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Preface

When Wilhem Conrad Röntgen first reported to the Physikalisch-medizinische
Gesellschaft zu Würzburg in 1895 on the new kind of rays - which he came to call
x-rays ("for the sake of brevity" [1]) - he had begun to explore two months before,
he still knew very little about them. He had discovered that these invisible rays
were emanating from Crookes or Hittorf tubes - cold cathode discharge tubes -
and that they were different from the already known cathode rays.
For once, they were cast in virtually every direction whereas the cathode rays
were strictly directed towards the anode end. Moreover, they were able to pass
through fairly large chunks of matter, quite thick books for instance. On the
other hand, he noticed that for certain materials - like lead or platinum - only
small amounts were required to block the x-rays completely. Apparently, the
material’s absorption qualities were somehow connected to its density.
And of course, when his wife held her hand between a tube and a photographic
plate - that had proven to be quite sensitive to the new rays - they produced a
pronounced contrast between her bones and the fleshy regions around them, a
remarkable discovery that has saved many lives, helped cure many illnesses to
this day and earned him a well deserved first Nobel Prize in physics.
But still he knew little about the nature of the new-found kind of radiation.
Another 27 years had to pass before Max von Laue (together with his colleagues
Paul Knipping and Walter Friedrich) found evidence that x-rays are in fact elec-
tromagnetic waves - only with a much shorter wave length than visible light - and
simultaneously showed the lattice structure of crystalline materials, thus laying
the foundation for modern x-ray diffraction techniques with another Nobel Prize
work.
Nowadays, x-rays are widely understood and serve as a means to acquire scientific
insights themselves. While the most common application of x-rays is still mapping
the interior of human bodies for medical analysis, they are relevant in many other
fields as well. On the mesoscale (i.e. on length scales between micrometers and
nanometers), x-ray diffraction - in all its various implementations - is one of the
most versatile investigative instruments scientists have these days.
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Abstract

For this study, a university lab based x-ray reflectometer suitable for the inves-
tigation of liquid surfaces was designed and constructed. A highly automatizing
computer program was written to control the installation.
A proof-of-concept measurement determining the structure of silane films on sil-
icon substrates was performed.
Ensuing, the reflectometer was used to analyze the surface structure of Langmuir
films of amphiphilic diblock copolymers. A probable scenario for the orientation
of the hydrophobic part’s side chains on the water surface could be given.
Additionally, the surface multilayer formation of gold nanoparticles suspended in
toluene was discovered and investigated. A dependence on the suspension’s con-
centration and temperature as well as the reversiblility of the multilayer formation
could be verified albeit the latter shows a small hysteresis.

Kurzdarstellung

Für diese Studie wurde ein Röntgenreflektometer in einem Universitätslabor er-
richtet, das für die Untersuchung flüssiger Oberflächen tauglich ist. Zur Kontrolle
der Anlage wurde ein stark automatisierendes Computerprogramm geschrieben.
Eine Messung zur Bestimmung der Struktur eines Silanfilms auf einem Silizium-
substrat zeigt die Anwendbarkeit des Aufbaus.
Anschließend wurde das Reflektometer dazu verwendet die Struktur von Lang-
muirfilmen amphiphiler Diblock-Copolymere zu analysieren. Ein wahrschein-
liches Szenario für die Ausrichtung der Nebenketten des hydrophoben Teils auf
der Wasseroberfläche konnte gefunden werden.
Zudem wurde die Multilagenbildung von Goldnanopartikeln suspendiert in Toluol
entdeckt und untersucht. Eine Abhängigkeit von Konzentration und Temperatur
der Supension sowie die Reversibilität der Multilagenbildung konnte nachgewiesen
werden, wobei letztere eine leichte Hysterese aufweist.
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Introduction

Nowadays, nanosciences and technologies have permeated almost every aspect
of our lives – From self-cleaning ceramics in kitchens to more efficient catalytic
converters in cars. From fire protective coatings to specially tailored drug delivery
systems that take the active ingredients only to those cells that need them.
Even more so than microscopic ones, meso- and nanoscopic systems are largely
dominated by surficial and interfacial effects. While in bulk materials any given
atom or molecule is mostly in contact with their own kind, the confinement to
nanoscales, and thus to a small number of atoms, causes many of them to be
primarily surrounded by alien particles (or nothing).
Usually, the stability of a nanoscopic structure will be uncertain and has to be
artificially maintained. There is quite a number of means to achieve this. For
instance, there is the possibility of encasing a material in a porous matrix or to
have ligand molecules sterically stabilize singular particles.
Furthermore, there are systems that are only confined in one or two dimensions,
effectively forming a two- or one-dimensional entity. Carbon nanotubes are an
example for such a one-dimensional structure. One realization of confinement to
two dimensions are Langmuir layers, i.e. films on the surface of a liquid (or at the
interface between two liquids) composed of amphiphilic molecules.
Amphiphilic molecules consist of a part that is soluble in the liquid phase and
one that is not. Usually this means that there is a polar end and a non-polar
end.
First and foremost, this work is to show the feasibility of an x-ray anode based
reflectometer even for a liquid sample. Managing a liquid sample is generally a
bit more challenging as opposed to a solid one. They require additional effort to
keep them contained as they are more prone to contamination and for the most
part, they exhibit a certain amount of volatility.
In addition to that, apart from liquid metals, which are not part of this study,
liquid samples tend to have a lower electron density which leads to a reduction in
reflectivity that can only be overcome by increasing the brilliance of the primary
beam. That is why a synchrotron is traditionally used as the x-ray source when
it comes to liquid samples.
While the tremendous increase in brilliance is a clear advantage of synchrotrons
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versus simple x-ray anodes, their operational expenses are equally immense and
their availability quite limited. An x-ray anode based reflectometer can be run
in any standard university lab.
Also, the orientation of their surface is entirely governed by the direction of gravity
which also necessitates a vertically oriented plane of reflection. Thus, either the
anode (which can be quite heavy) or the sample (which can be quite sensitive)
has to be moved against gravitational forces which adds to the challenge.

Outline

In the first part, the technique of x-ray reflectivity measurements will be covered
as well as the actual setup built and then used in this study. Concluding, a proof-
of-concept measurement demonstrating the usability of the reflectometer will be
presented.
The second part will present the two main studies performed using the installa-
tion: An analysis of the stucture of Langmuir films of amphiphilic diblock copoly-
mers and an investigation of the occurrence of a surface multilayer formation in
a gold nanoparticle suspension.
The third part will give some supplemental information such as some additional
figures and a detailed presentation of the nanoparticle electron density model
used for the analysis in the second chapter of part II.



Part I

Preliminary

In this part, the general theory of x-ray reflectometry
as well as the instrument built during this work will be
described. It also includes a proof-of-concept demonstra-
tion of the applicability of the setup.





1 Reflection of X-Rays

X-ray reflectometry is a non-invasive technique probing the vertical electron den-
sity profile at an interface - mostly the surface of a rigid body, but also that of a
liquid. Because of the finite dimensions of the x-ray beam, there is an averaging
of the lateral structure in the area of the beam’s footprint. Thus a necessary
prerequisite for the feasibility of x-ray reflectometry is for the structure of the
investigated sample to be laterally homogeneous at least to some extent.
The penetration depth of perpendicularly impinging x-rays is already rather low:
sually on the order of a few hundred micrometers. Due to the grazing incidence
used in x-ray reflectometry, the penetration depth is further reduced making
the technique mostly sensitive to the region less than one micrometer below the
irradiated surface.

1.1 The Index of Refraction

Although x-rays are electromagnetic radiation just like visible light, there are
certain peculiarities in their interaction with matter. Basically, as described for
x-rays in reference [2] or more generally in reference [3], the electrons (that are
modeled to be bound elastically to the nuclei) are solely interacting with the
electromagnetic field of the x-rays.
The movement of a charge q with mass m in an electric field E has to obey the
general equation

m
d2~r

dt2 +k~r =−q ~E(t) (1.1.1)

where k is the spring constant of the electron-nucleus system. Solving the equa-
tion for an electron of charge −e and the field ~E(t) = E0eiωt yields

~r = e ~E(t)
m(ω2

0−ω2) (1.1.2)

with
ω2

0 = k

m
. (1.1.3)

9
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Figure 1.1: Geometry of x-ray reflection: Incident beam ~kin - reflected beam
~kre - transmitted beam ~ktr. ~q is the wave vector transfer from the surface to the
photon.

Since ω0 is approximately four orders of magnitude smaller than ω for x-rays, it
can be neglected, reducing (1.1.2) to

~r ≈ −e
~E(t)

mω2 (1.1.4)

Each electron generates the dipole moment ~p = e~r so the polarization density ~P

can be expressed by
~P = ρ~p (1.1.5)

where ρ is the electron density.
Using the relation

~P = ε0χ~E (1.1.6)

with (1.1.4) and (1.1.5) yields

ε0χ~E =−ρe
2 ~E

mω2 . (1.1.7)

Here, χ is the dielectric susceptibility and ε0 is the permittivity of vacuum. Since
χ and the relative permittivity εr are connected via εr = 1+χ and the refractive
index n=√εr, eliminating ~E from (1.1.7) leads to

n=
√

1− ρe2

mε0ω2 (1.1.8)
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and since the second term under the square root is much smaller than unity
(usually about 10−6)

n= 1− ρe2

2mε0ω2 (1.1.9)

is a very good approximation. With

re = e2

4πε0mc2
(1.1.10)

(1.1.9) becomes

n= 1− reρλ
2

2π . (1.1.11)

The last term usually referred to as δ. In a more strict quantum mechanical
calculation, the anomalous form factor of the atoms has to be considered, but its
influence is very small and negligible in most cases especially for small incident
angles as they occur in x-ray reflectometry.

1.2 External Total Reflection

Figure 1.1 depicts how x-rays interact with a surface. Contrary to the practice
in classical optics, the angles are not measured from the surface normal but with
respect to the surface plane. The incident beam ~kin takes the wave vector transfer
~q from the material and is scattered in the direction ~kre. For specular reflection
~kre has no component normal to the incident plane, i.e. that spanned by ~kin and
the surface normal, and the incident angle α and reflected angle β are of identical
value. This also implies that ~q is normal to the surface.
Generally, the index of refraction for x-rays is

n(~r) = 1− δ(~r) + iβ(~r), (1.2.1)

δ was introduced in the previous section and

β = λ

4πµ(~r). (1.2.2)

with the linear absorption coefficient µ(~r).
This way, equation (1.2.1) can be expressed in a simplified manner by

n= 1− λ2

2πreρ+ i
λ

4πµ. (1.2.3)

For a simple surface the angle of the transmitted, refracted beam γ can be cal-
culated by

γ = arccos(n · cos(α)) = arccos((1− δ) · cos(α)). (1.2.4)
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Absorption is neglected here since usually β/δ ≈ 10−1 to 10−2.
For γ = 0 and since δ is very small, the critical angle αc can be written as

αc ≈
√

2δ = λ
√
reρ/π. (1.2.5)

So for incident angles below αc - apart from some absorption losses - instead of
being refracted all incoming photons are externally reflected from the medium
and do not permeate the surface far into the bulk.
Since the wave length of the x-rays is usually a known quantity, ρ can be deter-
mined simply by measuring the critical angle of a given surface.

1.3 Unstructured Surfaces - Fresnel Reflectivity

If the electric part of a plane wave with wave vector ~kin (cf. figure 1.1) and
amplitude ~Ein impinging on a surface is separated into components parallel and
perpendicular to the plane of incidence E‖in and E⊥in , the basic components can
be expressed as (E‖ is always chosen, so the z-component is positive)

~Ein =


E
‖
in sin(α)
E⊥in

E
‖
in cos(α)

e−i(ωt−~kin·~r) (1.3.1a)

If Ere and Etr are the amplitudes of the transmitted and reflected field respec-
tively, their respective components are

~Ere =


−E‖re sin(β)

E⊥re
E‖re cos(β)

e−i(ωt−~kre·~r) (1.3.1b)

~Etr =


E
‖
tr sin(γ)
E⊥tr

E
‖
tr cos(γ)

e−i(ωt−~ktr·~r) (1.3.1c)

Analogous equations can be written for the magnetic field vectors ~H since

~Hx =
√
εn
µn
~ekx× ~E (1.3.2)

where ~ek is the unit vector in direction of ~k, i.e. in the wave’s direction of prop-
agation, giving another set of three times three equations. The index n on the
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permittivity and permeability is either 0 or 1, when referring to vacuum or the
medium respectively while x is either in, re or tr.

~Hin =


E⊥in sin(α)
−E‖in

E⊥in cos(α)


√
ε0
µ0
e−i(ωt−

~kin·~r) (1.3.3a)

~Hre =


−E⊥re sin(β)
−E‖re

E⊥re cos(β)


√
ε0
µ0
e−i(ωt−

~kre·~r) (1.3.3b)

~Htr =


E⊥tr sin(γ)
−E‖tr

E⊥tr cos(γ)


√
ε1
µ1
e−i(ωt−

~ktr·~r) (1.3.3c)

Since the tangential components of the electric and magnetic fields have to be
continuous, the following set of equations can be formed

Exin +Exre = Extr Eyin +Eyre = Eytr (1.3.4a)
Hx

in +Hx
re =Hx

tr Hy
in +Hy

re =Hy
tr (1.3.4b)

Substituting equations (1.3.1) and (1.3.3) into (1.3.4) and using the fact that
sin(α) = sin(β) yields

sin(α)
(
E
‖
in−E‖re

)
= E

‖
tr sin(γ) (1.3.5a)

E⊥in +E⊥re = E⊥tr (1.3.5b)√
ε0
µ0

sin(α)
(
E⊥in −E⊥re

)
=
√
ε1
µ1
E⊥tr sin(γ) (1.3.5c)√

ε0
µ0

(
E
‖
in +E‖re

)
=
√
ε1
µ1
E
‖
tr (1.3.5d)

For most materials, µ does not differ very much from µ0, so µ1 can be substituted
for µ0 and since n=

√
ε1µ1
ε0µ0

E
‖
in−E‖re = E

‖
tr

sin(γ)
sin(α) (1.3.6a)

E⊥in +E⊥re = E⊥tr (1.3.6b)

E⊥in −E⊥re = nE⊥tr
sin(γ)
sin(α) (1.3.6c)

E
‖
in +E‖re = nE

‖
tr (1.3.6d)
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These equations can be resolved to the quotients

r‖(α,γ) = E‖re

E
‖
in

= nsin(α)− sin(γ)
nsin(α) + sin(γ) (1.3.7a)

r⊥(α,γ) = E⊥re
E⊥in

= sin(α)−nsin(γ)
sin(α) +nsin(γ) (1.3.7b)

t‖(α,γ) = E
‖
tr

E
‖
in

= 2sin(α)
nsin(α) + sin(γ) (1.3.7c)

t⊥(α,γ) = E⊥tr
E⊥in

= 2sin(α)
sin(α) +nsin(γ) (1.3.7d)

By using Snell’s law, the angle γ can be eliminated from the equations.

r‖(α) =
n2 sin(α)−

√
n2− cos2(α)

n2 sin(α) +
√
n2− cos2(α)

(1.3.8a)

r⊥(α) =
sin(α)−

√
n2− cos2(α)

sin(α) +
√
n2− cos2(α)

(1.3.8b)

t‖(α) = 2nsin(α)
n2 sin(α) +

√
n2− cos2(α)

(1.3.8c)

t⊥(α) = 2sin(α)
sin(α) +

√
n2− cos2(α)

(1.3.8d)

These are the well known Fresnel formulae that Augustin-Jean Fresnel derived
from his elastic light theory already in 1821.
Since n is very close to unity for x-rays, the difference between the parallel and
perpendicular case is absolutely negligible. For small angles as they occur in
x-ray reflectometry, additional simplifications can be made. Using n2 ≈ 1−2δ+
2iβ and cos2(α)≈ 1−α2 for small angles, the reflective coefficient becomes (the
orientational index will be omitted henceforth)

r(α) =
α−

√
α2−2δ+ 2iβ

α+
√
α2−2δ+ 2iβ

(1.3.9)

The reflectivity R(α), i.e. the ratio of reflected to impinging intensity, is given by

R(α) = r(α)r∗(α) =
∣∣∣∣∣∣α−

√
α2−2δ+ 2iβ

α+
√
α2−2δ+ 2iβ

∣∣∣∣∣∣
2

(1.3.10)

For angles larger than αi & 3αc, the reflectivity behaves like

R = α4
c

16α4 (1.3.11)
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Figure 1.2: Logarithmic plot of the reflectivity of x-rays from a simple flat inter-
face. The absorption parameter β primarily influences the shape of the reflectivity
in the region of the critical angle by “beveling” the edge.

while there is a far steeper drop beyond the plateau that comprises the region
below the critical angle of total reflection.

1.4 Structured Surfaces - Parratt Method

Introducing a vertical structuring to the surface causes a modulation of the Fres-
nel reflectivity which is basically proportional to the Fourier transform of the
derivative of the electron density profile. Having a layer of finite thickness on top
of the (infinitely thick1) substrate just establishes another interface that scat-
ters the impinging photons in the same manner as the first one which leads to
interferences.

1“infinitely thick” means much larger than the penetration depth of the x-rays which is usually
on the order of a few micrometer to a few millimeters which ensures that there is no scattering
from the bottom of the substrate.
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An elegant way to calculate the reflectivity of a layered system is the so-called
Parratt Formalism first described by Parratt in 1954 [4]. I will recapitulate how
Metin Tolan handled this topic [5] from here on.
Considering a system of N − 1 stratified layers on a substrate (layer 1 being
vacuum or the vapor above the actual sample and layer N+1 the substrate), the
transmitted and reflected wave amplitudes at interface j between layers j and
j+ 1 are called Tj and Rj respectively and their ratio is Xj =Rj/Tj .
Xj can be calculated from Xj+1 by

Xj = Rj
Tj

= e−2iǩjzj rj,j+1 +Xj+1 e2iǩj+1zj

1 + rj,j+1Xj+1 e2iǩj+1zj
. (1.4.1)

Here,

rj,j+1 = ǩj− ǩj+1

ǩj + ǩj+1
(1.4.2)

is the Fresnel coefficient of reflection of interface j where ǩj = k
√
n2
j − cos2(αi) is

the z-component of the wave vector in layer j with refractive index nj .
zj = ∑j

i=2 di specifies the position of interface j with di being the thickness of
layer i. The surface of the sample is found at z1 = 0.
Since the substrate is assumed to be infinitely thick, RN+1 = 0 =XN+1, as there
is no reflection from the bottom of the substrate.
As T1 is the equivalent to the primary beam, T1 = 1, so the total reflectivity

R = |X1|2 = |R1|2 (1.4.3)

can be calculated recursively with

XN = e−2iǩjzj rj,j+1
1 + rj,j+1

(1.4.4)

as a start.
Generally, Rj+1 and Tj+1 can be calculated by

Rj+1 = 1
tj+1,j

(
Tj rj+1,j e

−i(ǩj+1+ǩj)zj +Rj e
−i(ǩj+1−ǩj)zj

)
(1.4.5a)

Tj+1 = 1
tj+1,j

(
Tj e

−i(ǩj+1−ǩj)zj +Rj rj+1,j e
−i(ǩj+1+ǩj)zj

)
(1.4.5b)

with tj+1,j = 1 + rj+1,j , the Fresnel coefficient of transmission for interface j.



1.5 Roughness 17

1.5 Roughness

For x-rays, even a perfect crystalline interface has a relevant roughness. The
dents between the atoms present a variation in the electron density distribution
that will influence how x-rays are scattered by the interface since their short wave
length is on the atomic scale.
In reality, roughnesses are usually even larger. Atomically flat interfaces are an
exception to say the least. Organic samples are generally less ordered and consist
of larger molecules and even crystals of organic molecules mostly suffer from
various defects and impurities.
For liquid samples, thermally induced capillary waves introduce an additional
roughness. They will be treated separately in section 1.5.1.
Mathematically, the introduction of a roughness means replacing the interface by
an ensemble of interfaces whose position is varied by a probability density Pj(z).
Its mean value is

µj =
∫
zPj(z) dz (1.5.1)

and its variance is
σ2
j =

∫
(z−µj)2Pj(z) dz (1.5.2)

Averaging exp
(
− ik(z−µj)

)
and equations (1.4.5) with Pj(z) yields

fj(k) = eikµj
∫
e−ikzPj(z) dz (1.5.3)

and

Rj+1 = 1
t̃j+1,j

(
Tj r̃j+1,j e

−i(ǩj+1+ǩj)zj +Rj e
−i(ǩj+1−ǩj)zj

)
(1.5.4a)

Tj+1 = 1
ftt̃j+1,j

(
Tj e

−i(ǩj+1−ǩj)zj +Rj frr̃j+1,j e
−i(ǩj+1+ǩj)zj

)
(1.5.4b)

with

r̃j+1,j = fj(ǩj+1 + ǩj)
fj(ǩj+1− ǩj)

rj+1,j (1.5.5a)

t̃j+1,j = 1
fj(ǩj+1− ǩj)

tj+1,j (1.5.5b)



18 1 Reflection of X-Rays

and

fr = fj(ǩj+1− ǩj)
fj(−ǩj+1 + ǩj)

fj(−ǩj+1− ǩj)
fj(ǩj+1 + ǩj)

(1.5.6a)

ft = fj(ǩj+1− ǩj)
fj(−ǩj+1 + ǩj)

. (1.5.6b)

For real value arguments, |fr| = |ft| = 1. While especially in the region of the
critical angle, the imaginary components of the ǩj can be rather large fr = ft = 1
is a good approximation for x-rays.
Assuming an interfacial profile in the form of an error function

nj(z) = nj +nj+1
2 − nj−nj+1

2 erf
(
z− zj√

2σ1

)
(1.5.7)

with the Gaussian error function

erf(x) = 2√
π

x∫
0
e−t

2
dt. (1.5.8)

the probability density

Pj(z) = 1√
2πσj

e
− 1

2
z2
σ2
j (1.5.9)

takes the form of a Gaussian distribution. Thus the modified Fresnel coefficients
become

r̃j+1,j = rj+1,je
2ǩj ǩj+1σ

2
j (1.5.10a)

t̃j+1,j = tj+1,je
(ǩj−ǩj+1)2σ2

j
2 (1.5.10b)

For a simple interface that is only modified by roughness, the reflectivity thus
takes the form

R(qz) =RF (qz)exp(−q2
zσ

2) (1.5.11)

with an additional damping of the signal by a term similar to a Debye-Waller
factor.
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1.5.1 Capillary Waves

As described in detail by Alan Braslau et al. [6], the influence of thermally induced
capillary waves on the surficial roughness of a liquid, and thus its x-ray reflectivity,
is highly non-negligible.
There are two parts to the energy density U of surface waves. One stems from
the liquid surface tensions and the other is of gravitational origin:

U = γ

2

∫
d2~rxy |∇h(~rxy)|2 + ρg

2

∫
d2~rxy h(~rxy)2 (1.5.12)

Here, γ is the liquid’s surface tension and ρ is its density and g is the gravitational
acceleration.

~h(~rxy) = 1
2π

∫
d2 ~Qxy h̃( ~Qxy) ei

~Qxy·~rxy (1.5.13)

(defined here via its Fourier transform) is the vertical elongation from the mean
surface height at position ~rxy.
With this definition, U can also be written as

U = 1
2

∫
d2 ~Qxy

(
γ | ~Qxy)|2 +ρg

)
h̃( ~Qxy)2. (1.5.14)

Applying the equipartition theorem yields

〈h(0)2〉= kBT

4π2γ

∫
d2 ~Qxy

1
| ~Qxy|2 +k2

g

(1.5.15)

with k2
g = ρg/γ. – ~rxy = 0 is specifically adressed here, since the mean value has

to be invariant with regard to translations.
The upper cut-off for this integral is π/rM where rM is the molecular radius of the
liquid in question. The lower edge is given by the resolution of the instrument,
since the gravitational limit kg is usually beyond that.
It can be shown [6] that because of resolutional restrictions, the rms-roughness
due to capillary waves obtained through x-ray reflectivity is

〈h(0)2〉(qz)≈
kBT

2πγ ln
(
kmax
2ky

)
= kBT

2πγ ln
(

2π
rMqz∆β

)
(1.5.16)

with 2ky = kα∆β and ∆β = hd/L where hd is the height of the active area of the
detector and L is the distance between sample and detector.
Additionally, a static roughness intrinsic to the liquid/vapor interface will be
measured. The roughnesses add quadratically

σ2
t (qz)≈ σ2

p +σ2
c (qz) (1.5.17)
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and σt will be the total roughness actually measured in an x-ray reflectivity
experiment.



2 Experimental Setup

2.1 Incident Side

2.1.1 X-Ray Source

Responsible for generating the x-rays is a 2.2kW copper anode from Seifert
Analytical X-ray powered by a Seifert Iso Debyeflex 3000 stabilized high voltage
generator. The focus on the anode is 12mm in width and 4mm in height. Since
the take off angle on the anode is 6◦ the projection of the spot in direction
of the sample is sin(6◦) · 4mm ≈ 0.4mm high. X-ray reflectometry primarily
requires the beam to be narrow and collimated in the vertical direction while the
horizontal extent is secondary and mostly limited by sample size and homogeneity.
Especially in the region of the critical angle, it is crucial to have a vertically
very constrained beam, since the footprint of the beam on the sample surface is
enlarged tremendously because of the low grazing angle of incidence as depicted
in figure 2.1. E.g. for an incident angle of 0.1◦, the footprint on the sample is
about 600 times the beam height.

2.1.2 Multilayer Mirror

The multilayer mirror is responsible for monochromatizing and collimating the
originally white x-ray beam. It is composed of alternating layers of carbon and
nickel with a thickness of approximately 2 nm.
One of the most challenging aspects of manufacturing a multilayer mirror is con-
trolling the gradient in the layer thicknesses [7]. Since the incident angle of the
x-rays on the mirror varies between θ1 and θ2 (cf. figure 2.2), maintaining the
Bragg condition

nλ= 2dsin(θ) (2.1.1)

requires the layer thicknesses d to increase inverse proportionally to sin(θ) ≈ θ.
The Bragg angle corresponding to the copper Kα-line (λ= 1.541Å) is about 2◦.
Figure C.2 shows a scan through the profile of the primary beam.
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h a

f

kin

Figure 2.1: Illustration of the footprint effect of the low grazing angle of inci-
dence α of the x-ray beam ~kin on the sample. In the case illustrated here, α= 5◦
- which is actually already quite large - the footprint size f measures more than
ten times the beam height h.

2.2 Sample

Over the course of this work, two different sample containers were used (see figure
2.4).
The first one is a Langmuir trough (MicroTroughX from Kibron Inc. - see figure
C.4 in appendix C for a photo) for holding, controlling and manipulating surface
films on a liquid substrate (in most cases: water). The trough is basically a rect-
angular metal (6× 23cm2) plate with a polytetrafluoroethylene (PTFE/Teflon)
rim on its outer edges. A PMMA-cover with two Kapton windows protects the
sample from contamination by aerosols and the like as well as from evaporation.
A set of two barriers consisting of a hydrophilic polymer (Delrin) and driven by
a high precision linear motor controls the surface area of the sample and thus its
surface pressure and structure. A proprietary program controls the trough and
also constantly records the signal of a temperature probe and the surface pressure
that is measured by means of a Wilhelmy wire.
Optionally, an external thermostated water flow can be used to additionally reg-
ulate the trough temperature.
The second one was a sealed aluminum cell constructed by our in-house workshop
(figure C.5 in appendix C contains a photo). It has Kapton windows on either
side, a connector to attach a gas distribution system and a temperature control
consisting of a heating foil counteracting a Peltier element.
The Peltier element’s hot side is cooled by a constant flow of water. Inside, a
small (2 x 9 cm) removable (to allow for convenient and thorough cleaning) PTFE
trough, supported by an aluminum plate for increased structural stiffness, is used
to hold the sample.
One side has a feedthrough for a Pt-100 temperature probe.
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q1

q2

Figure 2.2: The focal points of the anode and of the parabolic mirror coincide.
The layer thicknesses increase continuously with distance from the source to main-
tain the Bragg condition.

2.3 Detector side

Any stray scattered photons from the air surrounding the sample or any of the
windows are filtered by an aperture at the entrance of the detector tube. Another
pair of slits in front of the detector determines its angular acceptance range.
The detector itself is a proportional counter. A pulse shaper, discriminator and
counter deliver the photon count to the computer.

2.4 Alignment

The reflectometer is entirely controlled by stepper motors.
The incident angle is tuned by rotating the primary side circle positioner
(cf. figure 2.3 and also figure C.3 in appendix C for a real life picture) that
controls the inclination of the incident tube - with a precision of 1/3600◦ - which
has the anode together with the multilayer mirror on the far end.
On the other end, facing the sample, is a pair of horizontal and vertical slits
(aperture and position adjustable by 1/1250mm) to shape the beam as well as
an attenuator that limits the beam intensity in three stages, each dampening the
primary intensity by a factor of approximately 7.5 (cf. figure C.1). This is mostly
necessary for very low incident angles in the region of total reflection and slightly
beyond, where the reflected intensity of the full direct beam would be at least
high enough to push the detector beyond the limits of its dead time or could even
be harmful.
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X-Ray Tube

Multilayer-Mirror

Incident Circle Positioner

Detector Circle Positioner

Incident Tube

Detector Tube

Detector

Sample

Detector Lift

Detector Slits

Detector Tube Slits
Incident Slits

Attenuator

Figure 2.3: The red line indicates the x-ray beam path.

The sample’s vertical position is adjusted by a stage with a precision of 1/80mm
for its surface to intersect with the beam path. For non-liquid samples, a hori-
zontal arrangement of the sample has to be assured as well, which can be done
by means of an Eulerian cradle. A liquid interface has the advantage of doing
that by itself.
The entire detector tube is positioned so that the specularly reflected beam ex-
actly hits the detector (precision: 1/400◦). Both the incident and detector tubes
are evacuated, with the ends closed off by Kapton windows, to prevent absorp-
tion of the photons by air molecules. Considering the distance the photons have
to travel in the entire setup, ignoring this influence would reduce the available
intensity by a factor of about four to five.
The sample and the detector arm can also be rotated around a common ver-
tical axis which would basically make it feasible for ordinary wide angle x-ray
scattering. But since the horizontal orientation of the line focus diminishes the
resolution in this direction to a large extent and a reorientation of the focus is at
the least very time consuming, this degree of freedom is generally only used to
record the background scattering form the subphase bulk, which is superimposed
on the specular signal and has to be eliminated from the total number of photon
counts.
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Wilhelmy Wire

Delrin Barriers

Teflon Rim

Metal Plate

Heater Foil
Gas Connector

Temperature
Sensor

FeedthroughKapton Window

Figure 2.4: The two different sample holders
Left: The Langmuir Trough. Right: The in-house built sealed cell.

2.5 Control

As previously mentioned, the whole reflectometer is controlled by stepper motors -
15, to be precise (for a complete list cf. appendix section A.3). These, in turn, are
handled by a total of four stepper motor controllers. Although different interfaces
are used (RS232 and GPIB) everything is conducted under a unified interface in
a command line based program named “X-Surf” written in Borland DelphiTM.
A screenshot and a list of all commands are given in appendix A.
One of the software’s most convenient features is its ability to process macro files
with an arbitrary number of commands which allows for long unattended series
of measurements. It is also very easily extensible to support additional hardware
just by editing a simple configuration file.
A temperature controller and the counting chain for the x-ray photons are also
addressed via “X-Surf”. It has proven to be very advantageous to be able to
control every aspect of the setup under a single consolidated interface.
To keep a record of everything that happens, the program generates a log-file that
contains every in- and output made during a session. A variety of specifically
written Perl-scripts and Genplot-macros takes care of data extraction and
processing from these logs.





3 Proof of Concept:
Characterization of
Hydrophobized Si-Wafers

As a preliminary work, the analysis of a simple system of silicon wafers coated
with a self assembled monolayer (SAM) of octadecyltrichlorosilane and dode-
cyltrichlorosilane was performed. The samples were provided by Hendrik Hähl,
research group of Karin Jacobs at Saarland University.

3.1 Sample Composition

Figure 3.1: Structure of DTS (left) and OTS (right)

The sample has a very clear vertical structure. The substrate is the silicon itself.
On top of that is a thin (about 1nm) silicon dioxide layer that naturally manifests
when exposed to air.
The coating itself can be broken down into two layers for DTS and OTS respec-
tively: The alkyl chain which is in direct contact to the air above the sample
and the trichlorosilane headgroup, whose chlorine is removed through hydrolysis
during the attachment to the SiO2 layer [8–10].
While this structure is quite accessible to analysis through the Parratt method
(cf. section 1.4) as it is very distinctly separable into clearly defined layers and has
a rather strongly scattering substrate, it is still sufficiently complex and delicate
to provide an adequate test for a newly constructed instrument.
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Figure 3.2: Reflectivity of DTS on silicon. The solid black line is the Fresnel re-
flectivity of silicon for comparison. The different colors represent different blocks
of the measurement with varying attenuator settings.

3.2 Measurements

For the measurements, the samples were placed under a simple Kapton cover
to protect them from aerosols. The data presented in figure 3.2 for DTS and
3.3 for OTS were fitted to a three layer electron density profile with the Parratt
method using Genplot. The transition between each of the layers as well as to
the substrate was smoothed with an error profile.
The three boxes can be identified (from top to bottom) as the alkyl chain, the
silane head group and the native oxide layer. The data found by the fitting process
is presented in the respective figures mentioned above. di and ρi correspond to
the i-th layer and σi refers to the transition between layer i−1 and layer i.
Each of these measurements took about 16 hours in total.
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Figure 3.3: Reflectivity of OTS on silicon. The solid black line is again the
Fresnel reflectivity of silicon for comparison.

3.3 Conclusions

The only significant difference between the two obtained profiles is the thickness
of the alkyl layer d1. - As is to be expected.
However, the values are smaller than is to be anticipated for a fully extended
linear dodecyl and octadecyl chain respectively.
There are two possible explanations for this result: Either the chains display kink
defects or they are slanted relative to the surface normal.
Since the electron densities of the alkyl layers obtained through the analysis
are even slightly higher than those of the respective bulk alkanes, the slant-
explanation is far more likely. - Apart from the fact that being fully extended is
the energetically most accommodating conformation. Assuming the alky chains
to be fully extended, they have to be tilted from the surface normal by 34◦ for
DTS and 25◦ for OTS to match the measured layer strengths.
A. Seeboth andW. Hettrich [11] reported on different silanes (octadecyltrichlorosi-
lane (OTS), octadecyltrimethoxysilane (OMS), 3-chloropropyltrichlorosilane
(CPTS) and hex-1-enyltrichlorosilane (HETS)) attached to a glass surface which
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they inspected using conoscopic microscopy. For OTS and low concentrations of
the initial solution, they found tilt angles of up to 22◦.



Part II

Constitutive

The research from the liquid samples (Langmuir films
of amphiphilic diblock copolymers and gold nanoparticle
suspensions) investigated during this work is presented
in the following.





4 Langmuir Films of Amphiphilic
Diblock Copolymers

The work presented in this chapter has also been previously published [12]. The
structure of Langmuir films of amphiphilic di-block co-polymers (hodrophilic
poly(ethylene oxide) (PEO) tail and hydrophobic poly(heptafluorobutyl methacry-
late) (PHFBMA) head), provided by Karsten Busse, University of Halle-Witten-
berg, was investigated by x-ray reflectometry for different surface pressures. The
points on the compression isotherm, where the reflectivities were recorded are
marked by crosses in figure 4.2. The isotherms were also recorded at Halle-
Wittenberg in a KSV ltd. (Helsinki, Finnland) Teflon Langmuir trough similar
to the one presented in section 2.2.

4.1 Amphiphilic Polymers

Interfacial properties of amphiphilic block copolymers have a large influence on
the properties of polymer blends and they also play an important role in the
understanding of polymers in confined geometries [13–19]. There are a lot of po-
tential applications, such as biological membranes [20, 21] or colloidal stabilization
[22, 23]. Additionally, one fundamental property of amphiphilic block copolymers
is their self-assembly in selective solvents. The morphology of the resulting struc-
tures depends mainly on the hydrophilic-lipophilic balance and the concentration
[24].
The molecular behavior of amphiphilic block copolymers at the air-water interface
has been the focus of many investigations [2, 5, 25–40]. X-ray and neutron reflec-
tivity measurements (XRR and NR) and surface pressure vs mean molecular area
(π-mmA) isothermal Langmuir trough experiments are very useful techniques to
study the developing surface structure at the air-water interface. In general, the
hydrophilic blocks are dissolved in the water phase, or at least, as in the case of
poly(ethylene oxide) (PEO), adsorbed at low surface pressure at the interface, and
the hydrophobic part is directed toward the air phase. With increasing compres-
sion, a stretched conformation (brush) of the hydrophilic block in the subphase
is formed, due to anchoring by the hydrophobic block. For amphiphilic block
copolymers containing a PEO block, a pancake to brush transition usually can
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Figure 4.1: Sketches of the mushroom (top) and brush (bottom) phases of the
PEO (yellow) polymer part. In the mushroom phase, one end of the PEO chain
is pinned to the surface via the PHBFMA block (red) while the rest forms a coil
below the surface. In the brush phase, due to a reduced mean molecular area
(mmA), the chain is nearly fully extended and assumes a linear conformation.

be observed at a surface pressure of ∼ 9 mN/m. This transition is not detectable
when the length of PEO is too small compared to the hydrophobic block [28, 29].
Amphiphilic copolymers with some short hydrophobic end groups [41, 42] (such
as telechelic polymers) or with lipid head groups [43–45] (such as lipopolymers)
are able to form 2D micelles on the water surface, also depending on their com-
position [46]. Surface micelle formation and aggregation at the air-water interface
were observed, e.g., for poly(ethylene oxide)-b-poly-(styrene) (PEO-b-PS) [35, 36]
linear diblock copolymers, indicated by a phase transition at high surface pres-
sure. Additionally, at high surface pressure, the hydrophobic chains are forced
away from the water surface and generate a reverse U shape [47].
Fluorinated amphiphilic block copolymers are widely known for their large ca-
pability to reduce interfacial tension between fluids and their high thermal and
chemical stability. A high hydrophobicity has a large effect on the functionality of
materials. Several studies are using end-capped polymers [48–50], fluorinated sur-
factants [51], or fluorinated amphiphilic copolymers with a long fluorinated side
chain CF3(CF2)m-1(CH2)n [52–55]. It is well-known that the length of the side
chains (the number m) has a tremendous influence on the properties of the flu-
orinated polymers. Perfluoro- and semifluoro-alkyl groups CF3(CF2)m-1(CH2)n
with m ≥ 8 are known as nanoscale rigid rod-like molecules, with a helical con-
formation, capable of forming a liquid crystalline phase [56]. Maekawa et al. [57]
reported that the surface structure of fluoroalkyl acrylate homopolymers with
short side chains changes when they are brought into contact with water. They
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concluded that the surficial reorientation in contact with water takes place when
m is smaller than 8, where the polymers are non-crystalline.
The original publication [12] is based on the fluorinated and nonfluorinated
amphiphilic copolymers poly(ethylene oxide)-b-poly(heptafluorobutyl methacry-
late) (PEO-b-PHFBMA) and poly(ethylene oxide)-b-poly(n-butyl methacrylate)
(PEO-b-PBMA) using an identical hydrophilic block and similar structures of hy-
drophobic blocks. However, due to the fluorine in the side chains, the PHFBMA
block is more hydrophobic and exhibits a stronger electron density contrast to-
wards the aqueous subphase than the corresponding PBMA block. Among various
types of hydrophobic groups, perfluorinated carbon chains are most hydrophobic
and their tendency to separate from water or hydrophilic groups is the largest
[24]. A rule of thumb for the hydrophobicity of fluorinated blocks is that one CF2
group is equivalent to 1.7 CH2 groups [58].

4.2 Polymer Synthesis

Polymerization was achieved through atom transfer radical polymerization (ATRP)
with PEO-Br as macroinitiator [59, 60]. This process yields copolymers with low
polydispersity, terminal functionalities and defined chain architecture [61, 62] and
facilitates the combination of PEO with fluorinated blocks [52, 63]. For details,
cf. [12].
Size exclusion chromatography (SEC) calibrated with poly(methyl methacrylate)
(PMMA) standards and with THF as the eluent was used to determine the molar
mass distribution returning polydispersities of 1.2 for PEO5F3, PEO5F15 and
PEO5F22 and 1.1 for PEO5F64. The molar masses were determined from NMR
measurements to be 5.8, 9.0, 10.9 and 22.9 kg/mol respectively.

4.3 Compression Isotherms

As mentioned before, the surface compression isotherms shown in figure 4.2 were
recorded in Halle on a KSV langmuir trough. The subphase (purified distilled
water) was kept at 22.5± 0.5 °C during compression. The compression rate was
kept at 5 cm2/min.
For mean molecular area (mmA) values above ∼4000Å, the surface pressure for
all polymers remains at 0 mN/m, indicating that the molecular chains can move
about freely within interfering with one another’s mobility. Further decreasing
the mmA brings the molecules into contact and causes the surface pressure to
rise. For the three smaller polymers, there are two phase transitions starting at
∼9 and 20 mN/m while for PEO5F64 there is only one between 16 and 20 mN/m.
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Figure 4.2: Compression isotherms of PEO5Fm monolayers on an aqueous sub-
phase for four different values of m. The upper right corner shows the molecular
structure with n and m the numbers of EO and HFBMA monomers respectively.
The crosses signify the points where the reflectivity measurements were taken and
the dashed magenta line represents the surface tension of pure water.

The first transition is commonly found for copolymers containing PEO and marks
the pancake-to-brush transition ending at the limiting brush area Ab: 175Å2,
620Å2 and 980Å2 from PEO5F3 to PEO5F22.
The corresponding plateau is suppressed for PEO5F64 as the hydrophobic part is
so large that it completely dominates its behavior [64, 65].
The second transition starts as the mmA decreases below the area of a PHFBMA
block lying flat on the water surface. The transition ends at about 15 Å2 per
HFBMA group for all polymers, which could either be a double layer of HFBMA
side groups standing upright on the surface with the MA backbone in between
(see right panel of figure 4.4) or a folded PHFBMA block with four to five side
chains stacked parallel to the surface.
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Figure 4.3: Reflectivities (left) and corresponding electron density profiles
(right) of PEO5F22 (top) and PEO5F64 (bottom) at three different surface
pressures.

4.4 X-Ray Reflectivity Measurements

To decide which of these two scenarios best describes the system, x-ray reflectivity
measurements at different surface pressures (marked by crosses on the isotherms
in figure 4.2) were performed for PEO5F22 and PEO5F64 as these two show the
most pronounced second phase transition and, with their larger head groups,
give the best XRR signal. The obtained reflectivities were Parratt-fitted with a
single slab model, which corresponds to the hydrophobic block. The hydrophilic
PEO-Block gives virtually no signal since it is contrast matched with the aqueous
subphase. The resulting parameters are presented in table 4.1.
Comparing the total number of electrons for a PHFBMA chain as determined
from the fit to the experimental data (column Ne (ex) in table 4.1) to the theo-
retical number of electrons as calculated from the polymer composition is a simple
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surface electron
pressure thickness density roughness roughness mmA Ne Ne
π (mN/m) d (Å) ρ (Å−3) σ1 (Å) σ2 (Å) (Å2) (ex) (th)

PE
O

5F
22

15 4.66 0.478 3.03 10.19 875 1949 2948
21 13.07 0.420 2.84 3.37 571 3047 2948
30 19.11 0.480 3.86 4.22 310 2898 2948
40 25.17 0.516 3.81 5.71 252 3130 2948

PE
O

5F
64 16 9.99 0.432 3.02 3.49 2016 8674 8576

20 17.44 0.467 4.05 3.26 1100 8959 8576
30 37.39 0.425 4.75 3.96 750 11918 8576

Table 4.1: Parameters of a single slab model as determined from x-ray reflec-
tivity measurements of PEO5F22 and PEO5F64.
Ne(ex), number of electrons in the hydrophobic part per chain from experiment.
Ne(th), theoretical number of electrons in the hydrophobic part per chain.

check for consistency of the electron density profiles.
The measurements were performed with the Kibron Langmuir trough mentioned
in section 2.2 with ultrapure water (Milli-Q®, Millipore, USA) as the subphase.

4.4.1 PEO5F22

At 15 mN/m, the thickness of the PHFBMA layer was determined to be 4.7Å. This
value corresponds well to the diameter of the HFBMA side chains (cf. figure 4.4),
which suggests that there are only flat lying PHFBMA chains present on the
surface. However, the obtained interfacial roughness as presented in table 4.1 is
unrealistically large. Also the number of electrons deviates from the theoretical
value by about one third. The signal seems to be too weak to allow for a rigorous
analysis.
At 21, 30 and 40 mN/m, at the beginning, the end and quite beyond the second
phase transition, the electron counts agree quite well with the predicted values.
As mentioned before, there are two possible conformations for the PHFBMA head
groups to assume. In the case of double layer of HFBMA side chains arranged per-
pendicular to the subphase surface, a section of reduced electron density should
be present at half height where the non-fluorinated backbone is located. None of
the reflectivities seem to show a feature that hints towards this scenario. How-
ever, the difference in electron density might be too small and fluctuations in the
vertical position (due to capillary waves for example) might completely blur the
backbone into the side chains as the reflectivity averages over the whole illumi-
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Figure 4.4: Left: The chemical structure of a single HFBMA monomer unit.
Right: A densely packed section of the PHFBMA head group forming a double
layer of HFBMA side chains. The size bars show that the thickness of the double
layer corresponds to the thickness of a stack of four side chains.

nated area. The second scenario requires the side chains to be stacked parallelly
to the surface. The layer thickness of 25.17Å at 40 mN/m corresponds to a staple
of approximately 5 layers.

4.4.2 PEO5F64

Reflectivities for PEO5F64 were recorded at 16, 20 and 30 mN/m, at the beginning,
the end and beyond the second phase transition.
For 16 mN/m, the PHFBMA layer thickness was determined to be 10Å. This value
could either mean that there is a monolayer of HFBMA side chains arranged
perpendicular to the liquid’s surface or there is a bilayer of side chains oriented
parallelly to the surface. At 20 mN/m, the reflectivity yields a layer thickness of
17.4Å. This is less than a double layer of vertically oriented side chains, hinting
to a slight tilt of the chains. Also, this value is just between what is to be expected
for a three or four side chains staple.
At 30 mN/m the electron number as determined from the fit exceeds the theoretical
value by more than one third. The layer thickness of 37.4Å corresponds to a
quadruple layer of vertically oriented side chains or a stack of seven to eight lying
ones.
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4.5 Conclusion

While the findings from the x-ray reflectometries are not perfectly conclusive,
there are quite some indications that hint to a horizontal arrangement of the side
chains.
For once, there is the absence of any signs of a region of reduced electron density
at half height in the PEO5F22 at 30 mN/m and PEO5F64 at 20 mN/m reflectivities,
where the layer thickness matches the height of a double layer of standing side
chains - despite the concerns mentioned in section 4.4.1.
Second, the layer thickness for PEO5F22 at 40 mN/m and PEO5F64 at 30 mN/m
exceed the height of a double layer, in the second case by a factor of two. This is
easier explained by a staple of lying side chains than by some obscure arrangement
of stacked double layers of standing chains.



5 Surface Layering of Suspended
Au-Nanoparticles

The system presented in this chapter is a suspension of gold nanoparticles in
toluene. Dodecanethiol ligands are attached to the cores for steric stabilization.
The gold core of a nanoparticle is 6nm in diameter. The 1.5nm ligand shell
extends this value to 9nm. They were synthesized from AuPPh3Cl and dode-
canethiol in a benzene solution according to the recipe in reference [66] in the
research group of Dr. Tobias Kraus (Leibniz Institute for New Materials, Saar-
brücken). This technique combines achieving a very low polydispersity (< 5%)
with a reasonable yield of nanoparticles.

5.1 Nanoparticle Suspensions

Nanoparticle suspensions and surface films have been the subject of many studies
to date. There are many applications for integrated optical devices and surface
treatments.
For example, Tao et al. [67] examined the coupling of two dimensional silver
nanoparticle arrays to external electromagnetic fields. By controlling the inter-
particle spacing via Langmuir-Blodgett technique, the optical response can be
finely tuned.
Structural disorders can have a tremendous impact on the electronic transport
in nanoparticle monolayers as was investigated by Parthasarathy et al. [68]. The
current-voltage characteristics show signs of coulomb blockade and quantum tun-
neling depending on the particle density within the monolayer which has many
potential applications in sensors.
Bera et al. [69] demonstrated the ability to form a high density Langmuir-Blodgett
film of gold nanoparticles by annealing particles undergoing a reversible buckling
during their transition from mono- to bilayer arrangement. In a similar study,
Schultz et al. [70] showed that the reversability of this process is influenced by
excess thiol molecules in the Langmuir layer.
The emergence of nanoparticle self-assembled monolayers on the surface of a
drying droplet of nanoparticle suspension was investigated in many studies. Bi-

41
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gioni et al. [71] used an evaporating droplet of gold nanoparticles suspended in
toluene to deposit a highly ordered extensive monolayer onto a Si3N4 substrate
and observed the process via optical microscopy. The resulting monolayers were
analyzed via transmission electron microscopy (TEM). Park et al. [72] used liq-
uid cell TEM to directly monitor the assembly of platinum nanoparticles at an
evaporating surface while Narayanan et al. relied on grazing incidence small angle
x-ray scattering (GISAXS) to monitor the formation gold nanoparticle monolay-
ers during droplet evaporation and analyze their structure [73].
Mueggenburg et al. [74] deposited a Langmuir layer from a toluene suspension
of gold nanoparticles onto a droplet of water. By evaporation of this droplet,
a free standing membrane of nanoparticles covering a hole in the substrate was
created. In a similar experiment Pang et al. [75] created a SAM at the interface
between water and tolune. The film was stabilized to a free standing membrane
by PMMA in the toluene solution that accumulated with the nanoparticles at the
interface. Due to the stabilizing polymer, the resulting membranes were much
larger then those of Mueggenburg et al. - up to several centimeters as opposed to
about one micrometer.
Muralidharan et al. [76] investigated the applicability of 2D metal nanoparticle
arrays as storage nodes in floating gate devices utilized in non-volatile electronic
memories.
A nanoparticle enhanced Marangoni flow was observed by Wi et al. [77] in a thin
film of an NP-octadecane suspension near its melting point. The effect is assumed
to originate in a selective freezing out of nanoparticles which generates a large
concentration gradient.
The formation of 3-dimensional superlattices in the bulk of a suspension has been
investigated both experimentally [78–81] and theroretically [82, 83].
The adsorption of nanoparticles at liquid vapor interfaces has also been studied
theoretically [84] (here for example with a focus on the influence of line tension,
cf. the following section for details) and through molecular dynamics simulations
[85].

5.2 Monolayer Formation

As outlined in reference [84], an interplay between the various interfacial ten-
sions and the line tension of the three phase contact line on a particle at the
liquid/vapor interface is the cause for the adsorption of a nanoparticle.
The sketch in figure 5.1 illustrates the geometry of a nanoparticle. r0 is the radius
of the gold core and r1 is the radius of the particle with the thiol layer. The cap
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vapor
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b q
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Figure 5.1: Sketch of a single,
partly submerged nanoparticle at
a liquid/vapor interface.
The cap with height h and area
A1 sticks out of the liquid.

Figure 5.2: The two competing mechanisms
of surface layer formation.
Left: A single nanoparticle is incorporated
into the layered surface film.
Right: An agglomerate having formed in the
bulk prior to its surface adsorption is embed-
ded into the surface layers.

with height h and area
A1 = 2πr1h (5.2.1)

of the spherical particle sticks out of the liquid surface. The base radius of this
cap is b.
Thus, by moving the particle from the bulk to the surface, the liquid vapor surface
area

A0 = πb2 (5.2.2)

is destroyed.
Also, the solid/vapor interface with area A1 is created while the solid/liquid
interface of the same size is destroyed. The remaining solid/liquid interface area
is

A2 = 2πr1(2r1−h). (5.2.3)

Thus, the combined interfacial energy of a submerged nanoparticle is

Esubm = (A1 +A2)γsl +A0γlv (5.2.4)

and the total surface energy of an adsorbed particle is

Eads = A1γsv +A2γsl (5.2.5)

with γsl,lg,sv, the interfacial tensions between solid (particle) and liquid, liquid and
vapor, solid and vapor respectively.
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The adsorption of a particle to the liquid’s surface also creates the three phase
contact line surrounding the particle that has an associated line tension τ and
thus a corresponding energy which becomes increasingly more relevant the smaller
a particle is, since the circumference to surface ratio increases. This energy is

El = 2πbτ (5.2.6)

and has to be added to the interfacial energy.

E′ads = Eads +El = A1γsv +A2γsl + 2πbτ (5.2.7)

In total, the difference in energy between a submerged and an adsorbed particle
is

∆E = E′ads−Esubm = A1(γsv−γsl)−A0γlv + 2πbτ. (5.2.8)

The lateral organization of nanoparticles at liquid surfaces has been extensively
investigated – both theoretically and experimentally – in previous studies [73,
85–88].
Capillary forces are irrelevant to the in-plane interaction of the nanoparticles as
gravimetric forces are too small to have any effect [89].
Since the particles do not carry any electrical charge either, the only type of long
range interaction relevant to the lateral arrangement remaining is dipole-dipole
interactions.

5.3 Monolayer Electron Density

Assuming a close packed hexagonal arrangement of nanoparticles as illustrated in
figure B.1, the cross-sectional area taken up by a gold core of radius r0 at height
z, measured from the gold core center, in a unit cell is

Ag(z) = πb(z)2, (5.3.1)

with b=
√
r2

0− z2 being the gold core radius at height z.
If the center-to-center distance of the gold cores is a1 then the total area of the
unit cell is

A1 = 1
2
√

3a2
1 (5.3.2)

and the area covered in toluene is

At(z) = A1−Ag(z). (5.3.3)
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The total average electron density ρtot(z) of a monolayer thus is

ρtot(z) =



ρt if z <−r0,(
At(z)ρt +Ag(z)ρg

)
/A1 if − r0 < z < z0,(

Ag(z)ρg +A′th ρ
′
th

)
/A1 if z0 < z < r0,(

A′′th(z)ρ′′th(z)
)
/A1 if r0 < z < r1,

0 if z > r1.

(5.3.4)

with

ρ′th = ρth,0 ln(r2
1/r

2
0) r2

0
r2

1− r2
0

if z0 < z < r0 (5.3.5a)

ρ′′th(z) = ρth,0 ln(r2
1/z

2) r2
0

r2
1− z2 if r0 < z < r1 (5.3.5b)

and

A′th = π(r2
1− r2

0) if z0 < z < r0 (5.3.6a)
A′′th(z) = π(r2

1− z2) if r0 < z < r1 (5.3.6b)

It is noteworthy that Ath as well as ρth - the area and density of the thiol ring in
figure B.1 b) - are constant for z0 < z < r0. For details, see section B.1.
To accommodate for a more realistic model that accounts for thermal fluctuations,
the vertical position of the nanoparticles was varied by a normal distribution and
the edge of the toluene bulk was smoothed out using an error function (cf. B.2).

5.4 Pure Toluene

The bottom curve in figure 5.3 shows a reflectivity of a sample which was assumed
to be pure toluene. The sample holder was rinsed in an ultrasonic bath of toluene
(purity > 99,7%, puriss. p.a.) for about half an hour which was obviously insuf-
ficient, since there were some nanoparticle remnants stuck to the sample holder
that were resuspended in the pure toluene sample.
The fact that even such a small amount of nanoparticles produces a surface
layer clearly visible in the electron density profile in the inset of figure 5.3 (blue
curve) suggests a high affinity of the nanoparticles to adsorb to the liquid/vapor
interface.
While the exact quantity is unknown, it is safe to assume that the influence on
experiments at regular concentrations would have been negligible to say the least.
Nevertheless, after this discovery, an additional cleaning stage was implemented
into the process.
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Figure 5.3: Reflectivity of pure toluene (top curve in the main panel) and a
sample that was contaminated by remnants of nanoparticles in the sample holder
(bottom curve - shifted by 10−1 for clarity). The blue curve in the inset corre-
sponds to the contaminated sample.

The result can be seen in figure 5.3. It shows the reflectivity of pure toluene.
As is to be expected from this sample, the reflectivity data is just the Fresnel
reflectivity of toluene. The electron density obtained through fitting is a very
good match to the theoretical value with a deviation of only 3.6%. The surface
roughness is 3.55Å. The capillary wave induced roughness (cf. section 1.5.1)
should be around 2.4Å, assuming a radius of 2.7Å for the toluene molecules
[90] and a surface tension of 29.6 mN/m, which leaves approximately 2.6Å as the
intrinsic roughness of the interface, which in turn corresponds very well with the
presumed molecular size.
Fitting the model from section 5.3 to the electron density profile of the “contam-
inated” toluene yields r0 = 3.0nm, z0 = 2.8nm, σ1 = 0.72nm, σ2 = 1.3nm and
a1 = 44.05nm which corresponds to 0.5% surface coverage.
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5.5 Multilayers

It was more by accident that it was discovered that the nanoparticles could form
multilayers at the liquid/vapor interface when suspended in toluene. While simply
investigating, whether or not a surface film is present when any evaporation of
the solvent is suppressed, we stumbled upon this phenomenon.
After this discovery, the next logical step was to determine the circumstances
which are necessary to obtain a multilayered nanoparticle film.

5.5.1 Formation

Once a monolayer is established, it can serve as a template for further layers. As
depicted in 5.2, it is possible that either a single particle diffuses to the surface
layer and is adsorbed or a (small) bulk agglomerate can attach itself as a whole. A
combination of both mechanisms will result in multilayers with decreasing lateral
density and eventually a rather rough cut off.

5.5.2 Temperature Ramps

A number of x-ray reflectivities for different concentrations and varying temper-
ature were recorded and shall be presented in the following. The samples were
prepared in the PTFE Trough and placed inside the sealed aluminum cell both
mentioned in section 2.2.
Before the sample preparation, the bottom of the aluminum cell’s inside was
coated with as much pure toluene as possible without spillage. This was to en-
sure a saturated toluene atmosphere within the cell which would prevent toluene
from the actual sample from evaporating and thus preventing the mechanism
mentioned in refererence [71].
In short: The establishment of the surface film is explained by the retraction of
the liquid surface due to evaporation which proceeds faster than the diffusion of
the nanoparticles, thus "trapping" them at the liquid/vapor interface.
The electron density profiles were obtained using the stochastic fitting program
StochFit by Stephen Danauskas from the University of Chicago [91]. Due to the
spherical nature of the nanoparticles the analysis was not readily accessible to
the conventional box model approach.
In all of the following plots, the lower curves are shifted for clarity by an easily
recognizable amount relative to the top one. For each sample, the reflectivities
were taken from lowest to highest temperature.
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While the slight change in the reflectivity curve at T = 17 °C might suggest a
structural change in the gold nanoparticle film itself, the profiles obtained through
fitting the reflectivities leave no clues to the occurrence of any temperature in-
duced alteration of the gold layer.
Each electron density profile is fittable by the model from section 5.3. No signif-
icant trend in the surface coverage can be observed. The temperature range is
arguably too small to have any effect on the monolayer.

• c = 1/30c0
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While the overall electron density is higher for this concentration, there seems to
be no temperature dependence here as well.

1c0 = 3±1 ·1014 1/ml
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Again, the electron density of the nanoparticle film is increased while temperature
has no observable effect.

• c = 1/3c0
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At this concentration, a second layer can be observed for the first time. A change
in the reflectivity is also clearly visible, especially in the shape of a bump on the
first oscillation. The bump decreases in pronunciation at 20 °C and disappears at
23 °C.
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This is the highest concentration that was examined. At 2 °C, a total of four
layer of nanoparticles, all very clearly at the same interval can be seen in the
electron density profile. The fourth layer disappears at 5 °C, leaving only three.
The last three measurements are not very conclusive, unfortunately, since they
were taken after the sample was left in the cell for a week following the previous
measurement due to a glitch in the cooling system of the high voltage generator.

5.5.3 Reproducibility

The two data sets in figure 5.4 were recorded from the same sample at the same
parameters (T = 2 °C, c= c0) at an interval of 24 hours. The data sets are virtually
identical as are the corresponding electron density profiles derived from the fits.
In this case, three distinct layers with an indication of a fourth are apparent in
the profiles.
Any precipitation or progressing agglomeration would lead to a change in the
recorded reflectivity while these results indicate that a dynamic equilibrium is
in fact maintained between nanoparticles suspended in the bulk phase and those
adsorbed to the surface film.

5.5.4 Conclusions

The relative surface coverages as determined from the obtained electron density
profiles and as defined at the end of section B.2 are presented in figure 5.5. For
0.33c0 and 2c0, only that of the top layer is shown. While the data is inconclusive
as to whether the temperature has any influence on the nanoparticle adsorption
(while it is reasonable to assume that temperature has an influence, it is too faint
to extend beyond the noise in the data at least for the temperature range in this
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Figure 5.4: Two data sets of the same sample recorded with indentical parame-
ters at an interval of 24 hours. Colors of the reflectivities and the electron density
profiles (inset) correspond.

study) to the liquid/vapor interface, it clearly shows that a higher concentration
leads to a larger amount of adsorbed particles. - Which is hardly surprising but
still worth mentioning.
From 0.33c0 to 2c0, no further increase in adsorbed nanoparticles can be observed
which suggests that a point of saturation is reached here. This assumption is
supported by the fact that the corresponding values for the hexagonal lattice
constant vary slightly around 9nm which is the size of the nanoparticles with
their ligand shells.
1/3c0 marks the lowest concentration for which more than one layer can be ob-
served. Since the change in temperature seems to be sufficient for the second
layer to dissolve, the absorption energy of layers beyond the first one seems to
be significantly lower than that for the initial one. The findings in section 5.6
support this theory.
For 2c0, there is one additional layer at 2 °C that vanishes at 5 °C. The aforemen-
tioned technical difficulties with the cooling system (among other things) also
made it impossible to go back down to the starting point after reaching the max-
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Figure 5.5: The relative surface coverage as obtained through fitting the electron
density profiles. For 0.33c0 and 2c0, only that of the top layer is shown.

imum temperature. This leaves the question whether the temperature is really
responsible for the observed changes in the nanoparticle film or if it is simply a
process that advances over the course of the experiment. This concern will be
addressed in section 5.6.
Over all profiles with multiple layers, the distance between centers of two adjacent
layers remains fairly constant at 6.84±0.38nm. Assuming a close packing of the
nanoparticles within the surface film, in accordance with the aforementioned 9nm
interparticle distance in the top layer, this value should be 7.35nm, which is not
too far off but still indicates that there is some amount of overlap among the
ligand shells.
The values for the gold core radii are in agreement with those obtained from the
electron micrographs: 2.93±0.16nm averaged over all profiles.
Figure 5.6 shows an overview on the respective number of layers obtained from
the analysis for each of the presented measurements. The three points in the to
right corner are shaded as they represent unreliable data (cf. end of section 5.5.2).
It is immediately apparent that the parametric region where only a monolayer of
nanoparticles emerges at the surface is much larger than for any other configura-
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Figure 5.6: An overview of number of layers obtained for different values of
concentration and temperature of the suspension. The three points in the top
right corner are shaded as they are unreliable.

tion. An indication, that the affinity for the particles to adsorb at the surface is
much larger than their interaction with each other.

5.6 Layering Peak Temperature Ramp

The results presented in section 5.5.2 leave doubts as to the reversibility of the
multilayer formation and if it is really the change in temperature that is respon-
sible for the gradual disappearance of the additional layers.
To assess, whether or not the temperature was in fact the determining factor,
for a given sample at concentration 2c0 the temperature was gradually increased
from 2 °C to 42 °C in steps of 0.5 °C, each of the steps taking about 25 minutes.
After a few hours of waiting, the temperature was decreased again at the same
rate. At each temperature, a short scan of reflected intensities over a layering
peak at ≈ 0.6◦ was recorded.
The data points in figure 5.7 each represent the integrated intensity of this peak at
the given temperature. While increasing the temperature (black circles in figure
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Figure 5.7: Each point is the integrated intensity of a short scan over a layering
peak at ∼ 0.6◦ with subtracted baseline. The inset shows a single peak. The area
shaded in blue corresponds to a single data point in the main plot.

5.7), the intensity remains fairly constant in the range between 2 °C to 22 °C and
then starts to drop linearly. At 42 °C, the peak has virtually disappeared.
While decreasing the temperature (blue stars in figure 5.7), the intensity shows
the same development until the plateau is reached and then displays a small
hysteresis but eventually drops to the initial value at 2 °C.
The behavior in the 2-20 °C range implies, that at a certain point, the multilayer
reaches a state of saturation, while the hysteresis during cooling suggests an
additional mechanism. It is possible that larger agglomerate-”chunks” will detach
from the surface film due to gravitational forces and precipitate at the bottom of
the sample and thus no longer contribute to the signal.
This would already have happened during the initial cooling before the onset of
the experiment and as the temperature was increased, the agglomerates dissolved
again and in that way were able to participate in the re-formation of the surface
film.
The data presented in figure 5.7 confirms the assumption mentioned above and
rules out the possibility that it is just a process that takes a large amount of time
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and cannot be reversed.
This implies, that there is a dynamic equilibrium between particles suspended
in the bulk toluene and those adsorbed at the liquid/vapor interface. As their
thermal energy increases, more and more particles are able to detach from the
surface layer.
Jansen et al. [82] suggest a square well potential for the interaction between the
ligand chains of different nanoparticles whose depth is temperature dependent, to
model a temperature dependent solubility of the ligands in the surrounding sol-
vent. Since a single particle can closely interact with several particles at once (up
to three) in an already established surface monolayer, whether bulk agglomerates
or a multilayered surface film emerges might simply be a question of available
nucleii, where a surface layer is a quite large one.
They found that for silica particles covered with octadecyl chains, solubilty de-
creases with their radius [78]. Since the solubility is also temperature dependent,
a similar mechanism might be responsible for the gradual (re)-solution of the
particles from the surface film. However, the polydispersity of the particles is too
low to be resolved in the obtained electron density profiles: 5% is well within the
margin of error here.

5.7 Bulk Agglomerates

The measurement series in figure 5.8 shows data of a nanoparticle production
batch different from that presented in section 5.5.2. It stands apart from the
previous one in that there are two distinct peaks that are superimposed on the
reflectivity pattern from a single layer at the toluene-air interface. This single
layer pattern remains unchanged over the course of the entire series while the
peak intensity decreases with increasing temperature and utterly disappears as
26 °C is reached.
From electron micrographs (cf. figure C.6), the nanoparticle diameter was iden-
tified to be 6nm with a small polydispersity. As has been determined according
to [79], assuming an fcc ordering, the peaks in figure 5.8 correspond to a near-
est neighbor distance d of approximately 8.1nm. Since the dodcanethiol chains
attached to the surface of the nanoparticles are about 1.5nm in length, they are
either required to overlap by an amount of 0.9nm or they are displaced into the
larger gaps in the center of a four-particle-tetrahedron respectively.
The latter seems unlikely due to the large force required for this process while the
former is in line with the interaction potential mentioned in the previous section.
It is unclear what distinguishes this sample batch from the others. A possibility
might be the concentration of excess dodecanethiol molecules in the solvent as
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Figure 5.8: The two peaks at 0.09 1/Å and 0.17 1/Å can be identified as the
(111) and (311) reflexes of an fcc lattice. The electron density profile in the inset
at the top corresponds to a fit (red line) of the 26 °C data.

this has also been determined to be an influence to the nanoparticle organization
by T.P. Bigioni et al. [71]. Or it might be as simple as some form of sample
contamination, which cannot be entirely ruled out.
While, unfortunately, technical difficulties impeded the way back down to 2 °C,
the temporal scale of the experiment (several days) makes it unlikely that the
disappearance of the agglomerate reflexes is due to precipitation.



6 Summary

At the beginning of this study, an x-ray reflectometer was designed with the aim
of investigating liquid samples. The installation is equipped with a copper anode
as the x-ray source and a multilayer mirror to monochromatize and collimate
the beam. Two different sample containers were used over the course of this
work: A Langmuir trough form Kibron Inc. and a sealed sample cell built at the
university workshop. Control of the setup and its peripherals is achieved via a
flexible computer program that allows for a high degree of automatization.
A proof-of-concept measurement performed on silanized silicon wafers showed the
applicability of the instrument. The tilt of the alkyl chains in the silane coatings
was determined to be 25◦ and 34◦ for the two samples respectively.
The instrument was then used to analyze the structure of langmuir films of am-
phiphilic diblock copolymers (poly(ethylene oxide)-b-poly(heptafluorobutyl meth-
acrylate) (PEO-b-PHFBMA)). Two variants with different PHFBMA-headgroup
sizes were investigated at varying surface pressures to determine the structural
changes in the headgroup undergone during compression of the film. While the
findings were not entirely conclusive, a case can be made for a standing MA-
backbone and butyl chains lying flat on the water surface.
Afterwards, toluene suspensions of gold nanoparticles ligated with dodecanethiol
were studied. While initially, the goal was to verify that, even in the absence of
evaporation, the nanoparticles adsorb to the liquid vapor surface, it was discov-
ered that not only a monolayer is formed but multilayering occurs. The former
was achieved by placing the samples in a small trough within a sealed cell con-
taining a saturated toluene atmosphere. The focus then shifted to determining
the conditions leading to multilayered film of nanoparticles. Both a temperature
and concentration dependence could be demonstrated. While small concentra-
tions suffice to form a monolayer of nanoparticles, multilayering requires larger
ones and occurs at lower temperatures. On the other hand, temperature seems
to have virtually no effect (at least not in the investigated range) on the concen-
tration of nanoparticles within a monolayer (or the topmost layer in the case of
multilayering).
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6.1 Outlook

While it has been shown, that the formation of a multilayered surface film from
a toluene suspension of dodecane thiol ligated gold nanoparticles takes place, the
exact mechanisms behind it are still not altogether clear.
Further investigations through x-ray reflectometry, whether by a small anode
based one or through synchrotron radiation would be sure to shed some more
light on the topic. An extension of the parametric region inspected here, both in
the direction of temperature and concentration is an obvious step.
On the other hand, a GISAXS study complementary to the work by Narayanan et
al. [73] (cf. section 5.1) could divulge new information about the lateral structure
of the multilayered films. However, applying this method will require synchrotron
radiation.
However, it might be prudent to shift to a completely different means of investi-
gation to gain insights to additional aspects of the phenomenon.
Ellipsometry, for example, while most probably unable to resolve individual lay-
ers, delivers much faster results on the total film thickness and should even be
able to resolve the dynamic of the process.
Molecular dynanmics simulations could also deliver unique insights to the topic.
A thorough investigation of the thermodynamics involved in the process or a
theoretical study in general could also shed some new light on the matter.
Creating thin membranes similar to those mentioned in reference [74] or [75]
(cf. section 5.1), but from a multilayer film instead of a monolayer could have
increased stability and rigidity.
In the introduction, I stated that this work was to show that x-ray reflectometry
for liquid samples was more than a theoretical possibility for a university lab
based instrument. I hope that this claim has been proven.



Part III

Supplemental

This part contains some complementary information: An
overview of the X-Surf control program, some calcula-
tions and additional figures and photos of the equipment.





A X-Surf

A.1 List of Commands

mv motor destination
moves motor to destination

mvr motor distance
moves motor by distance from current position

mvb motor
retracts motor by a small amount when end switch is hit

stop motor
terminates movement of motor (only motors 1 to 10)

spd motor speed
sets motor speed (values from 0 to 9)

acc motor acceleration
sets motor acceleration (values from 0 to 9)

mvab alpha beta
sets incident angle to alpha and reflected angle to beta
if only one angle is specified, alpha and beta are set to the same value

smpd motor
increase current for motor (only motors 1 to 10)

smpu motor
decrease current for motor (only motors 1 to 10)

status motor
prints status of motor (only motors 1 to 10)

wh
prints position of every motor

sl
prints positions and apertures of the slits

sp motor newPos
set position of motor to newPos

sslp seconds
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set sleeptime to seconds (waiting time after any step in a scan)
sc motor start end nPoints seconds

scan motor from start to end by nPoints for seconds each
lup motor interval nPoints seconds

scan motor from -interval to +interval from current position by nPoints
for seconds each

absc alphaStart alphaStop [BetaStart BetaStop] nPoints seconds
scan alpha from alphaStart to alphaStop and beta from betaStart to
betaStop by nPoints for seconds each
if only one angle is specified, alpha and beta are set to the same value

csc motors start end nPoints seconds
Coupled scan of motors from start to end respectively by nPoints for
seconds each
an arbitrary amount of motors can be involved in this scan - for instance,
the vertical position of the sample (sh) and the detector (oh) can be scanned
simultaneously

cent [newPos]
move motor of last scan to center of last scan [and optionally set position
to newPos afterwards (newPos can either be ’c’ for ’current’ or a numeric
value)]

max [newPos]
move motor of last scan to maximum of last scan [and optionally set position
to newPos afterwards (newPos can either be ’c’ for ’current’ or a numeric
value)]

c seconds
count x-ray photons for seconds

temp temperature
set setpoint on temperature controller to temperature

zero
set the current positions of ir, or, sh and oh to 0 (used for quick alignment
to the sample’s surface orientation)

timescan nPoints [seconds]
count repeatedly for seconds each point while the most recent nPoints will
be displayed in plot
by default seconds will be 1 if omitted
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A.2 Screenshot

Figure A.1: A screenshot of the “X-Surf”-Software used to control the reflec-
tometer. The large panel shows every in- and output. Any command is entered
into the box beneath. Of the two frames on the right, the upper one shows the
most recent positions of the all the motors while the one below displays some
meta parameters of the system. The buttons in the top left give quick access to
file control and the like.
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A.3 List of Motors

• ihslit: horizontal aperture of incident slit
• ivslit: vertical aperture of incident slit
• ihpos: horizontal position of incident slit
• ivpos: vertical position of incident slit

• dhslit: horizontal aperture of detector slit
• dvslit: vertical aperture of detector slit
• dhpos: horizontal position of detector slit
• dvpos: vertical position of detector slit

• ir: inclination of incident arm
• sh: vertical position of sample stage
• th: θ, rotation of sample around the z-axis
• tth: 2θ, rotation of detector arm around the same axis
• oh: vertical position of detector arm
• or: inclination of detector arm
• bar: attenuator level



B Calculations

B.1 Thiol Layer Density

For the average cross sectional electron density of the dodecanethiol layer at
height z, there are two cases to be considered. First, for z0 < z < r0, i.e. the
part that sticks out of the liquid surface and at height z represents a ring (cf.
figure B.1) around the gold core. Second, for r0 < z < r1, i.e. the cap on top of
gold core (cf. figure 5.1 for clarity).
The density of the thiol layer decays towards the outer edge of the particle (with
increasing radius r) since the surface of a sphere with radius r increases propor-
tional to r2 but the number of chains remains the same.
Assuming that for r = r0, i.e. on the gold core’s surface, the electron density is
that of bulk dodcane ρth,0 = 0.26Å−3, the electron density depends on r as

ρth(r) = ρth,0 r
2
0/r

2 , r0 < r < r1 (B.1.1)

• z0 < z < r0

Integrated over a ring at height z
(
b0 =

√
r2

0− z2, b1 =
√
r2

1− z2
)
, the elec-

tron density is

ρth, int(z) =
b1∫
b0

ρth(b) 2πb db (B.1.2)

=
b1∫
b0

ρth,0
r2

0
b2 + z2 2πb db (B.1.3)

= ρth,0πr
2
0 ln(b2 + z2)

∣∣∣b1
b0

(B.1.4)

= ρth,0πr
2
0
(
ln(b21 + z2)− ln(b20 + z2)

)
(B.1.5)

= ρth,0πr
2
0
(
ln(r2

1− z2 + z2)− ln(r2
0− z2 + z2)

)
(B.1.6)

= ρth,0πr
2
0 ln(r2

1/r
2
0) (B.1.7)

which is independent of z.
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a

r0

a

b1

b0

a) b)

Figure B.1: Unit cell of an assumed hexagonal close packing of nanoparticles
at the liquid vapor interface. The total area of the unit cell (dashed rectangle) is
A, the area composed of gold is Ag.
a) shows a cross section through the centers of the gold cores. The space At in
between is filled with toluene (and the optically indistinguishable dodecanethiol).
b) shows a cross section above the toluene surface. The area Ath is that of the
ligand shell. The remaining space is vapor.

This has to be normalized to the ring area, which is

A′th(z) = π(b21− b20) (B.1.8)
= π

(
r2

1− z2− (r2
0− z2)

)
(B.1.9)

= π(r2
1− r2

0) (B.1.10)
=: A′th (B.1.11)

which is also independent of z.
Consequently, the averaged electron density over the ring area is

ρ′th :=
ρ′th, int(z)
A′th(z) = ρth,0 ln(r2

1/r
2
0) r2

0
r2

1− r2
0

(B.1.12)
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• r0 < z < r1 The integrated electron density of a slice of the cap at height z
is

ρ′′th, int(z) =
b1∫
0
ρth(b) 2πb db (B.1.13)

=
b1∫
0
ρth,0

r2
0

b2 + z2 2πb db (B.1.14)

= ρth,0πr
2
0 ln(b2 + z2)

∣∣∣b1
0

(B.1.15)

= ρth,0πr
2
0
(
ln(b21 + z2)− ln(z2)

)
(B.1.16)

= ρth,0πr
2
0
(
ln(r2

1− z2 + z2)− ln(z2)
)

(B.1.17)

= ρth,0πr
2
0 ln(r2

1/z
2) (B.1.18)

This has to be normalized to the slice area, which is

A′′th(z) = πb21 = π(r2
1− z2) (B.1.19)

Consequently, the averaged electron density of a slice is

ρ′′th(z) =
ρ′′th, int(z)
A′′th(z) = ρth,0 ln(r2

1/z
2) r2

0
r2

1− z2 (B.1.20)
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B.2 Complete NP (Mono)-Layer Density Model

Here a single expression for the complete electron density profile of a nanoparticle
monolayer will be given.
To accommodate for thermal fluctuations, a normal distribution

Pσ2(δ) = 1√
2πσ2

e
− 1

2
δ2
σ2

2 (B.2.1)

is applied to the vertical positions of the particles.
The total electron density then is

ρtot(z) =
(
ρ̃g,1(z) + ρ̃′th(z) + ρ̃′′th(z) + ρ̃t,1(z)

)
/A1. (B.2.2)

Here

ρ̃g,1(z) =
∞∫
−∞

ρg,0Ag,1(z,δ)cg,1(z,δ)Pσ2(δ) dδ (B.2.3a)

is the contribution of the gold cores with

Ag,1(z,δ) = πb20 = π(r2
0− (z+ δ)2), (B.2.3b)

the cross sectional area of the gold core at height z varied by δ, and

cg,1(z,δ) = Θ(r0 + (z+ δ))Θ(r0− (z+ δ)). (B.2.3c)

The cut-off function cg,1(z,δ) (Θ is the Heaviside step function) is necessary to
avoid the assumption of negative (and thus, non-physical) values. ρg,0 is the bulk
electron density of gold.
The remaining summands are:

ρ̃′th(z) =
∞∫
−∞

ρ′thA
′
th(z,δ)c′th(z,δ)Pσ2(δ) dδ, (B.2.4a)

the contribution of the lower part of the thiol layer as calculated in (B.1.12), with

ρ′th(z,δ) = ρth,0 ln(r2
1/r

2
0) r2

0
r2

1− r2
0

(B.2.4b)

A′th(z,δ) = π(r2
1− r2

0) (B.2.4c)

c′th(z,δ) = 1
2

(
1 + erf

(
z− z0√

2σ1

))
Θ
(
r0− (z+ δ)

)
(B.2.4d)
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Figure B.2: A 3D-plot of the electron density profile of a gold nanoparticle
bi-layer as a function of z, the direction perpendicular to the liquid vapor in-
terface, and a, the lattice constant as for an assumed hexagonal ordering of the
particles. The second layer has its center at z2 = 6.5nm. The red, green and blue
curves in the inset correspond to those of the same colors in the main display.
The red lines are the density at z= 0 and z= z2, i.e. that of a cross section through
the centers of the particles - which is also the maximum of density within the film.
The green and blue lines are picked as representative profiles for a = 10nm and
a= 14nm respectively.

erf
(
z−z0√

2σ1

)
represents the smoothed edge of the bulk toluene with the Gaussian

error function

erf(x) = 2√
π

x∫
0
e−t

2
dt. (B.2.5)

ρ̃′′th(z) =
∞∫
−∞

ρ′′th(z,δ)A′′th(z+ δ)c′′th(z+ δ)Pσ2(δ) dδ (B.2.6a)

the contribution of the lower part of the thiol layer as calculated in (B.1.20), with

ρ′′th(z,δ) = ρth,0 ln(r2
1/(z+ δ)2) r2

0
r2

1− (z+ δ)2 (B.2.6b)

A′′th(z,δ) = πb21 = π(r2
1− (z+ δ)2) (B.2.6c)

c′′th(z,δ) = Θ((z+ δ)− r0)Θ(r1− (z+ δ)) (B.2.6d)
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Finally, the integral

ρ̃t,1(z) =
∞∫
−∞

ρt,0At,1(z,δ)ct(z)Pσ2(δ) dδ (B.2.7a)

can be calculated analogously to (B.2.3a), since

At,1(z,δ) = A1−Ag,1(z,δ). (B.2.7b)

ct(z) = 1
2

(
1 + erf

(
z0− z√

2σ1

))
(B.2.7c)

ct(z) again is the toluene bulk edge.

A1 = 1
2
√

3a2
1 (B.2.8)

is the total area of the unit cell with lattice constant a1.
An additional number of n layers can be introduced by adding

n+1∑
i=2

(
ρ̃t,i(z) + ρ̃g,i(z)

)
/Ai (B.2.9a)

with

ρ̃t,i(z) =
∞∫
−∞

ρt,0At,i(z,δ)ct(z)Pσ2(δ) dδ (B.2.9b)

and

ρ̃g,i(z) =
∞∫
−∞

ρg,0Ag,i(z,δ)cg,i(z,δ)Pσ2(δ) dδ (B.2.9c)

where these are versions of ρ̃t,1(z) and ρ̃g,1(z) that are shifted by a distance zi:

Ag,i(z,δ) = π(r2
0− (z− zi+ δ)2), (B.2.9d)

cg,i(z,δ) = Θ(r0 + (z− zi+ δ))Θ(r0− (z− zi+ δ)) (B.2.9e)
At,i(z,δ) = Ai−Ag,i(z,δ) (B.2.9f)

Since the ligand shells in additional layers are completely submerged in the
toluene bulk, there contribution is completely negligible.
While the integrals in (B.2.3a) and (B.2.4a) can be calculated analytically, the one
in (B.2.6a) (to the best of my knowledge) cannot. That’s why for the analysis
ln(r2

1/(z+ δ)2) was replaced with its Taylor expansion including the quadratic
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term around zp = (r1 + r2)/2. The resulting error is negligible to say the least
since the contribution of ρ̃′′th(z) to the total profile is already rather small.
Figure B.2 shows a 3D-plot of the electron density in a bi-layer as a function of
z and a1 = a2 = a for the following values:

r0 = 3nm r1 = 4.5nm z0 = 2nm (B.2.10a)
z2 = 6.5nm σ1 = 0.3nm σ2 = 0.3nm (B.2.10b)
ρt,0 = 0.28Å−3 ρg,0 = 4.44Å−3 ρth,0 = 0.26Å−3 (B.2.10c)

It is immediately apparent that even for large values of a - and thus a small
coverage of nanoparticles - the profile is dominated by the comparably huge elec-
tron density of gold as opposed to those of toluene or dodecane. While it is
unreasonable to assume that a hexagonal ordering will be established for low
surface coverages, a is still a useful measure for the nanoparticle fraction at the
liquid/vapor interface.
If 100% surface coverage corresponds to a= 6nm, i.e. the gold cores are in touch
with each other - an unrealistic scenario under normal conditions - then the green
exemplary profile for a = 10nm matches a surface coverage of 36%. a = 14nm
means 18.4% and a= 20 is equivalent to 9.0%.
The toluene edge is barely perceptible for lower values of a and becomes more
distinct as a increases since the fraction of gold compared to toluene decreases.
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Figure C.1: Primary beam intensity versus attenuator level.
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Figure C.2: Profile of the primary beam as recorded with ivslit = 10µm and
dvslit = 100µm. The red line is a gaussian fit to the peak that yields σ = 0.27mm.
Subtracting the influence from the slit width leaves 0.44mm as the actual width
of the primary beam at the location of the detector.
This results in a 0.024◦ divergence which basically determines the highest achiev-
able angular resolution of the instrument.
The small imperfections probably stem from tiny flaws in the edges of the slit
blades. However, for the overall signal, they are of no import.
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Figure C.3: A real life picture of the reflectometer. The anode is on the far end
with the sample cell in the middle covered in Styrofoam for temperature isolation.

Figure C.4: A real life picture of the Langmuir trough with the Wilhemly wire
in the center of the image between the two Delrin barriers. A thin film of water
covers the bottom of the trough.
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Figure C.5: The in house built sealed sample cell. The blue hoses at the bottom
supply coolant to the Peltier cooler’s hot side. The wires in between connect to
the Peltier element itself. Above is the feedthrough for the temperature sensor and
the orange patch on top is the heater foil.

Figure C.6: Electron micrograph of a dried gold nanoparticle suspension. Cour-
teously provided by Tobias Kraus (INM Saarbrücken).
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