscosity values for DLS and AUC were taken from literature. Table 4

summarizes the values used in this work and indicates the source.

Table 4: Overview of densities and viscosities used in this work.

Solvent ρD,20 [g/cm3] ηD,20 [mPa s] ρD,25 [g/cm3] ηD,25 [mPa s]
DMF [116, 117] 0.950 0.889 0.946 0.813
Dioxane [118] 1.028 1.196

Hansen solubility parameters used in this work were taken from the CRC Handbook

of Solubility Parameters and Other Cohesion Parameters and listed in Table 5.[119]

Table 5: Overview of Hansen solubility parameters, with δd, δp, and δh as the disper-
sion, polar, and hydrogen bonding components, respectively, as well as total parame-
ters, δt.[119]

Substance δd [MPa−1/2] δp [MPa−1/2] δh [MPa−1/2] δt [MPa−1/2]
MEK 16.0 9.0 5.1 19.0
THF 16.8 5.7 8.0 19.4
Dioxane 19.0 1.8 7.4 20.5
DMF 17.4 13.7 11.3 24.8
Chloroform 17.8 3.1 5.7 19.0
Toluene 18.4 1.4 2.0 18.6
PS 21.3 5.8 4.3 22.5
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4 Characterization of α,ω-functionalized PS ligands

4.1 RAFT polymerization and post-modification

The linear polystyrene ligands used for this thesis were prepared by RAFT polymeriza-

tion. The azide group introduced by the CTA can be used for further functionalization,

e.g. via Cu catalyzed azide-alkyne cycloaddition or strain promoted azide-alkyne cyl-

coaddition (SPAAC).[120–123] The TTC group at the other chain end can be converted

into other functional groups. For this thesis, the TTC groups were hydrolyzed in order

to introduce thiol group. Thiols can be used in thiol-ene ”click” reactions with alkenes

and Michael acceptors.[124] However, the primary use in this work was for binding of

the PS chains to gold surfaces. The TTC group typically is transformed into a thiol by

nucleophilic substitution using alkylamines or alcoholamines as nucleophiles.[106] As

these are good nucleophiles, side reactions at other electrophilic centers are possible, in

this case the primary azide and the ester linking it to the TTC. In order to retain the

azide in particular, the TTC cleavage was performed using sodium azide (NaN3) as

nucleophile.[112] This salt is poorly soluble in organic solvents, such as the DMF that

was used for the reaction, and tetrabutylammonium azide (N(Bu)4N3) was employed

as phase transfer catalyst. The progress of the reaction is traceable by the decrease

of absorbance caused by the TTC group in the UV (λmax ≈ 315 nm). The change

is also visible as discoloration of the solution, originating from a forbidden transition

and correspondingly weak absorption band between 400 and 450 nm wavelength.[125]

At full conversion, the absorbance peak vanishes completely, as shown in Figure 17.
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Figure 17: UV/Vis absorbance spectrum of 5 g/L solutions of PS33-TTC (black) and
PS33-SH (red) in DMF. The strong absorbance of the TTC group vanishes due to
cleavage by NaN3. Reproduced with permission from Ref. [126]. Copyright 2021
American Chemical Society.

4.2 Molecular weight determination of RAFT polymers

During the RAFT polymerization of styrene, 1H-NMR spectra were measured to mon-

itor monomer conversion and calculate Mn. The reactions were stopped once the de-

sired molecular weight range was reached. Example spectra from an early and a late

stage of the reaction, i.e. low and high conversion respectively, are shown in Figure 18.

The relevant integration regions are indicated in blue. The region I1 comprises peaks

from two of the three vinylic protons, which only occur for the monomer. The region

I2 contains the signals from all five aromatic protons for both, the monomer and the

polymer, as well as the signal from the remaining vinylic proton of the monomer. The

spectrum from a late stage of the reaction in Figure 18 b possesses all features of the

spectrum from an earlier stage. Additionally, there are broad signals corresponding

to the aromatic protons of the polymer. The equally broad alkylic proton signals at

low chemical shifts are not shown here. As these signals overlap with those of other

reagents, notably the C12 chain of the CTA, they are not suitable for determining

monomer conversion. Monomer conversion, p, is defined as shown in Equation 62,

where [M ]t is the monomer concentration at a point t in time and [M ]0 is the initial

monomer concentration.
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a) b)

Figure 18: 1H-NMR spectra from the RAFT polymerization of PS in bulk at a) an
early stage of the reaction and b) at a late stage of the reaction. The integrals used
for determination of conversion are shown in blue. The integrals of the two vinylic
peaks between 5 and 6 ppm chemical shift were combined as I1

p =
[M ]0 − [M ]t

[M ]0
= 1− [M ]t

[M ]0
(62)

In our case, the exact concentrations are unknown. However, as the I2 region contains

the signals from the aromatic protons of both, monomer and the polymerized styrene

unit, we can use it as a replacement for the unknown [M ]0. As this area also contains

the signal from one of the three vinylic protons of the monomer, we have to correct

I2 as shown in Equation 63 in order to obtain the true integral for the total aromatic

signals, Ia.

Ia = I2 −
1

2
I1 (63)

With Ia ∝ [M ]0 and I1 ∝ [M ]t, we can use Equation 62 to calculate the monomer

conversion. In order to do so, the integrals must be normalized by the number of

protons they represent, i.e. 5 for Ia and 2 for I1, by which we obtain Equation 64.

p = 1−
1
2I1
1
5Ia

= 1−
1
2I1

1
5 (I2 −

1
2I1)

(64)

Mn can be approximated according to Equation 65, where nStyrene, nCTA, and nAIBN
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are the initial molar quantities of styrene, CTA, and AIBN, respectively, MStyrene

is the molar mass of styrene, and MCTA is the molar mass of the CTA used. d is

a numerical parameter related to the termination mechanism and f is the initiator

efficiency, with 0 ≤ f ≤ 1.

Mn ≈ nStyrene p

nCTA + d f nAIBN
MStyrene +MCTA (65)

NMR can only provide a rough estimate of Mn. Therefore, the molecular weight

distributions were determined by size exclusion chromatography (SEC) in THF. As the

system was calibrated against a series of PS standards, the molecular weights obtained

by this method should be fairly accurate. The molecular weight distributions, w(M),

are shown in Figure 19.

Figure 19: Molecular weight distributions measured by SEC in THF for six batches of
PS prepared by RAFT polymerization. Reproduced with permission from Ref. [126].
Copyright 2021 American Chemical Society.

All distributions exhibit a single main peak and a small shoulder towards higher

molecular weights. This shoulder corresponds to chain-chain termination products

and therefore occurs at approximately twice the molecular weight of the main peak.

Table 6 summarizes Mn,NMR calculated from the conversion as well as Mn,SEC and

Mw,SEC measured by SEC. As exact values for d and f were not available, Mn,NMR

was calculated using d f ≈ 1, based on data for similar conditions.[127] In some cases,

the molecular weights from NMR and SEC are in good agreement, whereas they sig-
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nificantly differ in others. This discrepancy originates from the complex RAFT mech-

anism, which hinders reliable predictions regarding the molecular weight distribution.

Due to their greater accuracy, Mn,SEC and Mw,SEC will be used for all calculations

involving molecular weights.

Table 6: Overview of the molecular weights and dispersities obtained from NMR and
SEC measurements of PS ligands used within this thesis.

Batch Mn,NMR [g/mol] Mn,SEC [g/mol] Mw,SEC [g/mol] Mw/Mn

PS6.5 5620 6470 7130 1.10
PS18 17530 17530 20190 1.15
PS21 21240 21390 24880 1.16
PS25 18610 24650 27200 1.10
PS28 24900 27490 32200 1.17
PS33 34300 33180 38110 1.15

4.3 Chain dimensions of RAFT polymers

For characterization of the polymer chain dimensions, the hydrodynamic radius, Rh,

of the polymers was measured by DLS of dilute solutions (5 g/L). Measurements were

performed in DMF and 1,4-dioxane and the correlation functions were analyzed using

the cumulant method.[92] Figure 20 shows the linear and double-logarithmic plots

of Rh as a function of the number of monomer units, N , which was calculated from

Mn,SEC. In the double-logarithmic representation, the scaling behavior should be a

linear with ln(Rh) = ν ln(N)+γ, where ν is the Flory exponent and γ is the intercept.

The linear fits yield Flory coefficients of νDMF ≈ 0.52 and νdiox ≈ 0.56 for DMF and

dioxane respectively. Whereas the Flory coefficient found for DMF is close to ν = 1/2

observed in θ conditions, the higher value found for dioxane is closer to a good solvent

(ν ≈ 3/5). Hence, the chains are more expanded in dioxane than in DMF. Using

Equation 21, we calculate the statistical segment length, b, from ν and γ. We find

that bDMF is slightly larger than bdiox. In both cases, the chain is expanded by a

factor of 3 to 4, which is in good agreement with the characteristic ratios found in

literature, e.g. C∞ ≈ 10 and a corresponding chain expansion of
√
C∞ ≈ 3.3 for PS

in a θ solvent.[128]
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DMF Dioxanea) b)

c) d)

Figure 20: Plots of the hydrodynamic radius of PS ligands in relation to the number
of monomer units, measured in a) DMF and b) 1,4-dioxane at 20 ◦C. Corresponding
double-logarithmic plots for c) DMF and d) dioxane. The equations of the linear fits
to the log-log plots are given. The power law curves in the lin-lin plots were generated
from these fit parameters. Reproduced with permission from Ref. [126]. Copyright
2021 American Chemical Society.

γ = ln

[√
6π

12
(2− ν)(1− ν) b

]
(66)

bDMF =
12 exp(γ)√

6π(2− ν)(1− ν)
=

12 exp(−1.497)√
6π(2− 0.519)(1− 0.519)

= 0.87 nm (67)

bdiox =
12 exp(−1.707)√

6π(2− 0.563)(1− 0.563)
= 0.80 nm (68)
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5 Characterization of AuNPs

For this work, small, spherical gold nanoparticles (AuNP) were prepared by the inverse

citrate method, following a protocol by Schulz et al. with slight modifications.[107]

In this synthesis, aurochloric acid (HAuCl4) is used as metal precursor whereas a

mixture of citric acid (H3Cit) and trisodium citrate (Na3Cit) acts as reducing agent.

AuNP formation fundamentally follows a nucleation and growth mechanism. However,

the details of the chemical processes and relevant parameters are complex and have

been subject to debate. Turkevich, whose name is generally associated with the citrate

method, first proposed a mechanism for the reduction of HAuCl4 by citrate in 1951.[58]

In a first step, Au(III) is reduced to Au(I), which then undergoes disproportionation

into Au(0) and Au(III). Once nuclei are formed, Au(III) can be directly reduced to

Au(0) in a surface reaction. Turkevich also suggested that dicarboxyacetone (DCA),

a biproduct of the redox reaction, plays an important role in the nucleation step. Ac-

cording to his theory, DCA forms chains of bridged Au(I) complexes, increasing the

local gold concentration and facilitating nucleation. Although the existence of such

structures has not been confirmed,[59, 60] the importance of DCA in the nucleation

step remains undisputed.[59, 108] More recent works conclude that a direct reduction

of Au(III) to Au(0) takes place during nucleation, which is achieved more rapidly by

DCA than by citrate itself.[60, 108, 129] Notably, DCA is not only formed by the

reaction of citrate with Au(III) but also by thermal decomposition.[60, 108] In the

classic Turkevich synthesis, citrate is added to a pre-heated gold precursor solution.

Unless the citrate has been thoroughly pre-heated, DCA forms more gradually and its

concentration remains low. In the inverse Turkevich synthesis, the citrate solution is

boiled for a defined length of time before the gold precursor is added. Thus, the con-

centration of DCA is much higher at the beginning of the reaction, leading to very fast

nucleation. At identical reactant concentrations, the inverse Turkevich method yields

smaller particles with narrow size distributions and excellent reproducibility.[107, 108]

Moreover, up-scaling is easily possible and does not appear to affect the outcome of the

synthesis.[107] Another important aspect is that of pH control. In a typical Turkevich

reaction, the pH value can change significantly during the reaction, which influences
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the reactivity of the gold precursor and the reducing agent.[108, 129] The pH can be

adjusted and kept relatively constant by employing a mixture of H3Cit and Na3Cit

rather than pure citrate.[107, 129] Figure 21 shows TEM images of AuNPs prepared

by the inverse Turkevich method, recorded at 80 kV and 100,000× magnification.

This specific batch of particles was used for large-scale ligand exchange experiments,

discussed in subsequent chapters. However, these results are representative for the

majority of particle batches used in conjunction with this work. Due to the excel-

lent reproducibility, particle morphology, and size distributions varied little between

batches.

Figure 21: Representative TEM images of citrate stabilized AuNPs prepared by the
inverse Turkevich method. These images were recorded at 80 kV and 100,000× mag-
nification. The AuNPs are spherical and exhibit a narrow size distribution. The
observed particle aggregation is a result of the drying process during sample prepara-
tion.

The particles exhibit a high degree of sphericity and smooth surfaces with little visible

faceting. This is a result of the typical polycrystallinity of Turkevich particles and

the use of EDTA, which has been found assist to in isotropic particle growth.[107]

Therefore, non-spherical particle morphologies, notably triangles and bipyramids, are

not observed. The size distribution is narrow and there are only very few outliers

with much larger or much smaller diameters. Figure 22 a shows the particle size

histogram from manual measurements of the diameter, d, of 194 particles. A diameter

of 12.4 ± 0.6 nm was found, corresponding to a relative standard deviation of less than
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5%. The narrow size distribution is also expressed by the tendency of the AuNPs to

assemble in a hexagonal close packed array during sample preparation. These aggre-

gates are not pre-existent in dispersion, which was confirmed by UV/Vis absorbance

spectroscopy and small angle x-ray scattering (SAXS). Figure 22 b shows the UV/Vis

spectrum of the AuNPs in aqueous dispersion. The LSPR peak at a wavelength of

515.5 nm is well-defined and narrow. The absence of a shoulder at longer wavelengths

suggests that the particles are well-dispersed and do not form aggregates in aqueous

dispersion. The increase in absorbance in the UV range can be related to inter-band

transitions of metallic gold.

Figure 22 c shows the radially averaged intensity profile from a SAXS measurement of

AuNPs in aqueous dispersion. The data was fitted using a polydispserse sphere model,

comprising the form factor of a sphere with Gaussian size distribution and incoherent

background signal. The first minimum of the undulating form factor is clearly visible.

Due to the low particle concentration, subsequent minima are obscured by the noise in

the high q range. From the fit, a particle diameter of 12.3±0.8 nm is obtained, which is

consistent with TEM data. The larger standard deviation is likely to be caused by the

poor signal-to-noise ratio in the high q range. In the low q range, the intensity profiles

exhibits a clear Guinier plateau. The slight increase in intensity for the first few data

points can be related to inaccurate background subtraction. Figure 22 d shows the

Guinier plot of the plateau region (q < 0.3 nm−1). The good agreement between the

data and the linear fit underlines the validity of the Guinier approximation in the low

q region. More importantly, it confirms the narrow size distribution and absence of

aggregates, as even a small fraction of aggregates or larger particles would cause a

significant deviation from q2 scaling in the Guinier region. The Rg of the particles can

be determined from the slope of the linear fit according to equation 69.

d[ln(I)]

dq2
= −

R2
g

3
(69)

The found value of Rg = 5.1 nm corresponds to a Rg/Rsphere ratio of 0.83, which

is larger than the well-known theoretical value of 0.775 for hard spheres.[130] The

most likely reasons for this discrepancy are slight deviations from a perfectly spherical
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a) b)

c) d)

Figure 22: a) Particle size histogram of particle diameters determined from TEM
images of AuNP and corresponding normal distribution. b) UV/Vis absorbance spec-
trum of the same batch of AuNPs measured in water at room temperature. The LSPR
peak at a wavelength of 515.5 nm, as indicated by the dashed line, is well-defined and
narrow. c) Radial scattering intensity profile from a SAXS measurement of the AuNPs
in water. The black line corresponds to a polydisperse sphere fit to the data. The first
minimum of the form factor is clearly visible. d) Guinier plot of the small q region
of the radial scattering intensity and linear fit to the data. Adapted with permission
from Ref. [126]. Copyright 2021 American Chemical Society.

geometry, as edges can be expected to increase Rg. For instance, a cube has Rg = a/2,

where a is the edge length of the cube.[131] As a result, the radius of gyration of

the cube is comparable to its overall dimensions, whereas the radius of gyration is

always smaller than the radius of a sphere. A faceted sphere should therefore exhibit

0.775 ≤ Rg/Rsphere ≤ 1.
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6 Characterization of AuNP@PS

6.1 The two-step ligand exchange process

AuNPs were functionalized with thiol-terminated PS ligands using a two-step ligand

exchange route. This approach was designed to avoid two-phase systems and pro-

vide good particle stabilization throughout the process. By performing the ligand

exchange step itself in a homogeneous phase, it can continue until thermodynamic

equilibrium between the old and the new ligands is achieved. In contrast to phase

transfer processes, this approach is not influenced by interfacial tension, the affinity

of ligands for the two phases, and particle shape or size. Moreover, kinetic aspects,

e.g. the reactivity of the ligands, play only a minor role and can be compensated for

by extending reaction time or increasing concentrations. Consequently, the approach

used here should be robust enough to work reproducibly with a wide range of different

anchoring groups, ligand materials, and molecular weight. The scheme for the ligand

exchange process developed for this work is shown in Figure 23, using the example

of Turkevich AuNPs.

Figure 23: Scheme illustrating the ligand exchange process used in this work. a)
Citrate stabilized AuNPs are functionalized with PVP, an amphiphilic, polydentate
ligand, and then transferred to DMF. b) Within the DMF phase, the PVP is then
displaced by thiol terminated PS ligands. In the equilibrium state, most of the PVP
will be removed from the particle surface, while the solution contains PVP and excess
PS ligands. c) In a first purification step, AuNP@PS and excess PS ligands are precip-
itated with methanol. The PVP is removed, shifting the equilibrium further towards
PS functionalized particles. This may also increase the grafting density. d) In the
second purification step, excess PS ligand is removed by centrifugation. AuNP@PS
can be dried or stored in a suitable solvent for PS.
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The first step is the functionalization of water-borne AuNPs with PVP. This polymer

can wrap around particles, with each chain potentially binding in a large number of

places, while providing steric stabilization. As PVP is an amphiphilic material, the

formed AuNP@PVP can be transferred to an organic solvent. In this case, the water

was gradually replaced with DMF by repeated centrifugation. The next step was the

displacement of PVP by PS-SH ligands in an equilibrium process. There are several

aspects that aid in shifting this equilibrium towards PS functionalization. Firstly,

thiols and other sulfur containing functional groups tend to bind strongly to gold sur-

faces, whereas the amide groups of PVP are likely to bind less strongly. Secondly,

an excess of PS ligand was used to avoid depletion of PS ligand in the equilibrium

state. Finally, selective precipitation of AuNP@PS along with the excess PS ligands

with methanol was employed. As PVP is soluble in methanol, but PS is not, the

PVP is removed from the equilibrium, which can also improve grafting density and

stabilization.[49] Excess PS is then removed by centrifugation of AuNP@PS. As will

be demonstrated throughout the following sections, AuNP@PS with ligand molecular

weights between 6.5 and 33 kg/mol were prepared. These particles are stabilized in

a wide range of solvents and can even be dried completely, stored, and subsequently

redispersed in a desired solvent. In general, the particles exhibit excellent long-term

stability. Sedimentation only occurred over extended periods and redispersing the par-

ticles was usually possible. The properties of AuNP@PS prepared using this approach

were characterized by a variety of methods, as presented in the following sections. El-

emental analysis and UV/Vis spectroscopy were used to confirm the functionalization

of the AuNPs with PS ligands, the stabilization, and optical properties of AuNP@PS.

The dimensions and structure of the ligand shell were investigated by DLS and AUC.

This will be supplemented by SAXS measurements of concentrated AuNP@PS, which

provide an insight into the correlation between brush structure and particle stabiliza-

tion. Finally, TEM imaging is utilized to directly visualize the ligand shell to further

support findings from the other analytical methods.
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6.2 Composition of the ligand shell of AuNP@PS

In order to verify the presence of PS ligands and successful displacement of auxiliary

PVP ligands, vacuum-dried AuNP@PS were examined by elemental analysis. Table

7 shows the obtained carbon, hydrogen, and nitrogen contents for AuNP@PS with

four different molecular weights of PS ligand.

Table 7: Summary of obtained weight fractions of C, H, and N in dry AuNP@PS with
different molecular weights of the PS ligands. The total sum of weight fractions is also
given.

PS18 PS21 PS28 PS33
C 21.7 24.8 27.9 28.1
H 2.0 2.3 2.6 2.9
N 0.5 0.5 0.4 0.4

ΣCHN 24.2 27.7 31.0 31.4

The data shows that approximately 30% of the overall particle mass is comprised of

organic material. Although other elements, in particular oxygen, are not measured

directly, most of the residual mass can be attributed to the gold cores. Also notable

is the increase of overall organic mass with increasing molecular weight of the ligand.

As shown in Equation 70, this data can also be utilized for a first estimate of grafting

density, σ. Here, RAu is the radius of the gold cores, ρAu is the density of gold, NA is

Avogadro’s number, and MPS is the molecular weight of the ligand. The equation is

adopted from analogous calculations of grafting densities from TGA data.[132]

σ =
RAu ρAu ΣCHN NA

3 (100− ΣCHN)MPS
(70)

The obtained grafting densities fall in the range of 0.3 nm−2 for PS33 to 0.5 nm−2 for

PS18, which are plausible values for long, end-on grafted polymer chains.[50, 81, 132]

It should be noted that these measurements were performed on an earlier batch of

AuNP@PS than all other measurements that follow hereafter and grafting densities

found here are considerably lower than those that will be discussed in later sections

of this thesis. In order to assess the chemical nature of the ligand shell and confirm

the displacement of PVP, we will turn our attention to the relative composition of
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the ligand shells. This is achieved by dividing the individual weight fractions of the

elements by the total combustible weight fraction. The results of this calculation are

shown in Table 8 and are compared to the theoretical compositions of bulk PS and

PVP, respectively.

Table 8: Analysis of the chemical composition of the ligand shells of AuNP@PS and
comparison to the theoretical values for PS and PVP.

PS18 PS21 PS28 PS33 PS PVP
C/ΣCHN 89.8 89.9 90.1 89.5 92.3 64.8
H/ΣCHN 8.3 8.4 8.5 9.2 7.8 8.2
N/ΣCHN 1.9 1.8 1.4 1.3 0 12.6

It is evident that the measured compositions of the ligand shells is in better agreement

with the theoretical composition of PS than with that of PVP. Particularly, the carbon

content suggests that the shell contains mainly PS. In contrast, the measured hydrogen

content is even higher than theoretically predicted value for both PS and PVP, which

may be an indication for impurities. The nitrogen content is non-negligible but still

supports the idea that most of the PVP has been displaced. In addition, residues of

DMF may have been present in the sample, which could explain the high hydrogen

content and also be a source of nitrogen. Overall, the elemental analysis has shown

that the ligand shell of AuNP@PS is indeed mostly comprised of PS ligands. Some

residues of PVP or DMF may be present. The grafting densities estimated from this

data are plausible but must be discussed in the context of other data shown in later

sections.

6.3 Optical properties of AuNP@PS

This section discusses the absorbance spectra of AuNP@PS in different solvents

and the influence of the refractive index of the medium and the molecular weight

of the ligand on the LSPR. Furthermore, the implications for the stability of

AuNP@PS in different solvents will be evaluated. Figure 24 a shows a pho-

tograph of AuNP@PS dispersed in the six solvents used in this section. All of

these solvents are good solvents for PS and the corresponding AuNP functionalized
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with this polymer should be dispersible and stable in all of them. Indeed, clear

dispersions were obtained in all cases. Although the colors are similar, there are some

distinguishable differences between solvents. Most notably, the particles dispersed

in toluene exhibit a more blue hue than the others and some aggregation was observed.

b) c)

a)

MEK THF Dioxane DMF CHCl3 Toluene

Figure 24: a) Photograph of AuNP@PS dispersed in various good solvents for PS.
b) Normalized UV/Vis absorbance spectra of AuNP@PS18 in the same solvents. The
inset shows an enlarged view of the LSPR peaks. c) Second derivatives of the UV/Vis
spectra, showing the symmetric nature of the peaks in this representation, which
was exploited for the accurate determination of LSPR wavelengths. Adapted with
permission from Ref. [126]. Copyright 2021 American Chemical Society.

The UV-vis absorbance spectra of AuNP@PS were measured in these six solvents and

for the six different molecular weights of ligand used in this thesis. The spectra for

AuNP@PS18 are shown as an example in Figure 24 b. At first glance, looking at

the full wavelength range, the spectra seem very similar. The differences in the short
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wavelength region between 300 and 450 nm correspond to varying degrees of scattering

from AuNP@PS in the solvents. Around the LSPR, differences are only visible when

expanding the peak region, as shown in the inset. Notably, only the peak of AuNP@PS

dispersed in toluene is significantly shifted compared to the others, which is another

indication for the presence of aggregates in this solvent. Due to the small differences in

LSPR wavelength between the solvents and the limited resolution of the spectrometer,

the accurate determination of peak positions can be challenging. In an attempt to

overcome this issue, the second derivatives of the spectra were formed, as shown in

Figure 24 c. This method helps to isolate the LSPR peak from the underlying inter-

band transitions and scattering to obtain a symmetric, Gaussian peak.[133, 134] This

peak can easily be fitted to obtain the true LSPR wavelength in a very reliable fashion.

Similarly to the observations made for the UV/Vis spectra, the second derivative

curve for the sample dispersed in toluene differs significantly from those for the other

five solvents. However, as the observable differences between LSPR wavelengths in

different solvents and for the different ligand lengths are small, systematic trends are

not directly apparent. In the following, the peak positions obtained from the second

derivatives are analyzed in detail and compared to the behavior expected, based on

theory and previous experimental evidence.

The LSPR of a small AuNP can be described by a simple dipole approximation, in

which the resonance frequency or wavelength are determined by the dielectric functions

of the particle and its environment.[34, 135, 136] For a simple dipole mode, resonance

is achieved under the Fröhlich condition for Re(ϵ) = −2ϵm, where ϵ and ϵm are the

dielectric function of the particle material and the relative permittivity of the medium

respectively.[135] The relative permittivity of an ideal, i.e. non-absorbing, dielectric

is related to the refractive index, n, as n =
√
ϵm.[136] In a more empiric context and

over a small range of n, the change of LSPR wavelength, ∆λ, can be related to the

refractive index change ∆n by a sensitivity factor, S.[136, 137]

∆λ = S∆n (71)

Using a reference point λ0(n0), Equation 71 can be rewritten as
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λ = λ0 + S(n− n0) (72)

In the case of AuNP@PS, n can be approximated as a linear combination of

the refractive indices of the polymer and the solvent, nPS and nS, respectively.

These are weighted by their corresponding volume fractions, ϕPS and ϕS, where

ϕPS + ϕS = 1.[138]

n = nPSϕPS + nSϕS = nPSϕPS + nS(1− ϕPS) (73)

Entering this expression into Equation 72, we obtain

λ = λ0 + S[nPSϕPS + nS(1− ϕPS)− n0] (74)

Rearranging this expression to reflect that only nS is a free variable shows that the

apparent sensitivity, S′, and the apparent reference wavelength, λ′
0 are now functions

of ϕPS, which may vary with solvent quality and molecular weight of the ligand. A

complex, non-linear relationship between nS and λ may therefore be observed. In

addition, the sensitivity of AuNP@PS will always be smaller than the sensitivity of

bare AuNPs, as 0 < ϕPS ≤ 1.

λ = λ0 + S(nPSϕPS − n0)︸ ︷︷ ︸
λ′
0

+S(1− ϕPS)︸ ︷︷ ︸
S′

nS (75)

Figure 25 a shows the wavelengths of the LSPR absorbance maximum, λLSPR, for

AuNP@PS with different ligand lengths, dispersed in six different solvents, as a func-

tion of the refractive index of the solvent. The corresponding solvents are labeled in

Figure 25 b, which shows the average λLSPR from all MPS.

In order of increasing nS the solvents are MEK, THF, 1,4-dioxane, DMF, chloroform,

and toluene. The used refractive indices at 20 °C are listed in Table 3. The data for

AuNP@PS6.5 is incomplete due to aggregation of these particles in MEK and toluene,

which hindered accurate determination of λLSPR in these solvents. In general, the peak

wavelengths for the shortest ligand are slightly longer than those of the other ligands,
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a) b)

Figure 25: a) LSPR maximum wavelength of AuNP@PS with different ligand molec-
ular weights at 20 ◦C in relation to the refractive index of the solvent. b) Average
LSPR wavelength and standard deviation of all molecular weights.

which is another indication for aggregation, which often results in an apparent red-

shift of the absorbance maximum. Comparing λLSPR in toluene, a tendency towards a

red-shift with decreasing molecular weight of the ligand is also observed. In all other

solvents, λLSPR is very similar, including a striking deviation from the general trend

for an increase of λLSPR with increasing nS.

As shown in equation 75, the apparent sensitivity, S′, is strongly influenced by the

volume fraction of polymer in the respective solvent. The apparent reference wave-

length, λ′
0, on the other hand is dominated by λ0. Thus, linearization of the data

can be attempted by plotting λ/nS against 1/nS, as shown in Equation 76. In this

representation, λ′
0 and S′ will be the slope and y-intercept, respectively.

λ

nS
= [λ0 + S(nPSϕPS − n0)]

1

nS
+ S(1− ϕPS) (76)

The corresponding plots are shown in Figure 26. The more linear nature of this repre-

sentation is obvious and has several implications. Firstly, λ0 indeed seems to dominate

the λ′
0 term in Equations 75 and 76. We can therefore conclude that λ0 ≫ S∆n.

Secondly, S′ = S(1−ϕPS) has the strongest contribution to the non-linearity between

λ and nS. Since S can be considered a common constant for all AuNP@PS prepared

from the same batch of AuNP, the deviation from linear behavior must in fact originate
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from differences in effective ϕPS between solvents. The linear fit to the data in Figure

26 b yields a slope of λ′
0 = 479 nm and an intercept of S′ = 34 nm/RIU. As n0 = 0 in

this plot and with λ′
0 ≈ λ0, the corresponding LSPR wavelength in vacuum (n = 1) is

λ′
0 + S′ = 513 nm. Despite the overall good linearization in this representation, there

still is a significant deviation of the data in dioxane.

a) b)

Figure 26: a) LSPR maximum wavelength of AuNP@PS with different ligand molecu-
lar weights normalized by the refractive index of the solvent in relation to the inverse
refractive index of the solvent. b) Average normalized LSPR wavelength and standard
deviation of all molecular weights. The solid black line is a linear fit to the data.

The found values for λ′
0 and S′ were used to construct the ideal linear behavior ac-

cording to Equation 75. The residuals, λLSPR − λfit, of the average measured values

and the values generated from the fit were calculated and are shown as black squares

in Figure 27 a. The negative residuals for THF, dioxane, and DMF clearly show the

deviation from the approximated linear behavior. As mentioned before, the polymer

conformation and, thus, the effective volume fraction of polymer near the particle sur-

face may differ between the solvents and be the reason for the observed deviations.

Additionally, particle stability depends on solvent quality and varying degrees of ag-

gregation of the particles may cause a more or less pronounced red-shift of the LSPR.

In order to compare the observed behavior in different solvents with the solvent qual-

ity, the Flory-Huggins interaction parameters, χ, were calculated from tabulated data

from Hansen solubility parameters according to Equation 2. The calculated values are

shown as blue triangles in Figure 27 a. As discussed in section 2.1, a small value for
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χ corresponds to a good solvent and vice versa. There is a striking similarity between

the overall trend in λLSPR − λfit and χ. Both plots exhibit a minimum for dioxane

and a concave increase towards solvents with lower and higher refractive indices. The

large theoretical solubility parameter for toluene does not match the experimentally

observed good solubility of toluene. This is due to specific interactions between poly-

mer and solvent in this particular case. Experimental values for χ of PS in toluene

typically fall between 0.4 and 0.5.[119] The horizontal, dashed line in Figure 27 a cor-

responds to a wavelength difference of 0 nm as well as χ = 1/2, i.e. perfect agreement

with the linear fit and the interaction parameter of a θ solvent, respectively. From

this, we can deduce that the linear approximation best describes the relation between

λLSPR and nS around the θ point. This seems logical, as the volume fraction at the

θ temperature is less divergent than in a good solvent (see Equation 30). Changing

the refractive index of the solvent while maintaining θ conditions should therefore

lead to a relatively homogeneous change of neff throughout the polymer shell. It is

reasonable to assume that better solvent quality results in a stretching of the polymer

chains within the brush. Due to the limited reach of the plasmonic near-field and with

nPS > nS for all tested solvents, improving solvent quality should cause a decrease of

neff and a blue-shift of λ.

The correlation between λLSPR and solvent quality is further demonstrated in Figure

27 b. Here, the deviation of the average experimental λLSPR from the linear approxi-

mation is shown in relation to 1−2χ, which corresponds to the dimensionless excluded

volume parameter (see Equation 15). A value of 1 − 2χ = 0 again applies to θ con-

ditions. The value for toluene was omitted due to the aforementioned disagreement

between theoretical and experimental values for χ. Despite the large relative stan-

dard deviation of λLSPR, there is a distinctive trend for a blue-shift from the linear

approximation as the excluded volume increases. This supports the hypothesis that

the excluded volume effect reduced neff and therefore also λLSPR. This representation

also highlights the good agreement between the linear approximation for the refractive

index dependence of λLSPR with experimental values for θ solvents.

To conclude, we found that the UV/Vis absorbance spectra of AuNP@PS show a shift

of the LSPR in relation to the refractive index of the solvent, which the particles
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a) b)

Figure 27: a) Difference between the average λLSPR and the linear approximation gen-
erated from fit parameters (black squares) and Flory solubility parameters calculated
using Hansen solubility parameters (blue triangles) in relation to nS. The scales of
the left and right axis were scaled such that 0 nm of wavelength shift coincide with
χ = 1/2, as indicated by the dashed line. b) Difference between the average λLSPR

and the linear approximation in relation to 1 − 2χ.

are dispersed in. The plasmonic shift does not exhibit the linear behavior regarding

nS that has been reported in literature. Nevertheless, a reciprocal plot allowed lin-

earization and extraction of parameters for a linear approximation of the refractive

index dependence of λLSPR. The deviation of the experimental values from this linear

approximation appears to correlate with Flory interaction parameters of the used sol-

vents. From this we can deduce that the excluded volume effect causes swelling of the

PS ligand shell and thus a measurable decrease in neff surrounding the AuNP cores.

6.4 Thickness of the ligand shell of AuNP@PS

6.4.1 Influence of ligand molecular weight

The dimensions of AuNP@PS were investigated by dynamic light scattering (DLS).

Most DLS measurements were carried out in DMF, which provided good particle

stabilization and contrast. Thus, the hydrodynamic dimensions of single particles

could be determined accurately. The angular dependency of decay constants, Γ, and

PDIs obtained by cumulant analysis of the measured correlation functions is shown in

Figure 28. The q range represents angles from 30◦ to 140◦. The Γ and PDI scales
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are identical between samples for direct comparison.

PS6.5 

PS21 PS25 

PS28 PS33 

PS18 

a) b)

c) d)

e) f)

Figure 28: Angular dependency of the decay constants, Γ, and PDIs measured for
AuNP@PS in DMF at 20 ◦C. The linear fits to the decay constant data are used to
determine the diffusion coefficient of the particles.

All six samples exhibit nearly proportional behavior of Γ in relation to q2, which is

indicative of purely Brownian diffusion. The intercept, Γ(0), is small in all cases.
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The strongest deviation from ideal behavior is observed for the sample with PS6.5

ligand, as indicated by the slight non-linearity of the data. This is an effect of a high

polydispersity of up to 30%. Larger particles scatter more strongly in the low q range

whereas small particles scatter almost isotropically. Therefore, the overall intensity

and average Γ at small q over-represent large particles and aggregates and the slope

is shallower. Towards large q, the small, single particles are slightly over-represented,

resulting in an increase of the slope in this region of the plot. A similar observation can

be made for AuNP@PS18. In general, the PDI has a tendency to decrease and become

less angle dependent with increasing molecular weight of the ligand. PDIs of less than

10% were found for samples with PS21 , PS28, and PS33 ligand, which is remarkably

low for particles of this size and given the relatively fuzzy surface presented by the

polymer brush. It also confirms the reliability of the DLS data, as high PDIs reduce

the accuracy and meaningfulness of Γ.

The slopes of the linear fits to the Γ data represent the translational diffusion

coefficients, Dt, of the particles. Using the Stokes-Einstein relation (Equation 44),

Rh was calculated. Figure 29 shows Rh and the brush height, H = Rh − Rc, where

Rc is the radius of the gold core obtained from SAXS measurements. The errors of

Rh obtained from the fit of Dt were implausibly small and were therefore estimated

to be 5% of the corresponding value.

Figure 29: Hydrodynamic radii and brush heights of AuNP@PS in relation to the
molecular weight of the ligand.
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Rh and H increases with increasing molecular weight of the ligand. The radii deter-

mined for molecular weights ranging from 21 to 33 kg/mol appear to follow an almost

linear relation. The values found for particles with PS6.5 and PS18 ligands deviate

above and below this apparent linear behavior, respectively. However, as the brush

height also depends on the grafting density, quantitative analysis of the relationship

between H and Mn is not useful at this point.

6.4.2 Influence of ligand excess

From preliminary experiments, a ligand excess of at least 20 chains per nm2 of parti-

cle surface during the ligand exchange was deemed necessary in order to obtain stable

particles for all ligand molecular weights. In this section, the influence of the ligand

excess on the hydrodynamic radius of AuNP@PS is investigated in more detail. For

this purpose, AuNP@PS were prepared using 10, 20, and 30 chains per nm2 and PS18,

PS25, and PS33 ligands to obtain a 3× 3 parameter matrix. These particles were then

examined by DLS in DMF and 1,4-dioxane. Figure 30 a – c shows angle dependent

Γ and PDI plots for AuNP@PS with PS18, PS25, and PS33, respectively. Each plot

contains data for 10, 20, and 30, chains per nm2. At first glance, there are only slight

differences between measurements of AuNP@PS prepared with varying excess of the

same ligand. All nine measurements exhibit a strong angle dependence of the PDI at

low q2. As discussed previously, this is an indication for larger aggregates or contami-

nations. However, these have only minor effect on Γ, since linear behavior regarding q2

is observed for all measurements. The results are summarized in Figure 30 d, where

Rh and H are shown in relation to Mn and excess of the ligand. The data for an

excess of 20 chains per nm2 shows a similar trend regarding ligand molecular weight

as shown in section 6.4.1. The exact values of Rh and H are close to those found

for the main Mn dependence series in DMF. Using an excess of 10 chains per nm2

resulted in slightly larger Rh for PS18 and PS25, which could be a result of stronger

particle aggregation due to decreased stabilization. In contrast to this, the very small

Rh found for the 10 × PS33 sample could be a direct consequence of the lower grafting

density leading to less chain expansion. At the same time, the high molecular weight

ligands appear to provide sufficient steric repulsion to prevent significant aggregation.
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Samples with a ligand excess of 30 chains per nm2 show a similar trend regarding Mn

as samples with 20 chains per nm2. However, a steeper increase of Rh with Mn can be

observed, possibly due to even better stabilization of AuNP@PS with relatively short

PS18 ligands.

a) b)

c) d)

Figure 30: Angle dependent plots of Γ and PDI for AuNP@PS in DMF with a) PS18, b)
PS25, and c) PS33 ligands, respectively. Each color corresponds to a different amount
of ligand excess during ligand exchange. d) Plots of the hydrodynamic radius, Rh, and
the brush height, H, in relation to molecular weight and excess of the ligand used.

The same samples were measured in dioxane. The data from cumulant analysis is

shown in Figure 31 a – c. For samples with PS18 and PS25, the Γ plots for different

ligand excess again are similar. For particles with PS33 ligand, there is a clear difference

between the slope of the plots. Moreover, the PDI for all samples in dioxane is larger

than in DMF and there is a noticeable angle dependence over the entire q2 range. In
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contrast to the PDI in DMF, this variation is likely to be caused by small aggregates

(i.e. dimers, trimers,...) and not by large aggregates or contaminations. Figure 31 d

shows Rh and H from the measurement series in dioxane. Here, significant differences

compared to the behavior in DMF can be observed. For an excess of 10 ligands

per nm2, there is a slightly decreasing trend for Rh and H with increasing Mn. In

contrast to this, Rh and H increase with Mn for an excess of 20 and 30 chains per

nm2, respectively. Consequently, there appears to be a stronger influence of ligand

excess in dioxane than in DMF. This could be related to stronger swelling of the ligand

shell in dioxane in combination with the aforementioned aggregation of particles.

a) b)

c) d)

Figure 31: Angle dependent plots of Γ and PDI for AuNP@PS in 1,4-dioxane with a)
PS18, b) PS25, and c) PS33 ligands, respectively. Each color corresponds to a different
amount of ligand excess during ligand exchange. d) Plots of the hydrodynamic radius,
Rh, and the brush height, H, in relation to molecular weight and excess of the ligand
used.
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6.4.3 Depolarized dynamic light scattering

Depolarized dynamic light scattering (DDLS) was used to gain information about

the morphology of the particle clusters formed in 1,4-dioxane. If aggregation is

mainly limited to (intermittent) dimer formation, as hypothesized, scattering by

such anisotropic clusters should be separable by DLS measurements with crossed

polarizers. In order to ensure the separability of translational and rotational dif-

fusion, the correlation functions were plotted against q2τ , as shown in Figure 32.[139]

20x PS35

10x PS35

30x PS35

20x PS25

10x PS25

30x PS25

a) b) c)

d) e) f)

g) h)

20x PS18

30x PS18

i)

10x PS18

Figure 32: Autocorrelation functions of AuNP@PS measured in vv-geometry in diox-
ane. The curves for each sample are merged onto a master curve by re-scaling the
x-axis to q2τ . q2 increases from the dark green to the red curves.
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For most samples, all autocorrelation functions fall onto a common master curve.

Slight variations between autocorrelation functions are observed in particular for mea-

surements at small scattering angles (green curves). More pronounced differences are

only visible for the 20x PS25 sample. In all cases, these deviations can be attributed

to larger contaminants in the samples. However, the plots demonstrate that Dt can

be isolated from the measurements in vv-geometry, without significant contributions

of rotational diffusion. This further validates the data discussed in previous section,

in which the measurements in vv-geometry were discussed.

In the following, the focus will be on measurements in vh-geometry. Figure 33 a – c

shows the average decay constants measured for AuNP@PS with varying ligand excess

and ligand molecular weight. For an excess of 10 chains per nm2 and the PS18 ligand

no data was obtained due to low detector count rate. In general, count rates were

small (<5 kHz) and acquisition times very long, e.g. 60 min per scattering angle. This

also is the reason for the significant noise in the data for the PS25 ligand. The data for

all three ligand molecular weights show a linear behavior of Γ regarding q2. Overall,

the values of Γ are approximately one order of magnitude larger than in vv-geometry.

In addition, there is a significant offset at q2 = 0, which relates to the rotational

diffusion coefficient, Dr. Due to the poor signal quality during the measurements,

the linear fits do not yield reliable values for Dt. Some of the fitted slopes are in

fact negative, which is unphysical. However, since the main objective was to obtain

information about the rotation and anisotropy of the clusters and the extrapolation to

q2 = 0 is not very sensitive towards the relatively small slopes, the fit parameters were

not restricted. The values for Dr calculated from the fits are shown in Figure 33 d.

There is an apparent trend towards smaller Dr for larger ligand excess, whereas the

molecular weight does not seem to have a strong influence on rotation. As previously

discussed, Rh of the particles measured in vv-geometry increased with the amount of

ligand excess. The DDLS data are in good agreement with this, due to the fact that

clusters of larger particles also rotate more slowly.
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a) b)

c) d)

Figure 33: Angle dependent plots of Γ for DDLS measurements of AuNP@PS in
1,4-dioxane with a) PS18, b) PS25, and c) PS33 ligands, respectively. Each color
corresponds to a different amount of ligand excess during ligand exchange. d) Plots
of the rotational diffusion coefficient, Dr, in relation to molecular weight and excess
of the ligand used.

The data from DLS and DDLS measurements in DMF and 1,4-dioxane are summarized

as contour plots in Figure 34. The first two panels (Figure 34 a – b) show the

brush height, H, calculated from Rh measured in DMF and dioxane respectively.

The contour maps reveal very different behavior between the two solvents. Whereas

H seems to depend on Mn for all amounts of ligand excess in DMF, H does not

change over a wide parameter range in dioxane and only increases significantly for the

30×PS33 sample. However, the range of values for H is very similar between the two.

Figure 34 c – d show Dt and Dr from DDLS measurements in dioxane. Due to

the aforementioned unphysical negative slopes of the linear fits to the angle dependent
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data, only positive values of Dt are shown. Both contour maps show maxima along the

25 kg/mol axis. This could indicate that particles functionalized with this particular

ligand were less stable in general and more prone to aggregation. As mentioned earlier,

Dr decreases notably towards larger ligand excess.

a) b)

c) d)

Figure 34: Brush height calculated from DLS measurements in a) DMF and b) dioxane.
c) Translational diffusion coefficient, Dt, and d) rotational diffusion coefficient, Dr,
from DDLS measurements in 1,4-dioxane. In all plots, the ligand excess is shown
on the x-axis and the ligand molecular weight is shown on the y-axis. White areas
correspond to missing or unphysical values.
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6.5 Grafting density of the ligand shell of AuNP@PS

The polymer grafting density, σ, is one of the major parameters controlling the height

of a polymer brush, as discussed in section 2.3. In general, the determination of graft-

ing densities of polymer brushes at inorganic particle surfaces relies on measurements

of their composition. The most used method is based on thermogravimetric analysis

(TGA).[132] Assuming that only the organic polymer brush undergoes thermal decom-

position during the TGA experiment, the weight fractions, w, of the polymer shell and

the inorganic core are determined. From this, the number of chains per particle and,

thus, the grafting density can be calculated. However, TGA is a sacrificial method

that requires tens of milligrams of sample material to be thermally decomposed in

order to obtain results with sufficient accuracy. Depending on the sample material,

these quantities may be inaccessible. Therefore, alternative methods have been devel-

oped. One of the most promising techniques that has emerged in recent years is based

on inductively coupled plasma optical emission spectroscopy (ICP-OES).[140] Good

instrument calibration provided, ICP-OES can be used to very accurately measure

the element composition of microgram quantities of sample material. The method

used in the scope of this thesis is analytical ultracentrifugation (AUC) coupled with

absorbance detection.[141] Due to their strong absorbance, AuNPs lend themselves

for such AUC experiments, as long as the validity of the Lambert-Beer law can be

ensured. In the case of AuNP dispersions, the absorbance in the violet and UV wave-

length range, which is dominated by inter-band transitions, is proportional to the

concentration cAu0 of gold atoms. For strictly monodisperse particles, the particle

concentration, cNP, is proportional to cAu0 and inversely proportional to the number

of gold atoms per particle, NAu0 .

cNP =
cAu0

NAu0

(77)

However, this approximation can fail for polydisperse particles during centrifugation.

As demonstrated by Equations 78 – 80, the relative error of the number of gold atoms

per particle, NAu0 , is three times as large as the relative error in particle radius.
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NAu0 =
VNP ρAu NA

MAu
=

4π

3

RNP
3 ρAu NA

MAu
(78)

∆NAu0 = 4π
RNP

2 ρAu NA

MAu
∆RNP =

3NAu0

RNP
∆RNP (79)

∆NAu0

NAu0

= 3
∆RNP

RNP
(80)

Hence, the concentration of particles that are larger than the average is overestimated

and the concentration of particles that are smaller than average is underestimated.

Moreover, the sedimentation coefficient, s, is proportional to the square of Rh (Equa-

tion 52) and larger particles sediment faster than smaller ones. Consequently, large

and small particles separate and the simple relation in Equation 77 is no longer re-

liable, as the average NAu0 now depends on time and position in the AUC cell. For

the inverse Turkevich AuNPs used in this thesis, the particle concentration error in-

troduced by polydispersity would be as large as 15 – 20%. However, this effect is

mitigated by the polymer shell, as Rh and the particle density are dominated by the

polymer brush. Thus, separation caused by the polydispersity of the cores is reduced

and NAu0 can again be approximated by an average value.

Figure 35 shows the radial absorbance profiles from sedimentation velocity exper-

iments of AuNP@PS with different molecular weights of the ligand. The temporal

evolution of the absorbance profile is indicated by the color coded data points. Green

and red curves correspond to early and late stages of the sedimentation process, re-

spectively. The time interval between the curves is ∆t ≈ 8 min. Black lines represent

the solutions of the Lamm equation based on numerical c(s) distribution analysis.

During the sedimentation process, the sedimentation front, i.e. the area with the

strongest radial gradient in absorbance, moves towards larger radii. Due to diffu-

sion, the width of the sedimentation front increases over time. For large radii, the

absorbance should reach a plateau value. However, the data for all measurements

shows a distinct slope of the plateau region. This behavior is unusual and cannot be

described by the c(s) method, as the deviation of the fits in these areas demonstrates.



80 6 – Characterization of AuNP@PS

PS6.5 

PS21 PS25 

PS28 PS33 

PS18 

a) b)

c) d)

e) f)

Figure 35: Radial absorbance profiles from sedimentation velocity experiments of
AuNP@PS in DMF at 20 ◦C. The individual panels correspond to AuNP@PS with dif-
ferent ligand molecular weights. The color-coded data represents progression in time
during the sedimentation process, with green and red data for early and late points
in time respectively. The black lines correspond to the concentration profiles from the
numerical solution of the Lamm equation, using the c(s) distribution method.
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The origin of this slope is unclear but several explanations are possible. Firstly, the

aforementioned approximation regarding the relation between absorbance and particle

concentration may not hold and AuNP@PS with larger cores sediment more quickly,

despite the influence of the polymer shell. Another possibility are aggregates that

quickly sediment in the beginning of the process. This is supported by the observation

that the fit curves deviate more at early stages of the process, whereas the absorbance

profiles at later stages describe the data well. Moreover, the overall polydispersity of

the AuNP@PS could broaden the sedimentation front, which should reflect in the c(s)

distributions. Finally, the interparticle interactions could be the cause of the unusual

behavior. Some of these interactions will be discussed in the context of small-angle

x-ray scattering data in Section 6.6. Despite the poor fit of the absorbance plateau

region, the c(s) distributions should be reliable, as they depend mostly on the move-

ment of the sedimentation front. The distributions of sedimentation coefficients are

shown in Figure 36.

Figure 36: Distributions of sedimentation coefficients of AuNP@PS based on the c(s)
distribution analysis algorithm.

All distributions show a single, Gaussian main peak and a shoulder at higher sedimen-

tation coefficients. This shoulder can be attributed to aggregates, as they are larger

than the single particles and, therefore, sediment more quickly. Whereas the shoulders

are relatively well-defined for AuNP@PS with the five longest ligands, the shoulder

in the c(s) distribution of AuNP@PS6.5 is less well defined and stretches over a wider
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range of sedimentation coefficients. This is in agreement with data from other meth-

ods, which indicate stronger aggregation of these particles compared to particles with

longer ligands. The main peak of the distribution shifts towards smaller sedimentation

coefficients with increasing molecular weight of the ligand. Consequently, the increase

of hydrodynamic radius of the particles is overcompensated by the decreasing average

density. This is possible due to the low density of the polymer shell, which consists

of PS (1.05 g/cm3) and DMF (0.95 g/cm3 at 20 ◦C). In general, the sedimentation

coefficients corresponding to the main peak range from approximately 500 to 850 S.

For further calculations, the distributions were integrated over the entire range shown

here in order to obtain weight average sedimentation coefficients, sw, according to

Equation 81.

sw =

∑
c(s) s2∑
c(s) s

(81)

As demonstrated in section 2.6, the mean density of particles can be determined from

sedimentation coefficients, if their hydrodynamic radius as well as the density and

viscosity of the medium are known. In order to obtain the grafting density, first the

density of the polymer shell, swollen with solvent, must be calculated. The mean

density of the particles, ρpart, depends on the densities of core and shell, ρcore and

ρshell, as well as their volume fractions, ϕcore and ϕshell, as shown in Equation 82.

ρpart = ϕcoreρcore + ϕshellρshell (82)

With ϕcore = Vcore/Vpart and ϕshell = Vshell/Vpart this can be rewritten and solved for

ρshell.

ρshell =
Vpartρpart − Vcoreρcore

Vshell
(83)

The volume of the gold core is Vcore = 4/3π Rcore
3 and the volume of the particle

is the hydrodynamic volume, i.e. Vpart = 4/3π Rh
3. Hence, the volume of the shell

is Vshell = Vpart − Vcore. The polymer mass per particle, mpoly, can be calculated in

a similar fashion from the densities, ρpoly and ρsolv, and volumes, ϕpoly and ϕsolv of
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polymer and solvent in the swollen shell.

ρshell = ϕpolyρpoly + ϕsolvρsolv (84)

With ϕpoly = Vpoly/Vshell, ϕsolv = Vsolv/Vshell, and Vpoly = mpoly/ρpoly, Equation 84

can be solved for mpoly, as shown in Equation 85.

mpoly = ρpolyVshell

(
ρshell − ρsolv
ρpoly − ρsolv

)
(85)

Finally, σ is calculated according to Equation 86, where Mn is the number average

molar mass of the ligand and NA is Avogadro’s number.

σ =
mpolyNA

4π Rcore
2 Mn

(86)

Figure 37 a shows the calculated grafting densities in relation to the molecular weight

of the ligand.

Figure 37: a) Calculated grafting densities, σ, and corresponding number of polymer
chains per particle in relation to the molecular weight of the ligand. b) Double-
logarithmic plot of the same data. The solid lines indicate the power law behavior.

The corresponding number of polymer chains per AuNP is also shown. σ decreases

with increasing Mn, with most values found between σ = 1 nm−2 and σ = 2 nm−2.

These values are plausible and are similar to values reported for similar systems of PS

brushes on small, spherical particles.[50, 132] An exceptionally high value of almost 10
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nm−2 was found for particles with PS6.5 ligand. However, due to the broad distribution

of s for this particle batch, the average density should be smaller than calculated. The

solid line in the figure indicates the apparent power law behavior of σ regarding the

molecular weight of the ligand with σ ∝ M−1.6. This is further demonstrated by

the double-logarithmic plot in Figure 37 b. Apart from slight deviations at large

Mn, the data points seem to follow the linear relations given by the power law. The

implications of this power law will be discussed in detail in the context of the overall

brush scaling in section 7.
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6.6 Stability and particle interactions of AuNP@PS

Small-angle X-ray scattering (SAXS) was employed in an attempt to further investi-

gate the structure of AuNP@PS. However, the scattering length density (SLD) contrast

represents a major challenge under common experimental conditions, i.e. Cu Kα radi-

ation with λ ≈ 0.15 nm. Whereas gold exhibits a very large SLD (1.28 · 10−2 nm−2),

the SLD of PS is much smaller (9.59 · 10−4 nm−2) and comparable to that of organic

solvents (e.g. 8.83 ·10−4 nm−2 for DMF). As the scattering intensity is proportional to

the squared SLD contrast (Equation 47), the contrast difference is further amplified.

Figure 38 a – b shows the measured SAXS intensity profiles of AuNP@PS measured

in DMF and dioxane. Data for all six different molecular weights of ligand from 6.5 to

33 kg/mol is shown. Due to the high SLD contrast, the intensity profiles are dominated

by the polydisperse sphere form factor of the gold core, most notably distinguishable

from the oscillations at q > 0.5 nm−1. These features are identical for all samples,

regardless of molecular weight of the ligand or solvent used. The average sphere radius

and standard deviation of the Gaussian size distribution are 6.15 ± 0.35 nm, corre-

sponding to the size of the gold core. The sphere form factor levels off in the Guinier

plateau at small q. Whereas most of the intensity profiles measured in DMF exhibit a

Guinier plateau, the radial intensity profiles measured in dioxane deviate more or less

strongly from the expected behavior. An increase in intensity towards small q can be

observed in most cases and even a small local maximum around q = 0.2...0.3 nm−1 is

present for samples with PS6.5 and PS25 ligands. These profiles could not be plausibly

described by any of the available models for grafted polymer chains and the features

seemed too pronounced to originate from the weak SLD contrast of the polymer. As

the samples were fairly concentrated, the possibility of a structure factor contribution

originating from particle-particle interactions was explored. Indeed, division of the

intensity curves by the sphere form factor of the gold cores, P (q), revealed periodic

oscillations in the I(q)/P (q) profiles, which are shown in Figure 38 c – d. Such

features are typical for interacting particles in concentrated dispersion.

In agreement with the differences between intensity profiles measured in DMF and

dioxane, the oscillations in the experimental S(q) plots are more pronounced in diox-
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Figure 38: a – b) SAXS intensity curves of AuNP@PS with six different molecular
weights of ligand measured in DMF and 1,4-dioxane. The black lines represent the
corresponding fit to the data, including Iinc, P (q), and S(q). c – d) I(q) divided by
P (q), representing the experimental structure factor. The black lines in d) correspond
to the S(q) profile of the SWP model calculated using the found parameters of the fit
to the full intensity profile in b). Curves are offset for clarity. The measured intensities
were similar for all samples and the S(q) profiles all approach 0 for large q. Adapted
with permission from Ref. [126]. Copyright 2021 American Chemical Society.

ane. Preliminary analysis of the first maxima of S(q) for measurements in dioxane

in relation to the molecular weight of the ligand suggested a systematic correlation.

Hence, fitting the I(q) profiles including the form factor of the cores and a structure

factor was attempted. The increase in S(q) towards small q is an indication for a sticky

sphere interaction potential. The square well potential (SWP) was found to be able to

fully describe the measured intensity profiles, as shown by the black fit lines in Figure

38 a – b. Using the found parameters for the SWP, the analytical approximation of
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the corresponding S(q) was calculated for measurements in dioxane and is shown as

black lines in Figure 38 d. The good agreement between the measured profiles and

the fit model can be seen. The main parameters obtained from the SWP model are

the well depth, ϵ, the well width, ∆, and the hard sphere diameter σ = 2RHS. The

geometrical interpretation of the SWP and a sketch of the potential model are shown

in Figure 39.
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Figure 39: a) Sketch of two AuNP@PS at the onset of attractive SWP interaction at
a center-to-center distance of d = σ + ∆. b) Sketch of the potential energy profile
according to the SWP model, showing all relevant parameters.

As the SWP describes pairwise interaction, the parameters can only be indirectly

related to structural properties of individual AuNP@PS. It is important to note that,

although AuNP@PS represent a hard core - soft shell system, σ in the SWP model

does not necessarily relate to the diameter of the gold cores, DAu. Equally, σ + ∆

does not necessarily represent shell-shell contact, in particular if long-range attractive

interactions, e.g. electrostatic, are present. Figure 40 shows the SWP constructed

from fit parameters found for AuNP@PS with ligand molecular weights between 6.5

and 33 kg/mol. Both the hard sphere contact, σ, and the potential onset, σ+∆ shift

towards larger distances with increasing molecular weight. The only exception from

this trend is the sample with PS33 ligand. Similarly, the potential well gets deeper
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with increasing molecular weight of the ligand, although the depth of the well is larger

than would be expected for stable particles. The well width, ∆, increases at first but

decreases again for the two longest ligands.

Figure 40: SWP potentials constructed from fit parameters for SAXS measurements
of AuNP@PS in dioxane. A trend for larger σ and ∆ with increasing molecular weight
of the ligand is visible. Reproduced with permission from Ref. [126]. Copyright 2021
American Chemical Society.

In order to further interpret the SWP parameters with regard to structural properties,

σ, ∆, and σ +∆ were normalized to the diameter DAu of the gold cores and related

to the molecular weight of the ligands, as shown in Figure 41 a. The plot allows

several observations regarding the influence of the ligand length on the interaction

potential. Firstly, all three parameters seem to follow a more or less linear trend,

which is indicated by the straight lines. If these parameters are directly correlated

with the structure and dimensions of the polymer brush, a power law could also be

possible. Secondly, the hard sphere diameter, σ, reaches a value close to unity for

Mn → 0. This is plausible, since the hard sphere diameter expected in this case

would be that of the gold core. However, the data also show that σ reaches much

larger values for long ligand chains, thus the ligand shell contributes to hard sphere

repulsion. Thirdly, the well width, ∆, remains more or less constant and in the order

of DAu. Hence, the reach of the attractive interaction does not depend strongly on

the molecular weight of the ligand and the thickness of the ligand shell. The apparent

intercept of ∆(0) ≈ 1 can only be explained by intrinsic interactions that do not
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depend on the molecular weight of the ligands. Figure 41 b shows σ and σ + ∆,

normalized to the hydrodynamic diameter, Dh, of the particles.

a) b)

Figure 41: a) Plot of SWP parameters in relation to the molecular weight of the
ligands. The parameters were normalized to the diameter, DAu of the gold cores. The
lines are a guide to the eye.. b) Plot of SWP parameters in relation to the molecular
weight of the ligands. The parameters were normalized to the hydrodynamic diameter,
Dh of the AuNP@PS.

Whereas the hard-sphere contact is much shorter than Dh, the overall range of the

SWP exceeds Dh for all particles, except those with PS6.5 ligands. Towards larger

molecular weights, the ratio of (σ+∆)/Dh seems to approach a constant value between

1.2 and 1.3. This may indicate the presence of a universal size ratio, similar to the

Rg/Rh ratio in light scattering. At higher grafting densities and smaller brush heights,

the AuNP@PS may approximately resemble hard spheres, with radii and interaction

distances similar to Rh. With decreasing grafting density but increasing brush height,

the overall volume fraction of polymer, especially in the outer regions of the brush,

can be much lower. As this loose, outer brush exerts less friction, Rh will be smaller

than the extend of the brush. The data shown suggests that the structure of the

outer brush is similar for the longer ligands, leading to a constant ratio between the

interaction range, σ +∆ and Rh.

In conclusion, the combined SWP onset, σ +∆, is defined mostly by the hard sphere

radius rather than the well width. The reach of attractive interactions seems to have a

large component that does not depend on Mn. Given the non-polar nature of dioxane,
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this interaction could be promoted by the polar azide groups at the free chain ends,

for instance in a mechanism similar to halogen bonding. This is further supported by

the lack of a pronounced structure factor in more polar DMF. The increase in well

depth with increasing chain length could be due to curvature effects, i.e. more free

chain ends in direct contact for a larger radius of curvature. The overall stability of

the particles is ensured by steric repulsion, which strongly depends on chain length.

6.7 Imaging of the ligand shell of AuNP@PS

So far, the structure and properties of AuNP@PS have been investigated relatively

indirectly by scattering techniques and AUC. In this section, TEM microscopy is is

employed to directly visualize the PS corona of AuNP@PS. The aim is to support

the assumptions and conclusions made to this point, in particular regarding the in-

fluence of the molecular weight of the ligands on the structure of the polymer shell

and the stabilization of AuNP@PS. Figure 42 shows representative TEM images of

AuNP@PS at 100,000× magnification.

The images show AuNPs with the same size and morphology as the as-prepared Turke-

vich particles (Figure 21). This is in agreement with SAXS data, which showed the

retention of particle size after ligand exchange. Thus, the ligand exchange process

does not affect particle morphology. In contrast to the TEM images of Turkevich

particles, the AuNP@PS are well separated. The particle separation seems to increase

with the molecular weight of the ligands from PS6.5 to PS33. This suggests that the

height of the ligand shell and the range of interactions, as determined from DLS and

SAXS measurements in dioxane, respectively, is at least partly reflected in the struc-

tures formed during TEM sample preparation. The low frequency of AuNP in close

contact demonstrates the overall good stability of AuNP@PS. However, the apparent

tendency of particles functionalized with PS6.5 and PS18 to form larger aggregates

during sample preparation complies with DLS data, which revealed the presence of

aggregates for these two particle batches. Although very faint, there is a visible corona

around the AuNP cores of the particles. The poor visibility of the polymer is due to

the contrast mechanism in TEM, which is based on atomic number. The much higher

atomic number of gold (z = 79) as compared to carbon (z = 6) results in the strong
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6.5 kg/mol 18 kg/mol

21 kg/mol 25 kg/mol

28 kg/mol 33 kg/mol

Figure 42: TEM images of AuNP@PS measured at 80 kV and 100,000× magnification.
The samples were prepared from dispersion in DMF.

contrast between the cores and corona. In order to improve visibility, the contrast was

digitally modified. These enhanced images are shown in Figure 43.

In the contrast-enhanced images, a light gray corona is now clearly visible around the

AuNP cores. Additionally, the Rh of the particles is indicated as blue circles around

the particle centers. The density of the corona appears the highest near the AuNP
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6.5 kg/mol 18 kg/mol

21 kg/mol 25 kg/mol

28 kg/mol 33 kg/mol

Figure 43: Digitally contrast-enhanced TEM images of AuNP@PS measured at 80 kV
and 100,000× magnification. The samples were prepared from dispersion in DMF.
The corresponding hydrodynamic radius of each particle batch is indicated by blue
circles around the particle centers.

surface and gradually decreases outwards. The corona of particles functionalized with

PS6.5 appears to be particularly dense, which does agree with the much higher grafting

densities found for this particle batch, as compared to particles functionalized with
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all other ligands. A quantitative analysis of the radial profile of the corona is not

feasible, as the contrast-enhancement algorithm changes pixel values non-linearly. In

many cases, the corona is not radially symmetric but rather stretched to one side,

which may be a result of the drying process during sample preparation. Generally, the

coronas do not fill the hydrodynamic volume indicated by the blue circles. However,

it should be noted that the faint corona observed in the original images seems to

be larger and approximately equal to the Rh. The visibility of the corona in the

original images therefore seems to originate mainly from a texture difference rather

than a difference in average pixel values. From the inter-particle distances in relation

to Rh, two distinct regimes of particle interaction can be defined. A majority of

particle contacts exhibit a core-core distance of dcc ≈ Rh, indicating strong overlap

between the polymer corona of adjacent particles. This regime of particle separation

could therefore originate from polymer-polymer interactions upon drying. The second

regime of interparticle-distance is found for dcc ≈ 2 Rh, corresponding to shell-shell

contact. The two distance regimes also roughly correspond to the hard-sphere contact

distance, σ, and the total potential range, (σ + λ), from the square-well potential

model for AuNP@PS in dioxane, discussed in section 6.6.

In summary, it was possible to directly visualize the polymer corona of AuNP@PS

using TEM, although digital image enhancement was required in order to improve

visibility in print. A similar effect may be achievable by reactive staining of the PS

corona. The images also provide further evidence of particle stabilization, as the gold

cores of AuNP@PS are well separated, which was not observed for the as-prepared

AuNPs. The separation distance between particles seems to loosely correlate with the

hydrodynamic radius and, therefore, the chain length of the ligands.
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7 Scaling of brush dimensions of AuNP@PS

This section deals with the scaling behavior of the polymer brush dimensions with

regard to chain length and grafting density. For this purpose, DLS and AUC data,

discussed in sections 6.4 and 6.5, will be combined to identify the scaling regime.

Moreover, the mechanism of brush formation in this particular case will be elucidated.

As a starting point, we will simply compare the dimensions of grafted PS chains,

i.e. the brush height, to the dimensions measured in solution, discussed in Section

4.3. Figure 44 shows the brush heights, H, calculated from DLS measurements of

AuNP@PS, in relation to the chain dimensions of dissolved chains. H is given in

multiples of 2Rg,PS and 2Rh,PS, respectively. Rg,PS was calculated using Equation 20

and the experimental values for ν and b for PS in DMF.

Figure 44: Ratio of brush heights relative to 2Rg.PS and 2Rh,PS of the free polymer
chains in DMF.

For AuNP@PS with ligand molecular weights between 18 and 33 kg/mol, H/2Rg,PS

falls in a narrow range of 1.2 to 1.3, corresponding to H/2Rh,PS of 1.9 to 2.1. Only

particles with the PS6.5 ligand deviate from this range, which is likely to be caused

by particle aggregation, as discussed previously. Overall, it seems that the brushes

are much higher than the hydrodynamic dimensions of the chains they are formed

by. This points to significant chain stretching due to a high polymer volume fraction,

which increases hydrodynamic drag compared to the corresponding Gaussian chains.

The comparison of H with 2Rg,PS is particularly interesting, as it shows that the brush
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height measured by DLS is more closely related to Rg,PS than Rh,PS. This indicates

that there is a certain compactness to the ligand shell, which imposes much higher

drag than a loose layer of Gaussian chains would. Qualitatively, this behavior can be

compared to star polymers, for which the scaling of Rg and Rh is well-described.[77,

142, 143] Generally speaking, the Rg/Rh ratio decreases and approaches ∼ 1.08, as

the number f of arms of the star polymer increases.[77] This is counterbalanced by the

length of the arms, with Rg/Rh approaching the value of ∼ 1.5 known for Gaussian

chains, as N increases.[143] Experimental results for large, multi-arm star polymers

have demonstrated Rg/Rh ratios of ∼ 1.3.[142] From this we can deduce that for the

AuNP@PS discussed here, the overall Rh of the particles may indeed scale similar to

star polymers with a large N and f . As the size of the AuNP core remains unchanged,

this behavior directly reflects on scaling of the brush height.

In order to understand the structure of this polymer brush, the scaling behavior of

the hydrodynamic brush height, Rh −Rc, in relation to N and σ will be examined in

the following. As demonstrated, the brush height is likely to scale similar to a star

polymer, rather than a locally flat brush. This is also supported by the small radius

of the grafting surface and the high observed grafting densities. This also implies that

the semi-dilute blob model, as discussed in section 2.3, may not be valid. Moreover,

the dimensions of the free PS chains in DMF at room temperature were found to scale

similarly to ideal chains under θ conditions. The significance of this detail becomes

obvious when we remind ourselves of the absence of excluded volume effects under

theta conditions. Excluded volume plays a major role in the degree of chain stretching

in polymer brushes in good solvents. Ideal chains on the other hand can theoretically

interpenetrate without penalty to the free energy of the chains. This is somewhat

complicated by the notion that a clear definition of the θ state of star polymers is

difficult. Daoud and Cotton have pointed out that despite scaling with N1/2 locally,

arms of star polymers in θ solvents can be compressed or stretched beyond their ideal

conformation.[84] In other words, even ideal chains experience long-range interactions

when confined in a brush.

First, we want to test whether the observed brush height scales in the SDPB regime.

According to Wijmans and Zhulina, the brush height of a semi-dilute, spherical
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polymer brush in good solvents and in θ solvents should scale with N3/5σ1/5 and

N1/2σ1/4, respectively.[85] Figure 45 shows the double-logarithmic plots of the

experimental brush height compared to these two scaling laws. The slope of the

scaling relation is approximated by a linear fit. Since the first two data points (PS6.5

and PS18) strongly deviate from the behavior of the remaining four, these points

were excluded from the linear fit. In both representations, inclusion of all data

points resulted in smaller slopes and a poor overall fit to the data. The deviation

of the AuNP@PS with PS6.5 and PS18 ligands from the linear trend can be related

to particle aggregation, which may have affected both DLS and AUC measurements.

This has been discussed in more detail in sections 6.4 and 6.5. For particles with

ligands from PS21 to PS33, there is good agreement with the linear fits. However, the

data appears to exhibit a more systematic deviation from perfect linearity for the good

solvent case in Figure 45 a than for the θ solvent case in Figure 45 b. The slopes

are 1.2 and 2.2, respectively, whereas a slope of 1 would indicate good agreement with

theoretical scaling in either case. For the good solvent SDPB scaling, a slope > 1 is

unphysical and conflicts with the concept of semi-dilute conditions, as the scaling of

the free chains in good solvent (ν ≈ 3/5) should be retained. For the θ solvent case,

the large slope indicates poor agreement with SDPB scaling. Nevertheless, since the

free chains scale almost ideally in DMF at room temperature, better agreement with

the θ solvent SDPB scaling should be expected. The observation that the measured

height scales significantly steeper than the θ solvent SDPB suggests that the brush is

more concentrated and the polymer chains are more confined.

As the SDPB model does not seem to describe the scaling of the AuNP@PS, we

now turn towards the evaluation according to the CPB model. As mentioned in

Section 2.3, higher order interactions in the CPB regime render the solvent quality

inconsequential for brush scaling. Moreover, the local flatness of dense curved brushes

allows the formulation of a universal scaling law for flat and curved brushes in both

good and θ solvents. Theory predicts scaling as H ∝ Nσ1/2, whereas experiments and

simulation may account for transitional behavior by means of an additional scaling

factor, α, to obtain H ∝ (Nσ1/2)α.[81] As shown in Figure 46, plotting the brush
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Figure 45: Double-logarithmic plots of the experimental hydrodynamic brush height
of AuNP@PS in DMF according to semi-dilute brush scaling in a) good solvent and
b) θ solvent. The first two points in brackets were excluded from the linear fits.

height accordingly yields a linear relation for the brush height of AuNP@PS with

ligand molecular weights between 21 and 33 kg/mol. This is not surprising, as the

CPB scaling resembles SDPB scaling in θ solvents, introducing only an additional

factor of 2 in the log-log representation. Although the slope of 1.1 slightly exceeds the

theoretical maximum of α = 1, this result can be considered to be in good agreement

with the CPB model. This is particularly true due to the range of grafting densities

and the near-θ solvent conditions.

Figure 46: Double-logarithmic plot of the experimental hydrodynamic brush height
of AuNP@PS in DMF according to concentrated brush scaling. The first two points
were excluded from the linear fits.
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Having identified the CPB as the most likely scaling regime, we attempt to model the

structure of the polymer brush. Due to the presumed high polymer volume fractions,

the classic concept of a brush constructed of a sequence of blobs has to be abandoned.

Firstly, the blob size at high grafting densities becomes sufficiently small to only

accommodate a very small number, g, of statistical segments. Moreover, even ideal

chains experience significant stretching under such conditions. Hence, chain statistics

deviate significantly from those of unperturbed chains, regardless of solvent quality.

In order to provide a more realistic model of the brush morphology, we employ a

model of a brush filled by polymer chains with a continuous volume fraction profile,

ϕ(z), rather than discrete blobs. ϕ(z) will be modeled according to an analytical

approximation of SCFT result found in literature.[144]

ϕ(z) = ϕ(0)

[
1−

( z

H

)2
]1/2

0 ≤ z ≤ H (87)

For ϕ(0) we will use the value according to Equation 30, i.e. ϕ(0) = σ1/2b. The

corresponding volume fraction profiles are shown in Figure 47 a. The volume fraction

profiles demonstrate the very gradual decrease of ϕ over a wide range of z, which is the

result of higher order chain-chain interactions. For PS6.5 and PS18 the initial volume

fractions ϕ(0) are unphysically high, which complies with other data that suggests

aggregation and therefore inaccurate values of H and σ. In general, AuNP@PS that

are in good agreement with CPB scaling also yield plausible volume fraction profiles.

There appears to be a mutual cross-over point at z ≈ 11− 12 nm.

We now define a distance dependent brush cross-section A(z), which simply is the

virtual surface area of a sphere with radius R + z, where R is the radius of the gold

core.

A(z) = 4π(R+ z)2 (88)

The total volume of the brush up to its full height H can be written as the integral of

A(z) over all z, shown in Equation 89.
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a) b)

Figure 47: a) Polymer volume fraction profiles according to Equation 87. b) Cumu-
lative segment number g relative to the experimental degree of polymerization N in
relation to the relative height, z/H

V (H) =

∫ H

0

Adz = 4π

∫ H

0

(R+ z)2dz (89)

Correspondingly, the total volume of polymer, VPS(H), is the brush volume, V (H),

weighted by the volume fraction, ϕ(z).[85]

VPS(H) = 4π

∫ H

0

ϕ(z)(R+ z)2dz (90)

Inserting the expression from Equation 87, yields Equation 91.

VPS(H) = 4π ϕ(0)

∫ H

0

[
1−

( z

H

)2
]1/2

(R+ z)2dz (91)

Finally, we determine the number of segments per chain, g(H), using the segment

volume, Vseg = Vm/NA, where Vm is the molar volume of the monomer. Normalization

of the polymer volume to the number of chains per particle, f , is also necessary, with

f = 4πσR2

g(H) =
VPS(H)

Vseg f
=

VPS(H)

0.165nm3 4πσR2
(92)
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We can now verify the validity of the model if we plot g/N versus z/H, as shown in

Figure 47 b. If the model accurately describes the AuNP@PS system in DMF, g

should reach the full degree of polymerization, N , at z = H. This holds true for most

particle batches within a margin of error of 20%. Only particles with PS33 ligands

exhibit a larger deviation of approximately 40%. There seems to be a trend in the be-

havior, with g/N at z = H increasing with molecular weight. The plot also illustrates

that the outer layers of the brush contain the majority of chain segments, despite the

larger volume fraction at small z. At this point it should be emphasized that the

results of this approach strongly rely on the choice of ϕ(0). We used the conventional

definition of ϕ(0) = σ1/2b.[85] The fact that the model seems to overestimate g, may

indicate that the grafting densities are slightly lower than determined by AUC.

We will now turn to the thermodynamic aspects of the brush under these conditions.

For simplicity, calculations will be averaged over an entire grafted chain, rather than

using a SCFT approach to obtain local values along the chain. The CPB model is

derived from the minimization of the free energy in relation to elastic and osmotic

contributions. In the CPB regime, we can assume near-ideal behavior for the chains

in the brush. For ideal chains, the free energy of elastic stretching, Fel, in relation to

brush height is given by Equation 93.[57, 144] As shown, Fel scales with the square of

the brush height.

Fel

kBT
=

H2

b2N
(93)

The osmotic contribution to free energy can be derived from the free energy of mixing.

Fmix is given by the Flory-Huggins solution theory (Equation 1 in section 2.1). The

osmotic pressure, Π, of a polymer solution (or within a brush) is the derivative of Fmix

regarding volume.

Π =
∂Fmix

∂V
(94)

From a virial expansion of the Flory-Huggins equation followed by differentiation, we

obtain Equation 95.[57] The first term in brackets becomes negligible for large N and
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can be disregarded. The second term corresponds to excluded volume, i.e., two-body

interactions and should vanish in θ conditions. The final term corresponds to three-

body interactions.

Π

kBT
≈ 1

b3

[
ϕ

N
+ (0.5− χ)ϕ2 +

1

3
ϕ3

]
(95)

The osmotic energy is the product of Π and V . As we consider the free energy per

chain, we use the brush volume per polymer chain, given by Equation 96. Here, R is

the radius of the core particle and σ is the grafting density.

V =
1

3R2σ

[
(H +R)3 −R3

]
(96)

Thus, the osmotic free energy per chain, Fos, can be expressed as shown in Equation 97.

Fos

kBT
≈ 1

3R2σb3
[
(H +R)3 −R3

] [ ϕ

N
+ (0.5− χ)ϕ2 +

1

3
ϕ3

]
(97)

The average volume fraction ϕ of polymer is the volume of one polymer chain divided

by the brush volume per chain. This is shown in Equation 98, where Vseg is the volume

of one monomer unit.

ϕ =
VsegN

V
=

0.165 nm3N

V
(98)

The total free energy of the brush is the sum of elastic and osmotic contributions.

Ftot = Fel + Fos (99)

Figure 48 a shows the free energy profiles in relation to brush height for the six

different batches of AuNP@PS. The brush height, at which the minimum occurs,

increases with increasing molecular weight of the ligands, whereas the free energy at

the minimum decreases with increasing molecular weight. The latter effect is probably

caused by the higher grafting densities found for the shorter chains, as the minimum

free energy is significantly higher for AuNP@PS6.5, for which the calculated σ also is

much higher than for the other five particle batches. Figure 48 b shows the positions
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of the minima in relation to chain length in the double-logarithmic representation

according to the CPB regime, which was introduced in Figure 46. The experimental

data from that graph is also shown here for comparison (black squares). The modeled

brush height (red triangles) follows a linear trend similar to the experimental data.

The slopes of the linear fits are virtually identical but the model is offset towards larger

brush height. The offset in the double-logarithmic graph corresponds to a constant

factor between modeled and experimental brush height with ∆H = exp[∆ln(H)] ≈ 1.6.

This discrepancy can be attributed to the simplistic calculation and the potential

overestimation of σ from AUC measurements, discussed earlier. Both factors increase

the average polymer volume fraction and exaggerate the osmotic contribution. The

distinct value of the offset could also be further indication for the underestimation of

H from DLS measurements, which was discussed in the beginning of this section.

a) b)

Figure 48: a) Total free energy per chain in relation to brush height calculated from
elastic and osmotic contributions. The minima are indicated by drop lines. b) Scaling
analysis of experimental (black squares) and modeled (red triangles) brush height in
relation to chain length and grafting density. The modeled brush height scales with
the same slope as the experimental data but is offset.

We can conclude that the brush of the AuNP@PS scales in the CPB regime. Within

the margin of error, the experimental brush height scales with Nσ1/2. Moreover,

an approximation of the volume fraction profiles for concentrated brushes is in good

agreement with the experimental chain lengths and grafting densities. Unphysical

values were obtained for AuNP@PS with PS6.5 and PS18 ligands, which could be
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a result of particle aggregation and overestimation of grafting densities. A detailed

analysis based on the thermodynamics of the brush further demonstrated the good

agreement between experimental and theoretical brush heights. It also suggests that

the real brush height may be significantly larger than determined by DLS, which would

also explain the overestimation of grafting densities. This is consistent with the large

volume of the brush compared to the core particle. Although the combination of DLS

and AUC used for this work certainly provides a good insight into the scaling regime,

the absolute values obtained may differ from the real ones. More accurate values for

brush heights and volume fraction profiles will only be accessible with small angle

neutron scattering experiments, which are time-consuming and costly.
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8 Functionalization of non-spherical particles with

PS ligands

Whereas previous sections were limited to a discussion of polymer brushes on

spherical AuNPs, the nature of the ligand exchange method developed within this

thesis suggests a certain degree of universality regarding particle size and shape.

Unlike with direct phase transfer methods, the particles are not required to penetrate

a phase boundary and remain stabilized while doing so. In addition, syntheses of

non-spherical AuNPs often are template-based methods in aqueous media and direct

synthesis in organic solvents may not be possible for any desired particle morphology.

Thus, hydrophobically stabilized non-spherical NPs are arguably even more difficult

to obtain than their spherical counterparts. In order to evaluate the applicability of

the two-step ligand exchange method to non-spherical particles, the functionalization

of gold nanocubes (AuNCs) and gold nanorods (AuNRs) was tested. Both, AuNCs

and AuNRs, were prepared by aqueous synthesis. Compared to the spherical AuNPs

tested, the AuNCs and AuNRs are much larger. The AuNCs have an edge length of

87 ± 7 nm, whereas the AuNRs possess a length of 50 ± 10 nm and a diameter of

9.4 ± 0.5 nm, respectively. The ligand exchange itself was carried out in the same

fashion as for spherical AuNPs, accounting for the respective surface area and amount

of ligand required. Due to the much smaller surface-to-volume ratio of the AuNCs

and AuNRs compared to the AuNPs functionalized previously, a smaller amount of

PS-SH ligand was typically required.

In general, the ligand exchange was successful. AuNC@PS and AuNR@PS with ligand

molecular weight ranging from 6.5 and 33 kg/mol were obtained. Figure 49 shows

exemplary TEM images of AuNC and AuNR functionalized with PS28 ligand. The

TEM images highlight the significant difference in particle size, also in comparison to

the spherical particles discussed earlier. In the case of AuNC@PS28 in Figure 49 a,

the ligand shell is clearly visible. Due to the large particle size, the polymer layer

seems thin. Variations in layer thickness may be a result of sample drying, although

difference between grafting densities on different particle facets are also plausible.
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For AuNR@PS28 in Figure 49 b, the ligand shell is not as visible. An indirect

indication for its presence and the successful stabilization of the AuNR is the lack of

parallel stacking, which is typical for surfactant stabilized rods. Instead, the AuNR

are randomly scattered and overlay in some cases. The image also shows a number

of spherical particles, which are a side product of AuNR synthesis and difficult to

remove entirely.

a) b)

Figure 49: a) TEM image of AuNC@PS28 with the polymer clearly visible on the
particle surface. b) TEM image of AuNR@PS28. The insets show photographs of
AuNC@PS and AuNR@PS dispersed in DMF with bright and dark backgrounds re-
spectively.

The insets in Figure 49 show photographs of dispersions of AuNC@PS and AuNR@PS

in DMF respectively. A bright and a dark background were chosen to highlight specific

characteristics of the different particles. Large AuNC mainly scatter light, which can

be seen most clearly with a dark background. AuNR, on the other hand, are simi-

lar in appearance to spherical AuNP, as the main LSPR band lies outside the visible

wavelength range. Figure 50 shows the UV/Vis absorbance spectra of AuNC@PS

and AuNR@PS in DMF. The differently colored spectra correspond to the molecular

weights of the ligands, from 6.5 kg/mol in red to 33 kg/mol in dark green. The spec-

tra for AuNC@PS in Figure 50 a are very similar across different ligand molecular

weights. Compared to the spectra of spherical AuNP@PS in Figure 24, the LSPR
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a) b)

Figure 50: a) Normalized UV/Vis absorbance spectra of AuNC@PS in DMF. b)
UV/Vis absorbance spectra of AuNR@PS in DMF, normalized to the transverse LSPR
mode peak. In both panels the spectra for different molecular weights of PS ligand
are offset along the y-axis.

peak is shifted towards longer wavelengths and broader, which is a result of the larger

size of the AuNCs. The spectra suggest that the AuNC@PS are equally well stabi-

lized, regardless of the ligand length. A slightly different observation can be made

for the spectra of AuNR@PS in Figure 50 b. These spectra were normalized to the

transverse LSPR mode, here found at wavelengths between 500 and 550 nm. Whereas

the transverse mode appears similar between the different ligand molecular weights,

the longitudinal modes in the red and near-infrared part of the spectrum differ sig-

nificantly. Firstly, the longitudinal modes for AuNR functionalized with PS25 and

PS33 ligands are much broader than those of the other four samples. Secondly, the

absorbance ratios between longitudinal and transverse modes do not follow a trend

with regard to ligand length. For PS25 and PS33, the absorbance ratio is 1.7 and 2.1,

respectively, whereas the ratio is between 2.4 and 3.0 for the other molecular weights.

Both observations hint towards differences in the stability between particle batches, as

broadening of the LSPR relative to peak intensity is typically observed during particle

aggregation. In other words, AuNR@PS25 and AuNR@PS33 seem to be less stabilized

than the other batches of AuNR@PS.

The behavior of AuNC@PS and AuNR@PS dispersed in toluene allow further obser-

vations. The corresponding UV/Vis spectra are shown in Figure 51. For AuNC@PS,
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a) b)

Figure 51: a) Normalized UV/Vis absorbance spectra of AuNC@PS in toluene. b)
UV/Vis absorbance spectra of AuNR@PS in toluene, normalized to the transverse
LSPR mode peak. In both panels the spectra for different molecular weights of PS
ligand are offset along the y-axis.

the spectra are similar to those measured in DMF, although larger irregularities be-

tween ligand lengths can be observed, indicating slight differences in stabilization. In

contrast, only one half of the batches of AuNR@PS could be stabilized in toluene at all,

including those functionalized with PS18, PS21, and PS28. Notably, AuNR@PS25 and

AuNR@PS33, which already exhibited deviations from the general trends when dis-

persed in DMF, are not among the batches stabilized in toluene. Additionally, there is

no clear trend for stabilization in toluene regarding the molecular weight of the ligands,

which suggests that the observed differences in stabilization are a result of batch-to-

batch variation, rather than a systematic effect related to ligand length. As a whole, all

these observations are in agreement with those made for spherical AuNP@PS, which

also appear to be less stabilized in nonpolar solvents, such as toluene. In the case of

AuNR@PS, it could be possible that the grafting density at the sides of the rods is

relatively low, such that the AuNR are more prone to aggregation. Another aspect

is the fairly small diameter of the rods, which results in large curvature of the brush,

compared to the spherical AuNP. The larger divergence of polymer volume fraction

with distance from the surface of the rods may promote attractive interactions, as

observed in SAXS measurements of AuNP in dioxane in section 6.6.

Overall, the experiments have shown that the ligand exchange protocol can be ap-
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plied to non-spherical AuNP of considerably larger size than the Turkevich particles

used in most of this thesis. The insufficient stabilization of AuNR, in particular in

toluene, may be linked to the geometry of the grafting surface. The range of molecular

weights of ligands available may have been inappropriate for sufficient stabilization of

such large particles. Despite these issues, the method has significant potential, which

should be explored for other particles sizes and geometries in the future. A general-

ized approach for the functionalization of a broad variety of particle types may have

great implications for the development and screening of functional nano-composite

materials.
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9 Kinetics of polymer ligand binding

9.1 Implications of ligand binding kinetics for brush structure

The previous sections, in particular the discussion of the scaling of the brush height in

relation to N and σ, have demonstrated a strong dependence of the grafting density

on the chain length of the ligands. As the molar concentration of PS during the

ligand exchange was identical for all molecular weights, the ligand exchange procedure

appears to follow an intrinsically self-limiting mechanism. Doubtlessly, one cause of

this limitation are the high polymer volume fractions achieved near the particle surface.

Higher grafting densities would further increase the osmotic pressure within the brush

and require further stretching of the PS chains to compensate. This seems energetically

unfavorable. Equally, high polymer volume fractions increase the barrier for a chain

to diffuse and attach to the particle surface. An investigation of the kinetics of the

polymer ligand binding process can help understand the formation mechanism and

the influence of ligand molecular weight on the brush structure. We will consider the

binding of long, end-functionalized polymer chains as a reversible adsorption process.

In equilibrium, the number of adsorbed chains should be related to the concentration of

chains in the bulk phase, the surface coverage, i.e., grafting density, and the adsorption

enthalpy. The adsorption process in brush formation ideally is specific to the functional

chain end, whereas the chain itself and therefore the majority of the molecule does not

interact with the surface. Nevertheless, the polymer chain can play a significant role

in brush formation, as chain-chain interactions strongly contribute to the energetic

landscape of the process. In a way, brush formation therefore is a three-dimensional

sorption process rather than a typical, two-dimensional one. Correspondingly, the

kinetics of this process are rather complex and only few theoretical models haven

been proposed so far, notably the one by Christian Ligoure and Ludwik Leibler.[145]

Their approach is characterized by a time-variable potential barrier created by the

forming brush, which new chains have to penetrate in order to reach the surface. This

leads to a complex, numerical description of the adsorption kinetics. Depending on

the starting and equilibrium conditions, they identify several regimes in which the

numerical results can be approximated by much simpler, analytical solutions. As will
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be demonstrated in this section, low ligand concentrations and correspondingly low

grafting densities allow such simplifications.

9.2 Approach for binding kinetics measurements

In the previous section, the optical properties of AuNP@PS were discussed, in partic-

ular regarding the refractive index of the environment. Since ligand binding induces a

change of the local refractive index, utilizing the LSPR wavelength to monitor binding

kinetics would represent an elegant experimental approach, that does not require any

modifications to the particles or polymers. There are, however, certain limitations.

The single-phase ligand exchange mechanism requires AuNPs to be decorated with

PVP as auxiliary ligand. Although a change in refractive index may still occur during

the exchange of PVP with PS, the change will be small compared to the change ob-

served for a brush forming on a bare particle surface. Moreover, in order to accurately

replicate the conditions under which the ligand exchange takes place, the concentra-

tion of PS ligands in the bulk phase has to be high, further reducing the refractive

index contrast between the bulk phase and the forming brush. Consequently, the

LSPR shift expected during such an experiment would be fairly small. Other effects,

such as particle aggregation, also affect the absorbance spectrum and are difficult to

correct for. An absorbance-based kinetic experiment using an unmodified system un-

der similar conditions as the preparative exchange process is therefore not feasible.

Better sensitivity could be achieved using an easily measurable property of a modified

system. Fluorescently labeling the PS ligands introduces a very specific optical prop-

erty that is unique to the PS ligands without interfering with the kinetically relevant

parts of the ligand, i.e., the surface-binding end-group and the main chain material.

Additionally, fluorescence detection usually is very sensitive and reliable over a wide

range of signal intensities. In order to monitor kinetics, the fluorescence properties

of the label must change during the binding process, which is achieved by the strong

optical interaction between plasmonic AuNPs and fluorophores. Both, self-quenching

of adjacent dye labels of bound ligand chains as well as non-radiative energy transfer

from the fluorophore to the particle are relevant mechanisms.[146] Efficient quenching

of the dye labels near the particle surface is achieved, if there is sufficient spectral
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overlap between the emission of the dye and the LSPR of the particle. However,

the strong absorbance of AuNPs gives rise to an inherent issue regarding fluorescence

measurements, namely a strong inner filter effect. The molar extinction coefficient

of AuNPs is several orders of magnitude larger than that of a typical organic dye,

such that the AuNPs absorb a much larger fraction of the incident light than the dye.

Consequently, the emission intensity is greatly reduced, in particular if AuNPs and

dye are present in similar concentrations. The magnitude of the inner filter effect is

a function of concentration, wavelength, and path length. Moreover, a strong inner

filter effect also changes the shape of the emission spectrum.

Due to the strong inner filter effect under the desired experimental conditions, the

kinetic investigation in bulk was not considered feasible. Instead, the AuNPs were

immobilized on a glass substrate that was kept outside the light path. The decrease of

fluorescence intensity in the bulk phase, containing the dye-labeled ligand chains, was

measured as the ligands bind to the particle surface. Knowing the starting concen-

tration of ligand and the number of AuNPs on the substrate, absolute values for bulk

ligand concentration, and number of bound ligands per AuNPs can be calculated for

each point in time. The primary aims of this series of experiments were to investigate

the influence of ligand molecular weight and the mechanism of ligand binding.

9.3 Immobilization and characterization of AuNPs on glass

substrates

For the immobilization of AuNPs on glass substrates, AuNPs were prepared according

to the inverse Turkevich method described in Section 5. These particles were not

functionalized with PVP and kept in aqueous dispersion. Glass substrates were treated

with RCA-1 solution to clean and activate the surface, which was then functionalized

with APTMS to introduce amine groups on the surface. These amine groups aid in the

irreversible adsorption of AuNPs via electrostatic interactions and specific, covalent

binding to the AuNP surface. Once the AuNPs are bound, the residual amine groups

have to be removed or capped, in order to avoid interactions between the ligands and

the surface. A scheme of the process is shown in Figure 52.
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1) RCA-1

2) APTMS

AuNP

O2 Plasma

a) b)

c) d)

Figure 52: Preparation scheme for substrate-supported AuNPs. a) Glass substrates
have oxygen rich surfaces which are activated by RCA-1 cleaning. b) Functionalization
with APTMS results in amine functionalized glass surfaces. c) The AuNPs adsorb onto
the surface and are held by coordination of amine groups and van-der-Waals forces.
d) Plasma treatment removes exposed amine groups.

A homogeneous and reproducible surface coverage with AuNPs was required for this

experiment, as all parameters, except for the ligand molecular weight, were to be

kept constant. The silanization and proper cleaning of the substrates before applying

the AuNPs was found to be critical. A rough APTMS layer or residues of excess

APTMS caused quick aggregation of AuNPs during the application step. In order

to address these issues, the silanization protocol was optimized for short incubation

times at room temperature by acetic acid catalysis. Formation of APTMS aggregates

was suppressed by thoroughly drying the activated glass slides and staining chambers

used for the functionalization and by usage of high-purity methanol as solvent. The

curing and cleaning procedure included multiple stages of sonication in ethanol and

water. The final surfaces were smooth and showed a high affinity for binding AuNPs.

Despite amine functionalization on both sides of the substrates, only one side was

supposed to be loaded with AuNPs. Therefore, one side of the substrates was covered

with AuNP dispersion. The concentration of this dispersion was chosen for quantita-

tive adsorption of AuNPs to be possible, thus increasing reproducibility. In order to

find a good compromise between a high particle number density and sufficiently large

inter-particle distances, a series of particle deposition experiments from dispersions
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of different concentrations was conducted. Figure 53 a shows the particle number

densities of AuNPs measured by AFM in relation to the theoretical number of AuNPs

added per µm−2 of substrate surface area, as estimated from the absorbance of the

AuNP dispersion.[109, 110] The data exhibits a roughly linear correlation between pre-

dicted and measured particle numbers. Overall, the calculated and measured particle

number densities are in a very similar range. However, there appear to be some sys-

tematic discrepancies. The negative offset of measured compared to calculated particle

numbers and the slope of approximately 1.2 indicate some degree of inaccuracy in the

calculation of particle numbers from absorbance spectra. Additionally, the particles

tended to aggregate at very low concentrations, which may have been caused by the

low buffer capacity of such dilute dispersions. Thus, the particles are more sensitive to

pH changes and impurities on the surface and prone to aggregation. At the same time,

excessively high particle concentrations lead to incomplete adsorption. Therefore, the

system seems to exhibit a threshold behavior at low concentrations and saturation at

high concentrations.

a) b)

Figure 53: a) Particle number density of AuNPs on amine-functionalized glass sub-
strates measured by AFM in relation to the estimated particle number added per
surface area. b) Absorbance intensities of the LSPR maximum of AuNP immobilized
on amine-functionalized glass substrates.

Figure 53 b shows the absorbance at the LSPR maximum measured by UV/Vis spec-

troscopy of substrates functionalized with different concentrations of AuNPs. During
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the measurements, the samples were immersed in toluene for refractive index match-

ing, as an inhomogeneous refractive index environment (in this case the glass/air

interface) adversely affects the plasmon excitation. As expected, the absorbance val-

ues are fairly low and correspond to transmission values larger than 85%. Within the

range of concentrations used, the LSPR absorbance intensity is almost proportional to

the particle number density from AFM measurements. Hence, the Lambert-Beer law

applies for these particle number densities. Due to plasmon coupling, the absorbance

spectrum changes at small interparticle distances, i.e. high particle number densities,

and the proportionality vanishes. This experiment also confirms the homogeneity of

the samples, as the AFM data, which has a rather small statistical sample size, cor-

relates well with the ensemble averaged UV/Vis data. A particle number density of

600-800 µm−2 was chosen as ideal compromise between large particle surface area and

sufficient interparticle distance. In the following, the reproducibility and homogeneity

of the samples used for the kinetic investigation is discussed in more detail. Five glass

slides were covered with AuNP dispersion and AFM images were measured in the

center and towards the edge of each substrate. Sample homogeneity can be divided

into two criteria. On one hand, inhomogeneity can describe the difference in particle

number densities near the center and the edge of the substrate, respectively. On the

other hand, the order and distribution of particles within one small scan region can be

more or less homogeneous, for instance due to cluster formation. In contrast to this,

reproducibility describes the the similarity of the average particle number densities

and structural homogeneity between individual samples. First, we will focus on the

homogeneity within each sample and reproducibility between samples. Figure 54 a

shows a bar chart of the particle number densities determined from all measured AFM

images. The data is grouped into two scans measured on each of the five samples.

The values for the particle number density range from approximately 600 to 750 µm−2,

with most values between 650 and 700 µm−2. The average particle number density

and standard deviation are 684 ± 40 µm−2, as indicated by the dashed horizontal

line and gray area, respectively. There is no significant variation between individual

samples, indicating good reproducibility. Additionally, a first coarse assessment of

the homogeneity withing each sample suggests that there is no systematic difference
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a) b)

Figure 54: a) Particle number density of AuNPs on amine-functionalized glass sub-
strates measured by AFM. Two scans per sample were measured. b) Average particle
number densities and standard deviation near the center and near the edge of all
substrates, respectively. The dashed horizontal line and gray area represent the total
average from all scans on all substrates and the corresponding standard deviation,
respectively. Reproduced from Ref. [147] with permission from the Royal Society of
Chemistry.

between particle number densities in center and edge regions of the samples. This

is further demonstrated in Figure 54 b, which shows the average number densities

of all center and all edge scans and corresponding standard deviations, respectively.

The values are 673± 52 µm−2 for the center scans and 695± 15 µm−2 for edge scans.

Whereas the average values are similar and close to the overall average, the standard

deviations are very different. This is caused by the very low particle number density

for the center scan of sample 1. Overall, there is no significant difference between

center and edge positions.

We will now take a closer look at the local homogeneity and order of the samples.

Only the first sample will be discussed in detail here. The data for the remaining

samples can be found in the Appendix. As sample 1 showed the largest difference

in particle number density between the two scan regions, a difference in the order

and homogeneity may be observed. Figure 55 shows AFM height images and image

analysis for the first sample. The left and right half correspond to the center and edge

region, respectively.
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e) f)

c)

b)sample 1, centera) sample 1, edge

d)

Figure 55: a – b) AFM height images of the center and edge region of sample 1 of
a series of AuNP on amine functionalized glass substrates. c – d) FFTs of the same
height images (full) and of the particle position maps (maxima). e –f ) Power spectral
density (PSD) curves obtained from radial averaging of the FFTs around the center
point. Whereas the FFT of the full AFM image contains features related to the particle
size, the FFT of the position map is almost flat, indicating the absence of order in the
particle arrangement. Reproduced from Ref. [147] with permission from the Royal
Society of Chemistry.

Despite the discrepancy in particle number density, there is no visible structural dif-

ference between the particle arrangement in the scans. The FFTs of the height images

both exhibit concentric rings. These FFTs comprise a convolution of particle size and

shape as well as structural parameters of the arrangement, similar to form and struc-
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ture factors in scattering. In order to isolate the structural information, the AFM

images are reduced to a map of particle positions by automated detection of height

maxima. The FFTs of these particle maps are also shown. In contrast to the FFTs

of the full image, there are no features apart from a region of reduced probability in

the center of the FFT. The difference between the FFTs of full images and height

maxima maps is further demonstrated by Figure 55 e and f. These plots show the

power spectral density (PSD) functions, which were generated by radial averaging of

the FFTs. The PSD indicates the presence of correlation and periodicity in relation

to the wave vector, k = λ−1. Small k correspond to long-range correlation and vice

versa. In the PSD representation, the absence of correlation between particle positions

is highlighted by the flat PSD profiles. We can therefore deduce that the concentric

rings in the FFTs of the full images simply are a result of the consistent particle size.

The particles assume neither a crystalline nor glassy state, as there is no preferred

nearest-neighbor distance, which would express as a single ring in the FFT. Apart

from the constraint of finite particle size, the particles form a random arrangement

without a preferred distance. Within the range of particle number densities of this

sample series, this random arrangement is retained. The samples therefore exhibit a

high degree of structural homogeneity. In conjunction with excellent reproducibility,

these samples are well suited for the kinetics experiments.



118 9 – Kinetics of polymer ligand binding

9.4 Kinetic measurements and analysis

The kinetics experiments were conducted using PS6.5, PS21, and PS33 ligands. These

were partly functionalized with ATTO 488 fluorescent dye, a Rhodamine derivative,

by copper-free azide-alkyne coupling. The degree of labeling was below 10%, as full la-

beling increases the chance of undesired electrostatic interactions between the charged

dye moieties of adjacent chains. Figure 56 shows normalized fluorescence spectra

of PS21-ATTO488 in DMF. The emission and excitation spectra show the typical

line shape and mirror symmetry of Rhodamine derivatives, which are a result of the

Franck-Condon principle for transition probabilities.[148] The fluorescence maxima

are at wavelengths of 513 and 533 nm for excitation and emission, respectively, repre-

senting a redshift of 13 nm compared to the reference value in water, while the Stokes

shift of 20 nm is retained. Rhodamine derivatives are known for their solvatochromism

and sensitivity towards their chemical environment. Although the ATTO line of Rho-

damine derivatives mitigates these effects, they still are are partly present. In order

to minimize the influence of such effects on the kinetics measurements, spectra were

measured in synchronous mode. In this mode, excitation and emission wavelength are

scanned simultaneously, using a fixed wavelength offset which typically is chosen as

the Stokes shift. As shown in Figure 56, synchronous scans of Rhodamine derivatives

create a very symmetrical Gaussian peak, which can be easily fitted to increase accu-

racy of intensity and wavelength determination. Due to the narrowness of the peak,

scans can be performed over a smaller wavelength range and therefore faster than a

full scan of the broad emission peak, improving the temporal resolution. Additionally,

spectral features originating from other sources, that exhibit a different Stokes shift,

are screened by synchronous measurements. For instance, Raman peaks of the solvent

can have a major contribution to the measured fluorescence intensity of very dilute

dye solutions.
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Figure 56: Fluorescence spectra of PS21-ATTO488 in DMF. Reproduced from Ref.
[147] with permission from the Royal Society of Chemistry.

Figure 57 shows the fluorescence intensity curves for the kinetics experiments with

PS6.5, PS21, and PS33 ligands. The first row, a – c, shows the raw fluorescence inten-

sity, which was defined as the fitted height of the peak in the synchronous scan, for

the entire duration of the experiments in a lin-lin representation. As the experiment

was repeated three times with each molecular weight of the ligand, the data for a

total of nine runs is shown. For better clarity, the curves are offset by 2000 counts.

Qualitatively, all curves exhibit a similar progression. Apart from the deliberate offset,

the intensities at t = 0 were similar. Differences originate from a varying degree of

dye labeling. There are some fluctuations and sudden steps in the intensity profiles.

Potential causes include condensation on the outside of the quartz cells, contaminants

detached from the sample, and fluctuations of the light source and detector due to

extended operating times. In some instances, a continuous but slow increase of in-

tensity over time was observed. This was attributed to changes of the properties of

the solution, for instance pH changes as a result of leakage of contaminants from the

substrates. This is also supported by a sudden shift of the peak wavelength that fre-

quently appeared after the substrates were immersed in the solutions. Additionally,

chemical changes of the dye-labeled polymers may have occurred, such as hydrolysis

of the polymer-dye bonding by free amine residues in the DMF used. Fitting of the

data was limited to regions that were free of such artifacts.
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a)

e) f)

c)b)

d)

PS6.5 PS21 PS33

Figure 57: a –c) Fluorescence intensity curves for the ligand binding experiments with
PS6.5, PS21, and PS33 respectively. The curves of individual runs of the triplicate mea-
surements are offset along the intensity axis for better clarity. d – f) Semi-logarithmic
plots of the fluorescence intensity during the first 500 minutes of the experiments,
corrected for the baseline intensity, I∞. The curves for each molecular weight are
offset for clarity. The black lines in all figures correspond to the single exponential fit
to the data. Reproduced from Ref. [147] with permission from the Royal Society of
Chemistry.

All curves were fitted with the single-exponential function shown in Equation 100.

Here, I0 is the starting intensity, I∞ is the plateau intensity at infinite time, keff is

the effective rate constant, and t0 is the starting time, at which the substrate was

immersed in the solution.

I(t) = I∞ + (I0 − I∞) exp[−keff (t− t0)] (100)

The fits are shown as black lines in the plots. In general, there is a noticeable de-

pendence of the intensity difference I0 − I∞ and the reaction rate on the molecular

weight of the ligands. The longer the polymer chain, the slower the binding and the

smaller the overall intensity change over time. This already indicates that the number
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of chains binding to each AuNP also depends on ligand length, which will be discussed

later. Within the first 500 minutes of the experiments, all measured intensity profiles

can be described by a single-exponential decay. In the plateau region at longer ex-

periments times, the aforementioned artifacts have a greater impact on the intensity.

In order to linearize the data, the intensity is reduced by I∞. As demonstrated by

Equation 101, the data should linearize in a semi-logarithmic representation.

ln[I(t)− I∞] = ln[I0 − I∞]− keff (t− t0) (101)

The semi-logarithmic plots are shown in Figure 57 d – f. Indeed, the curves are linear

in the time range from t0 to t = 500 min. Deviations from linearity, observed for the

PS21 in particular, highlight other influences on fluorescence intensity. However, the

single-exponential nature of the intensity profiles is confirmed, indicating a pseudo-

first order mechanism. The substantial plateau intensities, I∞, suggest that the ligand

binding either is an equilibrium process or is otherwise limited to low conversions.

The values for keff from curve fitting are summarized in Table 9. There is a trend

for a decrease of the effective rate constant with increasing molecular weight of the

ligand. This implies a significant effect of chain length on the overall reaction kinetics.

Individual values for the three runs with each ligand are fairly similar and the standard

deviation of the average effective rate constants, keff , is below 10% for all three ligands.

In general, the rate constants are very small, corresponding to average reaction half-

lives, T 1/2, in the order of several hours. Due to the incomplete ligand binding and

high I∞ values, the half-life is of limited utility and only provides an impression of the

time scales of the process.
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Table 9: Summary of effective rate constants, keff , from the single-exponential fits to
the fluorescence intensity curves.

Ligand keff [10−5 s−1] keff [10−5 s−1] T 1/2 [s]
16.8± 0.4

PS6.5 13.7± 0.3 15± 1 4600± 300
14.4± 0.3
9.5± 0.5

PS21 9.1± 0.2 9.1± 0.4 7600± 300
8.7± 0.2
8.5± 0.2

PS33 7.0± 0.1 7.8± 0.6 8900± 700
8.0± 0.1

Both, the slow reaction rates and apparent chain length dependency, hint towards

a diffusion-limited process. As the solution was stirred during the experiment, it is

unlikely that this diffusion-limitation is a result of the immobilization of AuNPs on a

substrate. In order to test this hypothesis, a Smoluchowski-type approach for diffusion-

controlled reactions was used.[149–152] This model separates the reaction into two

subsequent elemental steps; diffusion and activation. The general reaction scheme

is shown in Equation 102. In the diffusion step, the reactants approach and form a

contact pair. This process is reversible with an equilibrium constant of K = k+d /k
−
d ,

the value of which depends on the interaction strength between A and B. Thus, once

the contact pair is formed, the reactants can separate again or continue to react in the

activation-limited second step with the rate constant ka.

A + B
k+
d−−⇀↽−−

k−
d

AB
ka−−→ C (102)

Assuming a steady state for the first reaction step, the effective rate constant for the

reaction A + B −−→ C can be approximated according to Equation 103.[153–156]

keff ≈ kdka
kd + ka

(103)

The two elemental reaction rates can be separated by inversion of keff .
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1

keff
=

1

ka
+

1

kd
(104)

Whereas keff is a directly measurable quantity, the values of ka and kd are not eas-

ily obtainable. A common approach is the identification of diffusive and activation

contributions by their different dependence on experimental parameters, most notably

temperature and viscosity of the medium. Since viscosity only affects the diffusion-

limited step, measurement of keff in relation to a change in viscosity can be used to

obtain ka from the extrapolation to η = 0. kd can then be calculated using Equation

104. Moreover, the Smoluchowski model provides a formalism for the calculation of kd

based on the geometric and diffusion properties of the reactions. As shown in Equa-

tion 105, kd is defined a product of interaction radius, r, and the effective diffusion

coefficient, Deff , of the system.[149, 154]

kd = 4πrDeff (105)

For simple systems, such as monoatomic reactants, r is the sum of the radii, rA and rB,

of the reactants and Deff is the sum of diffusion coefficients of the reactants. Using the

Stokes-Einstein relation, Equation 106 is obtained. The significance of the viscosity

and relative size of the reactants is clearly visible.

kd ≈ 2kBT

3η

(rA + rB)
2

rA rB
(106)

However, this model does not account of anisotropic reactivity or steric effects. More

complex models, in particular for enzyme kinetics, have attempted to adopt the Smolu-

chowski model by including rotation and reactivity parameters. The system used for

the ligand binding experiments allows for another simplification. Due to the fact that

one reactant, i.e. the AuNPs, are immobilized, only the diffusion of the polymer

chains has to be considered. Rather than varying the viscosity of the medium, the

chain length and thus the diffusion coefficient, Dt, of the polymer chains is altered.

Conveniently, Dt can be measured directly by DLS. Although the reaction radius is

unknown, it can be assumed constant. Consequently, the kd is likely to be proportional
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to Dt. Introducing an unknown reactivity prefactor, β, we obtain Equation 107.

kd = βDt (107)

This expression is now inserted into Equation 104.

1

keff
=

1

ka
+

1

βDt
(108)

Thus, a plot of 1/keff against 1/Dt should allow us to separate the diffusive and activa-

tion contributions to the effective rate constant. Figure 58 shows the plot according

to Equation 108 for the data from this series of experiments. The data points closely

follow the linear fit, indicating the applicability of a modified Smoluchowski model.

There is a significant ordinate offset, which corresponds to 1/ka, whereas the slope of

the fit corresponds to 1/β. The values for slope and offset are (6.73 ± 0.01) 10−7 m2

and (2.00 ± 0.02) 103 s respectively.

Figure 58: Reciprocal plot of the average effective rate constant, keff , in relation to
the diffusion coefficient of the polymer ligands. Reproduced from Ref. [147] with
permission from the Royal Society of Chemistry.

Using Equation 108, we can now calculate ka and the individual values for kd for each

molecular weight of ligands. The values are summarized in Table 10.

The calculated rate constants support the hypothesis of a diffusion-limited process.

All kd are significantly smaller than ka and the influence on molecular weight on kd is

apparent. From the range of values one can already deduce that the process remains
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Table 10: Summary of calculated rate constant of activation and diffusion-limited
steps, ka and kd, during the ligand binding experiment.

ka [10−5 s−1] kd [10−5 s−1]
PS6.5 PS21 PS33

50.1± 0.3 21.3± 0.4 11.1± 0.2 9.3± 0.1

diffusion-limited even for small molecular weights of the ligand. In fact, the theoret-

ical cross-over chain length, at which ka = kd, is approximately 12 monomer units,

corresponding to a molecular weight of 1250 g/mol. This represents an interesting

result, as this chain length is very similar to the statistical segment length of PS in

DMF at experimental conditions. Although this may be coincidental, there are also

relevant physical implications. Entanglements are not possible for such short chains

even at the high local concentrations near the particle surface. Within a statistical seg-

ment the chains assume a stretched, approximately linear conformation. Ligoure and

Leibler postulate that the adsorption kinetics of end-on grafted chains are determined

by the reptation-like diffusion of chains through the forming brush.[145] Without en-

tanglements, reptation does not take place. Instead, the chains should retain diffusion

according to the Rouse model all the way to the particle surface, irrespective of the

grafting density of the pre-existing brush. This is reflected in the theoretical model

for the repulsive potential created by the brush, which vanishes for brush heights in

the order of the segment length.

9.5 Characterization of ligand layers by AFM

The morphology of the samples after the kinetics experiments was investigated by

AFM force mapping in dry state. Using this technique rather than the tapping

mode shown previously, soft and hard features of the samples can be resolved and

distinguished. The height images are shown in Figure 59. The panels show images

from scans before the experiment (a) and after the kinetics experiment with PS6.5

(b), PS21 (c), and PS33 (d), respectively.
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c)

a)

d)

b)

Figure 59: AFM height images of glass substrates with immobilized AuNP. a) Shows
a sample before, the other images show samples after the kinetics experiments with b)
PS6.5, c) PS21, and d) PS33, respectively. Reproduced from Ref. [147] with permission
from the Royal Society of Chemistry.

All images show AuNPs on the substrate. The slightly larger and elongated shape of

the particles in a is an artifact as a result of thermal drift. In contrast to the images

for samples after the experiment, i.e., with bound PS ligands, the outlines of the

AuNPs are much clearer for the sample before the experiments. The height on the

edges of the particle outlines appears to drop off more abruptly. For samples after

ligand binding, the particle outlines are much smoother. Additionally, the outlines of

particles that are sufficiently close to each other appear to merge, in particular for

samples with PS21 and PS33 ligands. The diameter and height of the particles slightly
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exceeds the expected value of approximately 12 nm, which could indicate a layer on

top of the particles or merely be a result of tip-sample convolution. Nevertheless, all

these observations are a first indication for the presence of polymer around and in

between the particles.

c)

a)

d)

b)

Figure 60: AFM adhesion images of glass substrates with immobilized AuNP. a) Shows
a sample before, the other images show samples after the kinetics experiments with b)
PS6.5, c) PS21, and d) PS33, respectively. Reproduced from Ref. [147] with permission
from the Royal Society of Chemistry.

A clearer picture of the particle morphology is obtained from the adhesion force images

of the same scans, which are shown in Figure 60. As the AFM probe is retracted

from the sample, adhesion forces hold the tip of the probe on the sample surface.
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Once the adhesion forces are overcome by the straining probe, the tip is released from

the surface in a sudden motion. The minimum in the force curve, i.e., the maximum

adhesion force, is used as pixel value to construct the image. In the figure, dark

and bright red areas correspond to small and large adhesion forces, respectively. In

all four images, the substrate exhibits much stronger adhesion than the area on and

around the AuNPs. Since adhesion forces are strongly influenced by the geometry

of the interface between the probe and the sample at a given point, flat surfaces

tend to exhibit stronger adhesion than angled surfaces. This is also demonstrated by

the brighter, more adhesive areas on top of the AuNPs as compared to the sloped

sides. Similar to the height images, the particle outlines in the adhesion image of

the sample before any ligand binding appear to be much clearer and well contrasted

against the substrate. Depending on the molecular weight of the ligand used, there

is a dark corona around the AuNP outlines for samples after ligand binding. Again,

samples with PS21 and PS33 ligands show merging of the particle outlines, which

can now be identified as bridging between AuNPs by substance with slightly different

adhesiveness. It is reasonable to assume that this substance is indeed polymer, which is

located exclusively around the AuNPs. Although not very pronounced, there appears

to be a trend towards less adhesion and more bridging for increasing molecular weight

of the ligand. The reduced adhesion on the polymer domains may be a result of the

poor interface between probe and polymer and the flexibility of the chains, which

can act as a form of lubricant for the motion of the probe. As a result, particles

functionalized with the shorter chains exhibit strong adhesion on the AuNP surface

and the surrounding corona, whereas the particles carrying longer chain ligands exhibit

weaker adhesion, due to screening of the smooth glass and gold surfaces by polymer.

To summarize, AFM images of samples before and after the kinetics experiments were

able to demonstrate that the PS ligands specifically bind to the AuNP surface, rather

than adsorbing non-specifically on the entire surface. Although the thickness of the

polymer layer is small, the adhesion contrast allowed a clear distinction of the polymer

from the AuNPs and the substrate. An influence of ligand length can be observed,

with more pronounced polymer coronas and bridging between neighboring particles

for the longer ligands.
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10 Conclusion and outlook

Throughout this thesis, various aspects of the formation and properties of AuNP@PS

with high polymer grafting densities have been elucidated. In this concluding section,

the fundamental findings from the different methods used will be summarized and

brought into context. Finally, some remarks on the limitations of the work presented

here and suggestions for future investigation will be given.

In order to achieve good statistical precision during the characterization of AuNP@PS,

a well-defined system with narrow size and molecular weight distribution of particles

and polymers, respectively, was required. Spherical AuNPs were prepared follow-

ing the inverse Turkevich method. This protocol allowed the large scale synthesis of

AuNPs in aqueous medium with an extraordinary degree of control and reproducibil-

ity. Across multiple syntheses with batch sizes ranging from 300 mL to 4.5 L, particle

diameters between 12 and 13 nm and standard deviations of less than 1 nm within one

batch were consistently achieved. The particle size was assessed by TEM and SAXS,

with both methods providing identical values for the particle size within one standard

deviation. AuNPs prepared by this method exhibit a high degree of sphericity. They

are less faceted than particles prepared by the conventional Turkevich method. The

LSPR peak was usually located at a wavelength of 515.5 nm in water with only little

variation between batches. Notably, this represents a slight blue-shift compared to

conventional Turkevich particles of similar size, possibly as a result of low polydisper-

sity and the absence of non-spherical particles.

PS ligands were prepared using RAFT polymerization of styrene in bulk, tuning the

molecular weight of the ligands by variation of the monomer/CTA ratio and reaction

conversion. The obtained polymers exhibit number average molecular weights from 6.5

to 33 kg/mol with Mw/Mn ratios between 1.1 and 1.2. Synthesis was facilitated by the

low reaction rate, which allowed monitoring the conversion via NMR and stopping the

reaction at the desired molecular weights. A trithiocarbonate carrying an azide group

on the initiating chain end was chosen as CTA. After hydrolysis of the trithiocarbonate

group, α,ω-functionalized PS ligands with a thiol on one terminus and the azide on

the other were obtained.
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The direct phase transfer method, commonly used for the functionalization of AuNPs

with small, hydrophobic ligands, has proven to be unreliable when used with longer,

end-functionalized polymer chains, such as those used in this work. One reason is the

relative inaccessibility of the functional end group within a polymer coil. Moreover, a

high polymer concentration usually is required to overcome the high interfacial tension

between water and non-polar organic solvents and to stabilize AuNPs during their

transition into the organic phase. Substantial energy input (mechanical, thermal) may

also be required to force the particles across the interface. The lack of control over

the process and the large amounts of polymer required to successfully transfer small

volumes of aqueous particle dispersion into the organic phase ultimately motivated

the development of a novel, two-step, single phase approach.

In order to enable ligand exchange in a single organic phase under equilibrium con-

ditions, the AuNPs were first functionalized with PVP as an auxiliary ligand. This

polymer is readily available, is soluble in water as well as a wide range of organic

solvents, and adsorbs to gold surfaces via polydentate coordination of the pyrroli-

done groups. AuNP@PVP were transferred to DMF by centrifugation and solvent

exchange. The particles were found to be stable in DMF for several months. The lig-

and exchange with PS ligands was performed in DMF by simply mixing the particles

and the ligands. The purification involved selective precipitation of PS functionalized

particles and subsequent purification by centrifugation. Although this method is time-

consuming, it reliably produced AuNP@PS in quantities of up to 20 mg per batch.

The obtained particles demonstrated exceptional stability, as they can be vacuum

dried or centrifuged under harsh conditions and be fully redispersed in a wide rang of

solvents. Elemental analysis of the dried product showed a low nitrogen content and a

H/C ratio close to that of PS, indicating successful displacement of PVP by the thiol

terminated ligands.

The optical properties of AuNP@PS in relation to ligand length and solvent were in-

vestigated by UV/Vis spectroscopy. In a homogeneous environment the wavelength

of the LSPR maximum redshifts approximately linearly with increasing refractive in-

dex of the medium. This has been confirmed by experimental data for various AuNP

systems in the past. However, a more complex behavior was observed for AuNP@PS
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when they were dispersed in different solvents, including MEK, THF, DMF, diox-

ane, chloroform, and toluene, corresponding to a refractive index range from 1.379 to

1.497. Rather than a monotonous, linear increase with n, a distinct blueshift of the

LSPR maximum was observed for the transition from THF to dioxane, to DMF, which

occurred for all ligand lengths. This unusual behavior was attributed to a specific in-

fluence of the solvents on the structure of the polymer brush, changing the effective

refractive index around the gold core beyond the difference in solvent refractive index.

It was found that the influence of different brush swelling could be mitigated by a

reciprocal plot. This plot confirmed the validity of the linear approximation under

the assumption that the volume fraction of polymer and solvent are invariable and

supported the initial hypothesis of a change of these volume fractions in the case of

AuNP@PS. The lack of reports on similar behavior in the literature can be related to

the large effective volume fraction of PS in the studied system. Using parameters from

the reciprocal plot, the ideal, linear behavior for a fixed polymer volume fraction was

constructed. The effect of brush swelling could be isolated from the refractive index

change of the solvent. A comparison of the deviation of experimental values from

the fit with theoretical values for the excluded volume of PS in the corresponding

solvent suggests that larger excluded volume and thus stronger swelling decrease the

volume fraction of polymer and cause the blueshift through a reduction of the effective

refractive index. The UV/Vis spectra also confirmed the stability of AuNP@PS, as

there was no evidence for aggregation in most solvents and for most ligand lengths.

Only particles with PS6.5 ligand could not be stabilized in all solvents. AuNP@PS

dispersed in very non-polar solvents were observed to aggregate over time, possibly

due to residual water promoting hydrophobic interactions.

The structure of the ligands shell in DMF was investigated using a combination of DLS

and AUC. In general, the hydrodynamic radius of AuNP@PS increased with increas-

ing molecular weight of the PS chains, indicating an increase in brush height. As the

influence of molecular weight was not as pronounced as the range of molecular weights

would suggest, the grafting density seemed to vary significantly in relation to ligand

molecular weight. This was confirmed by sedimentation velocity experiments, which

provided values for the average particle density. Calculations based on DLS and AUC
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data allowed a good estimation of grafting densities, which ranged from 0.75 to 2 nm−2

and appeared to follow a power law regarding Mn. These values are within the range

of grafting densities reported for polymeric ligands of similar molecular weight and

on particles with similar dimensions as those used in this work. Overall, the grafting

densities obtained from the combination of DLS and AUC are 2-4 times larger than

those estimated from elemental analysis of an earlier batch of particles. The main

difference in terms of preparation is the much longer reaction time for the particles

characterized by DLS and AUC of 10 days instead of 3 days for particles characterized

by elemental analysis. This is in agreement with kinetic experiments, which suggest

fairly slow adsorption of PS ligands. The intrinsic limitations of the experimental

methods should also be highlighted. Elemental analysis directly measures the mass of

C, H, N, and S in the sample. Although the brush mostly consists of these elements,

the residual mass of gold can only be extrapolated. On the other hand, interpreta-

tion of AUC data strongly depends on the choice of model and input parameters. As

most of the relevant parameters were known and the fit curves generally described

the evolution of the sedimentation front, the calculated grafting densities should be

reasonably accurate. One shortcoming of the combination of DLS and AUC is the

restriction to hydrodynamic dimensions. Since Rh of a polymer chain in solution is

many times smaller than its physical size, AuNP@PS can be expected to exhibit a sim-

ilar behavior, in particular for the relatively loose outer regions of the brush structure.

In terms of methodology, we can conclude that TGA remains the gold standard for

the determination of absolute grafting densities. Alternative methods, such as AUC

or elemental analysis, should be calibrated against TGA, whenever possible.

The scaling of brush height in relation to chain length and grafting density was an-

alyzed. As DLS and AUC measurements were performed close to θ conditions, the

brush height should scale as H ∝ N1/2σ1/4 for a semi-dilute brush and H ∝ Nσ1/2

for a concentrated brush. The CPB scaling relation accurately described AuNP@PS

with ligand molecular weights between 21 and 33 kg/mol, while slight aggregation of

particles with shorter ligands rendered those data points unreliable. Using two dif-

ferent approaches, the consistency of CPB scaling with experimental data was tested.

Firstly, the volume fraction profiles of the polymer brush were modeled, based on an
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analytical approximation of SCFT results. The integrated monomer number density

was in good agreement with the experimentally determined segment number in the

brush, confirming that the theoretical volume fraction profiles can plausibly describe

the brush structure. Secondly, the experimental data was used to approximate the free

energy of chain stretching in relation to brush height. The minima of these free energy

profiles correspond to the most likely brush height. These calculations precisely repro-

duced the experimental H ∝ Nσ1/2 scaling, while systematically over-estimating the

brush height by approximately 50%. Interestingly, this factor is similar to the Rg/Rh

ratio of polymers in θ conditions and points towards the potential discrepancy between

hydrodynamic and physical dimensions of AuNP@PS. In addition, both approaches

for the verification of CPB scaling strongly depend on the definition of the polymer

volume fraction ϕ0 at the particle surface. The commonly found expression ϕ0 = σ1/2b

was used in this work, which yielded fairly high and, in some cases, unphysical values

for ϕ0.

SAXS measurements in DMF and 1,4-dioxane enabled further insight into the structure

and properties of the polymer brushes. Due to the low contrast between scattering

length densities of the solvents and PS compared to the very high scattering length

density of gold, the polymer brush has a negligible contribution to the scattering

intensity. However, the structure factor, caused by interaction of particles, was found

to contain the signature of the polymer brush. The structure factor contribution was

much less pronounced in DMF than in dioxane, which may be related to solvent quality

or polarity. A square well potential model was used to describe the structure factor.

The fits were in excellent agreement with experimental data. The well depth and width

increased with Mn of the ligand. The onset of the repulsive interaction also shifted

towards larger distances. In conjunction with data from DLS and AUC, we can deduce

that the range and strength of interactions strongly correlates with ligand length.

Weaker interactions are observed for a thinner but denser brush, whereas a thicker,

looser brush results in stronger attractive particle interactions. The nature of these

interactions is difficult to discern. However, as they are stronger in non-polar dioxane

than in very polar DMF, hydrophobic interactions due to residual water or dipole

interactions of the azide groups at the free chain ends should be considered. Notably,
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the range of attractive interactions exceeds the Rh of the particles in most cases, which

is another indication for the underestimation of particle and brush dimensions by DLS.

Further evidence of brush structure and particle interactions was found in TEM im-

ages of AuNP@PS. Although the poor contrast of PS rendered the brush barely visible

compared to the gold cores, the large inter-particle distances indirectly demonstrated

the presence of the brush and its overall repulsive potential. The core-core separation

roughly matches the extent of polymer brush. Correlation of the particle separation

with the Rh obtained from DLS measurements revealed two distinctive length scales

of aggregation. The first length scale corresponds to shell-shell contact, i.e. a particle

separation of d = 2Rh. The second length scale is on the order of d = Rh and is also

similar to the hard sphere contact length determined by SAXS measurements. There-

fore, the repulsive potential effectively prevents particles from approaching further,

even upon drying. This also suggests that the hard sphere contact length is governed

by the high polymer concentration in the inner brush and the inability of the chains

in this region to be compressed much further. A comparison between the different

samples with varying Mn of the ligands indicates that AuNP@PS functionalized with

shorter polymer chains are more likely to approach to this hard sphere barrier, whereas

particles with longer chains tend to remain at shell-shell contact upon drying. This is

in agreement with DLS and AUC data, which showed a higher tendency of particles

with short ligands to aggregate in dispersion.

The striking correlation between chain length of the ligand and grafting density mo-

tivated the kinetic investigation of the brush formation mechanism. For this purpose,

the adsorption of fluorescently labeled PS ligands with different molecular weights onto

immobilized AuNP was followed by fluorescence spectroscopy. The initial concentra-

tion of PS ligand and the available particle surface were kept constant. There was a

distinctive change in binding kinetics between the different ligands. With shorter poly-

mer chains, the adsorption process was faster and more chains were adsorbed in total.

However, a large portion of polymer remained in solution for all chain lengths, thus an

equilibrium was reached before quantitative adsorption could occur. The overall long

times required to reach equilibrium indicate significant hindrance of the adsorption

process. Using a Smoluchowski-type model for diffusion limited reaction kinetics, the



135

rate constants of diffusion and activation could be separated. This revealed a com-

mon rate constant of activation for all three tested ligands, whereas the diffusion rate

constant increased with decreasing chain length. A major role of chain entanglements

on the kinetics was deduced from the transition point between diffusion and activa-

tion dominated behavior, which also is in excellent agreement with theoretical models.

Despite differences between reaction conditions of the kinetic investigation and the

ligand exchange protocol in bulk, developed for this work, the mechanistic model may

be applied to both. It provides an explanation for the observed decrease in grafting

density with increasing chain length. The adsorption of long polymer chains is more

limited by kinetic hindrance generated by the forming brush itself.

To conclude, this work presented a robust method for the preparation of AuNPs

functionalized with PS ligands for use in organic media. The properties of the particles

as well as the structure and formation mechanism of the polymer were investigated

by various methods, including imaging, scattering, and spectroscopy. The molecular

weight of the polymeric ligands was found to have a large effect on dimensions, stability,

and optical properties of the investigated AuNP@PS. Due to a high grafting density of

polymer chains on the particle surface, the brush structure is dominated by polymer-

polymer interactions. These interactions also play a role in particle stability, as the

dense inner brush creates a repulsive pair potential, whereas the lower volume fraction

in the outer brush promotes attractive interactions between particles. The formation

of the brush was found to be limited by the diffusion of polymer chains to the particle

surface. This diffusion is hindered as more and more chains adsorb, which causes the

ligand binding process to be self-limiting. Since the molecular weight of the ligands also

affects their diffusion characteristics, the grafting density and brush height achievable

through this process are determined by the chain length of the ligands.

This work only touched on a small parameter set for both synthesis and characteri-

zation of polymer functionalized particles. Most experiments were limited to one size

and morphology of AuNP, a maximum of six different molecular weights of PS ligand,

and only a few solvents, most notably DMF and dioxane at room temperature. The

influence of preparation conditions, e.g. the concentrations and ratios of particles and

ligands, was investigated only as such was necessary to reproducibly obtain stable
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particles. Experimental results from DLS, SAXS, and UV/Vis spectroscopy suggest

a significant influence of solvent quality on brush structure and particle stability. A

more detailed investigation of the effect of solvent and temperature on the proper-

ties of AuNP@PS could help to understand to what extend structural and energetic

parameters contribute to particle stability. For instance, the presented data suggests

that particle aggregation is dominated by polymer-polymer interactions, which vary

with solvent quality and polarity. A comparison of particle interactions and stability

in various solvents at their respective θ temperature with PS may reveal such effects.

Similarly, the use of other polymers as ligand material may lead to interesting varia-

tions on the observed behavior. Furthermore, the grafting density could be altered to

examine the transition between semi-dilute and concentrated brush regimes, in par-

ticular with short chain ligands or on larger AuNPs to allow simplification to a locally

flat brush. Future investigations of the ligand binding kinetics should also include a

variation of temperature and solvent viscosity. The influence of diffusion in bulk as

compared to diffusion through the forming brush as well as the activation energies

may thus be elucidated.
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[146] Reineck, P.; Gómez, D.; Ng, S. H.; Karg, M.; Bell, T.; Mulvaney, P.; Bach, U.

Distance and Wavelength Dependent Quenching of Molecular Fluorescence by

Au@SiO2 Core–Shell Nanoparticles. ACS Nano, 2013, 7 (8), 6636–6648. doi:

10.1021/nn401775e.

[147] Sindram, J.; Karg, M. Polymer Ligand Binding to Surface-Immobilized Gold

Nanoparticles: A Fluorescence-Based Study on the Adsorption Kinetics. Soft

Matter, 2021, 17 (32), 7487–7497. doi: 10.1039/D1SM00892G.

[148] Valeur, B.; Berberan-Santos, M. N. Molecular Fluorescence: Principles and

Applications, Second Edition. Wiley-VCH, Weinheim, 2 edition, 2012. ISBN:

978-3-527-65003-3.



154 References

[149] von Smoluchowski, M. Versuch einer mathematischen Theorie der Koagulation-
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Appendix

A UV/Vis spectra of AuNP@PS

a)

c)

e)

b)

d)

f)

6.5 kg/mol 18 kg/mol

21 kg/mol 25 kg/mol

28 kg/mol 33 kg/mol

Figure A.1: Normalized UV/Vis spectra of AuNP@PS in different solvents.
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a)

c)

e)

b)

d)

f)

6.5 kg/mol 18 kg/mol

21 kg/mol 25 kg/mol

28 kg/mol 33 kg/mol

Figure A.2: 2nd derivatives of UV/Vis spectra of AuNP@PS in different solvents.
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B AFM images of AuNP immobilized on glass substrates

e) f)

c)

b)sample 1, centera) sample 1, edge

d)

Figure B.1: a – b) AFM height images of the center and edge region of sample 1
of a series of AuNP on amine functionalized glass substrates. c – d) FFTs of the
same height images (full) and of the particle position maps (maxima). e –f ) Power
spectral density (PSD) curves obtained from radial averaging of the FFTs around the
center point. Reproduced from Ref. [147] with permission from the Royal Society of
Chemistry.
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e) f)

c)

b)sample 2, centera) sample 2, edge

d)

Figure B.2: a – b) AFM height images of the center and edge region of sample 2
of a series of AuNP on amine functionalized glass substrates. c – d) FFTs of the
same height images (full) and of the particle position maps (maxima). e –f ) Power
spectral density (PSD) curves obtained from radial averaging of the FFTs around the
center point. Reproduced from Ref. [147] with permission from the Royal Society of
Chemistry.
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e) f)

c)

b)sample 3, centera) sample 3, edge

d)

Figure B.3: a – b) AFM height images of the center and edge region of sample 3
of a series of AuNP on amine functionalized glass substrates. c – d) FFTs of the
same height images (full) and of the particle position maps (maxima). e –f ) Power
spectral density (PSD) curves obtained from radial averaging of the FFTs around the
center point. Reproduced from Ref. [147] with permission from the Royal Society of
Chemistry.
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e) f)

c)

b)sample 4, centera) sample 4, edge

d)

Figure B.4: a – b) AFM height images of the center and edge region of sample 4
of a series of AuNP on amine functionalized glass substrates. c – d) FFTs of the
same height images (full) and of the particle position maps (maxima). e –f ) Power
spectral density (PSD) curves obtained from radial averaging of the FFTs around the
center point. Reproduced from Ref. [147] with permission from the Royal Society of
Chemistry.
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e) f)

c)

b)sample 5, centera) sample 5, edge

d)

Figure B.5: a – b) AFM height images of the center and edge region of sample 5
of a series of AuNP on amine functionalized glass substrates. c – d) FFTs of the
same height images (full) and of the particle position maps (maxima). e –f ) Power
spectral density (PSD) curves obtained from radial averaging of the FFTs around the
center point. Reproduced from Ref. [147] with permission from the Royal Society of
Chemistry.
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