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Abstract

CdSe nanoplatelets show extraordinary (optical) properties. Therefore, they are candi-
dates for applications in light-emitting devices, solar cells, field effect transistors, and
lasers. They are usually synthesized with colloidal methods, and sterically stabilized in
n-alkane solvents. The properties of CdSe nanoplatelets have been investigated in many
studies. However, little attention has been paid to the interactions between the nano-
platelets. The lack of knowledge has made the interpretation of experimental results
difficult. For example, it has been unclear why CdSe nanoplatelets assemble into stacks
in pure n-alkane solvents, which influences their steric stability. In this thesis, we consider
the interplay of the effects that contribute to the interaction of CdSe nanoplatelets. Un-
like metallic nanocrystals, the core-core van der Waals interaction between semiconducting
CdSe nanoplatelets is weak. Also, the dipole-dipole interaction is weak. Thus, either of
these two interactions cannot explain why the nanoplatelets form stacks. Here, we follow
the hypothesis that solvation forces cause a strong attraction between the nanoplatelets,
leading to the formation of stacks, and influencing their steric stability.

At the interface between a surface and a solvent, the solvent often restructures into
layers. As two surfaces approach each other, the solvent layering intensifies, and strong
solvation forces can appear. However, nanocrystals often have highly curved surfaces.
Due to the curvature, the ligand packing density of these nanocrystals decreases with the
distance to their surface. Therefore, the ligand shell and the solvent mix, no significant
layer formation occurs, and solvation forces are usually negligible. Thus, the traditional
continuum model that is often used to describe the effects of the ligand shell neglects
solvation forces. However, the ligand shell of nanocrystals with extended flat facets can
be very dense, so that solvent layer formation and solvation forces crucially influence their
interaction.

We show that CdSe nanoplatelets are an ideal model system for the study of solvation
forces. The ligand grafting density is very high. Furthermore, they can be synthesized
with very large base facet areas. We show in molecular dynamics simulations that the
solvent restructures into well-defined layers away from the ligand-solvent interface. Strong
solvation forces occur between the base facets of the nanoplatelets. These forces cause
an attraction that can lead to the stacking of the nanoplatelets. The strength of the
attraction depends on the size and geometry of the nanoplatelets, the ligand shell, and
the solvent type.

We anticipate that our research results are applicable to other systems. In general, we
expect that solvation forces will play a crucial role in the interactions of nanocrystals with
extended flat facets, large ligand densities, and well-defined, even ligand-solvent interfaces.






Zusammenfassung

CdSe-Nanoplattchen besitzen auflergewéhnliche (optische) Eigenschaften. Mogliche Ein-
satzgebiete sind LEDs, Solarzellen, Feldeffekttransistoren und Laser. Ublicherweise wer-
den kolloidale Methoden genutzt, um sie zu synthetisieren. Danach werden sie oft fiir
Anwendungen oder die weitere Verarbeitung in unpolaren Losungsmitteln sterisch stabil-
isiert. Die anwendungsbezogenen Eigenschaften von CdSe-Nanopléattchen sind in vielen
Studien untersucht worden, jedoch wurde der Wechselwirkung zwischen den Nanopléattchen
dabei wenig Aufmerksamkeit geschenkt. Das dadurch fehlende Wissen hat bisher die
Interpretation von experimentellen Ergebnissen erschwert. So war etwa bisher unklar,
warum CdSe-Nanoplattchen in reinen unpolaren Losungsmitteln Stapel bilden — eine
Eigenschaft, welche ihre sterische Stabilitat beeinflusst.

Sowohl die Van-der-Waals-Wechselwirkung, als auch die Dipol-Dipol-Wechselwirkung
zwischen den Nanokristallen selbst sind zu schwach, um die Stapelbildung zu erklaren. In
dieser Arbeit wird der Hypothese nachgegangen, dass Losungsmittelkrafte die mafigebliche
Ursache der Stapelbildung sind.

Losungsmittelmolekiile neigen dazu, sich an Grenzflachen und Oberflachen in Schichten
anzuordnen. Wenn sich zwei Grenzflachen einander nahern, verstarkt sich die Schich-
tung und es konnen starke Losungsmittelkrafte auftreten. Bei sterisch stabilisierten
Nanokristallen bildet die Oberfliche der Ligandenhiille die Grenzflache. Die meisten in
der Vergangenheit synthetisierten Nanokristalle dhneln jedoch einer Kugel. Ihre Lig-
andenhiille wird aufgrund ihrer Geometrie nach auflen hin diinner. Daher vermischen
sich die Liganden und das Losungsmittel. Es kommt zu keiner nennenswerten Schicht-
bildung, und die Losungsmittelkrafte sind in der Regel vernachlassigbar klein. Daher
vernachlassigt das traditionelle Kontinuumsmodell, welches haufig zur Beschreibung der
Wechselwirkung von Nanopartikeln mit Ligandenhiillen verwendet wird, die Losungsmit-
telkrafte. Allerdings kann die Ligandenhiille von Nanokristallen mit ausgedehnten flachen
Facetten sehr dicht sein, sodass es zur Bildung von Losungsmittelschichten kommt und
starke Losungsmittelkrafte auftreten.

CdSe-Nanoplattchen sind ein ideales Modellsystem fiir die Untersuchung von Losungsmit-
telkraften sind, da sie iiber ausgedehnte Facetten verfiigen und tiber eine sehr dichte Lig-
andenhiille. In Molekulardynamiksimulationen wird gezeigt, dass sich das Losungsmittel
nahe der Ligandenhiille in wohldefinierte Schichten anordnet. Insbesondere zwischen den
Basisfacetten der Nanoplattchen treten starke Losungsmittelkrafte auf. Die Simulationen
zeigen, dass die Starke der Anziehungskraft zwischen den Plattchen von der Grofle und
Geometrie der Nanoplattchen, der Ligandenhiille und dem Losungsmitteltyp abhangt.

Es ist zu erwarten, dass sich diese Ergebnisse auch auf andere Systeme iibertragen



lassen. Zu erwarten ist, dass Losungsmittelkrafte eine herausragende Rolle in der Wech-
selwirkung von Nanokristallen mit ausgedehnten flachen Facetten und dichten Ligan-
denhiillen spielen. Dies ist insbesondere dann der Fall, wenn die Ligandenhiillen eine gut
definierte, gleichméafige Grenzflache zum Losungsmittel aufweisen,
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Chapter 1

Introduction

Nowadays, the prefix “nano-”, as used in nanotechnology, nanostructures, nanocrystals,
etc., arouses strong emotions, hopes, and expectations. Just as the Sl-prefix kilo stands
for 103, nano stands for 107, In the field of nanotechnology, the prefix refers to the size of
the particles or structures, which are in the nanometer (nm) range. There have been major
breakthroughs in the field of nanotechnology over the last four decades, which have led to
innovative applications. The lotus effect is used to make surfaces water and dirt resistant.
[T, 2]. Silver (Ag) nanocrystals are used, e.g., in textiles, because of their antibacterial
and fungicidal properties [2]. Nanotechnology is also used in modern electronics. For
example, semiconducting nanocrystals improve the color gamut of liquid-crystal displays
(LCDs) [3]. Since the effects on which the applications are based are often intuitively not
tangible, they appear almost magical. Therefore, “nano-" is associated with futuristic
technologies. This goes so far that it is often associated with science fiction, where it is
used as a synonym to explain unique, according to our knowledge, impossible technologies.

In fact, the prefix “nano-” does not only evoke positive associations. There is also a
public discussion about the dangers of nanotechnologies. Like other materials, nanopar-
ticles can have a negative impact on our health. One example is titanium dioxide (TiOs)
nanocrystals, which are used in sun creams, cosmetics, and food. Originally, they were
considered harmless. Recently, however, there has been a discussion about the risks to
human and environmental health, both in the public and in the science community [4].
Another example is nanocrystals in the fine dust of car exhaust gases, which cause health
concerns [5]. However, the discussion can also drift into the absurd, when in science fiction
nanites, small nano-scale robots, become an existential threat to mankind.

Following these impressions of the prefix “nano-”, we could get the idea that the use
of nanotechnology, in particular of nanocrystals, is something new, probably becoming
part of our life in the last decades, where scientific, and technological progress was fast.
However, this impression is wrong. In fact, as summarized by Montanarella and Kovalenko
[6], applications of nanotechnology have been with us for thousands of years, even though
their usage was purely empirical and unwitting.

In Cyprus and Greece, nanoporous clay was used during the fifth millennium BC to
bleach wool and fleece [7, 6]. Another example is from the ancient Mayas. From ca.
300BC to the 17th century, they have used pigments made from natural dyes that are
added to nanostructured clay [8]. The Moorish Damascus steel, used at the time of the
Crusaders, is a further example. Its excellent properties are based on embedded carbon
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nanotubes [9, 10]. The coloring of glass and ceramics is one area where nanocrystals have
been used already in the Bronze Age, and are still being used [6]. In northern Ttaly found
glasses from around 1200-1000 BC, chromophoric elements like Cu, Co, Fe, and Mo were
used for coloring. For example, metallic copper nanocrystals have been used for a red
color [I1, 12]. An extraordinary example of coloring with nanocrystals is the Lycurgus
cup created by the Romans in the fourth century AD, which can be viewed in the British
Museum. It has the fascinating property that its color depends on the direction of the
light falling on it. If light shines through the glass, it appears red, while in reflection, it
appears green. This behavior stems from light absorption and scattering of alloyed Ag/Au
metallic nanocrystals and other components, which are dispersed in the glass [13], [14] [6].

Systematic studies of nanocrystals set in at the beginning of the 20th century, creating
a link between the nanocrystal size and their unique properties. In the 1980s, Alexei
I. Ekimov and Louis E. Brus intentionally and independently synthesized semiconduc-
tor nanocrystals in glass and water. They finally created an unambiguous link between
the size dependent properties of nanocrystals and the quantum confinement effect (see
Section [15, 6]. The properties of a solid are usually given independently of its
size. However, for nanocrystals with dimensions in the range of a few nm, the electronic
structure depends on the size of the nanocrystals [16] [I5]. For instance, the band gap
of semiconductor nanocrystals such as CdSe nanoplatelets increases when their size is
reduced. Therefore, by the nanocrystal size, we can tune the absorption and emission
spectra. Coincidentally, while writing this thesis, the Nobel Prize in Chemistry 2023 was
awarded “for the discovery and synthesis of quantum dots” [I7]. The award winners are
Louis E. Brus and Alexei I. Ekimov, together with Moungi G. Bawendi, who developed
a highly reliable colloidal synthesis method known as “hot injection” for monodisperse
colloidal nanocrystals [6].

The use of wet colloidal methods for the synthesis of nanocrystals is widespread [I§].
Colloids are fluids that contain dispersed polyatomic particles, like nanocrystals [19].
An important property of such colloids is the colloidal stability. Depending on whether
the nanocrystals precipitate after some time or remain in the solution permanently, we
define the colloid to be metastable or stable. The colloidal stability of nanocrystals in
a solvent depends on the balance of several free energy contributions (see Chapter [2)).
Contributions to the free energy are either of enthalpic or entropic origin. The core-core
van der Waals interaction, the dipole-dipole interaction, electrostatic contributions like
the electric double layer, and depletion forces, as well as the translational and rotational
entropy of nanocrystals, are usually important (see Figure .

There are well-developed frameworks for the description of each of these contributions
to free energy [20]. In older studies, contributing forces have usually been described by
continuum approaches, where the different contributions are summed up in a second step
[21]. However, the forces acting on nanocrystals are not necessarily independent of each
other, or well described in their discrete nature by continuum approaches [22]. In recent
studies, the discrete nature of the nanoparticle surface, surfactant molecules, and the
solvent have come into focus.

To give a few examples: Polyvinylpyrrolidon (PVP) covered triangular Ag nanoplates
in water tend to attach by their side facets, and not by their base facets [23], 24]. This is
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Figure 1.1: Schematic sketches to illustrate free energy contributions that determine the
(dis-) assembling of nanocrystals. In the case of ligand passivated CdSe nano-
platelets dispersed in an apolar alkane solvent, solvation forces are crucial.
The strength of solvation forces depends on the interacting facet area, the
ligand shell, the solvent type, and the temperature. The packing density of
the ligand shell depends on the ligand grafting density, the ligand length, and
the ligand ordering. The solvent restructuring that causes solvation forces is
more pronounced in n-alkane solvents with a longer chain length, and changes
its shape in isomers of alkanes.
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surprising, as at first glance the attraction between the base facets is larger. Balankura et
al. have revealed the mechanism with computer simulations [25]. The PVP is only loosely
bound to the plate surface. As two facets attach, the PVP molecules have to vacate the
facet. As there are more PVP molecules to move on the base facet than on the side facet,
the free energy barrier is higher.

Similarly, oriented attachment of gibbsite particles in water is influenced by the struc-
ture of the crystal surface [26]. The highest energy barrier in the attachment of gibbsite
particles is the removal of the last water layer. Therefore, the particles have time to
rearrange in the state with one water layer in between, before assembling. Rotation or
translational motion may occur. Ho et al. have shown that such motions are connected
with significant changes in the free energy, which depend on the surface crystal structure.
After the removal of the last layer of water, the particles are fixed in their configuration.

In apolar solvents, nanocrystals are usually sterically stabilized by ligands, surfactant
molecules bound to the particle surface [27, 28] 29, 21]. Again, it is important to look at
the details. For the interaction of hexadecanethiol passivated gold nanospheres dispersed
in n-decane, Kister, Debora et al. have found a shell, and a core dominated interaction
regime, dependent on the core diameter [30]. For smaller gold nanospheres, the agglom-
eration temperature and the interparticle spacing are dominated by the ordering of the
ligand shells. The ligands form bundles of aligned ligands. The bundles attract each other
and interlock. In contrast, the interaction of larger gold nanospheres is dominated by the
core-core van der Waals attraction, which becomes eventually strong enough to compress
the ligand shell.

Following upon this study, Kister, Debora et al. have considered the effect of different
ligand length [31]. In the core dominated regime, increasing the ligand length, increases
the range of repulsion between the ligand shells. Thereby, the core-core van der Waals
attraction is reduced and the steric stability increases. However, in contrast to the classical
model [29, 21], 28], in the shell dominated regime, the steric stability decreases with the
ligand length. This is related to the ordering of the ligands. They have found that shorter
ligands begin to order at lower temperatures than longer ligands.

The solvent also plays an important role [32]. According to the rule of thumb, “like
dissolves like”, we would expect the hexadecanethiol ligands of gold nanospheres to mix
better with n-hexadecane than with n-hexane. Therefore, intuitively, the steric stability
should be higher in n-hexadecane than with n-hexane. However, the opposite is observed.
Solvent molecules with a similar length than the ligand length are in favor of ordering,
and bundle formation of the ligands. As the bundles increase the attraction, the steric
stability decreases.

Due to the particle geometry, the density of the ligand shell of spherical nanoparticles
is comparatively low in the outer region. However, this does not account for flat surfaces.
Here, the change in the ligand packing density with the distance to the surface is small
[27]. Therefore, the ligand shell is harder. On such a ligand-solvent interface, pronounced
solvent restructuring can appear. This has already been demonstrated by Widmer-Cooper
et al. for ligand coated Cadmium Sulfur (CdS) nanorods, where the n-hexane solvent
forms layers at the interface [33, 34]. The solvent layering causes oscillating solvation
forces between the facets of the nanorods that can dominate the interaction.



Recently, Cadmium Selenite (CdSe) nanoplatelets have gained a lot of attention due
to their extraordinary optical properties (see Section [35], 36, 37, [38]. Similar to per-
ovskite nanoplatelets [39], they are candidates for applications in light-emitting devices
[40], solar cells [41] and other devices [42],43]. Like other nanocrystals, CdSe nanoplatelets
are usually synthesized by colloidal methods [44) 45, 37]. After synthesis, we can steri-
cally stabilize them in apolar solvents like n-hexane [45], 406], 37]. Jana et al. have studied
the steric stability of CdSe nanoplatelets with different ligand types in n-hexane, as well
as their precipitation [45, 46]. Within the precipitation process, nanocrystals typically
agglomerate into larger clusters. Like other disk-shaped nanocrystals [47, 39], CdSe nano-
platelets self-assemble into stacks of various length [45]. In order to properly control the
steric stability, it is helpful to understand why the nanoplatelets form stacks. We assume,
there must be an attraction between the nanoplatelets that promotes stack formation.

Unlike metallic nanocrystals, the core-core van der Waals interaction between semicon-
ducting nanocrystals is weak. For CdSe nanoplatelets with a base facet area of 225 nm, we
estimate that it is below 1 kgT (see Section[3.4). This is too weak to be the (only) cause of
stack formation. Another possible attraction comes from permanent dipoles in the CdSe
nanocrystals. Dozov et al. have measured the permanent dipoles by transient electric
birefringence [48]. For a nanoplatelet with the dimensions 20nm x 9nm x 1.5nm, they
estimated the interaction energy to be Gaipole-dipole ~ 3 kg1’. However, this assumes an op-
timal relative orientation of the dipoles. Additionally, thermal averaging will potentially
further reduce the contribution.

In this thesis, we follow another hypothesis. We show that that solvation forces play
a crucial role in the interaction of CdSe nanoplatelets, that they are the main cause of
stack formation, and crucially influence the steric stability in apolar solvents. Indeed,
it turns out that CdSe nanoplatelets are an excellent model system to study solvation
forces between ligand passivated nanocrystals. There are three main reasons for this.
First, there is the weak core-core van der Waals attraction, which does not mask the
solvation forces. Second, there is the dense ligand shell of 5.4ligands/nm? [49, 50]. The
denser the ligand shell, the stronger the solvent restructuring is, and the stronger the
solvation forces are. Third, the large facet area to particle size relation. Among other
nanocrystal shapes, the ratio of facet area to particle size is maximized in platelets. As
with other interactions, such as the core-core van der Waals force, solvation forces scale
with the facet area. However, the structure of the ligand shell is also important in the
case of solvation forces. As we show in this work, the influence of the edges decreases with
increasing facet size. As a result, the ligand density increases and the solvation forces are
more pronounced.

The thesis is structured as follows. We begin with a discussion of the fundamental forces
between colloidal nanocrystals in Chapter [2} In the following Chapter 3] we introduce the
special properties of CdSe nanoplatelets, and discuss their precipitation behavior. Build-
ing on this, we summarize what is known about the interaction of CdSe nanoplatelets,
estimate the van der Waals attraction, and argue why solvation forces can cause the
observed behavior of CdSe nanoplatelets. In Chapter [4 we give an introduction to molec-
ular dynamics simulations, force fields, and umbrella sampling. Thereafter, in Chapter [5
we describe the implementation of our model systems of infinite large ligand passivated
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facets and CdSe nanoplatelets, as well as the implementation of umbrella sampling for
the calculation of free energy curves.

We present our simulation and calculation results in Chapter [6] and Chapter [7] Sol-
vation forces are connected to the restructuring of the solvent at surfaces. For ligand
passivated nanoparticles, the restructuring happens at the ligand-solvent interface. In
Chapter [0 we consider infinite facets with a ligand brush. We compare different lig-
and shell properties, and how they influence the solvent restructuring. We also consider
different alkane solvents, including the effects of chain length, and branching.

In Chapter [7, we show our main results. We design a coarse grained model system of
CdSe nanoplatelets, and use multiple windows umbrella sampling to calculate free energy
curves, that provide insight into the pair interaction. We find strong oscillating solvation
forces between the base facets of the nanoplatelets. Thereby, we show that the interaction
depends on the relative orientation of the nanoplatelets. The oscillation is strongest for
a parallel, face-to-face approach, while it turns to monotonic attractive for a side shift of
the platelets. The strength of the interaction depends on the softness of the ligand shell.
We show that the strength reduces with the ligand length, while it increases with the
ligand grafting density. Additionally, the facet size is of importance. We find that the
strength of the interaction increases linearly with the facet area. Finally, we consider dif-
ferent alkane solvent lengths. We find that the attraction increases with the chain length.
From our results, we conclude that solvation forces are crucial in the interaction of CdSe
nanoplatelets, and for their steric stability. However, while our simulation results are in
good agreement with previous experimental studies, we were looking for an experimental
setup to confirm our conclusions. In Chapter [§ we present experimental results on the
saturation concentration, where the nanoplatelets start to assemble. We compare different
base facet areas, as well as different n-alkanes. The experiments confirm our simulation
results. Finally, we summarize our results in Chapter [9]

In AppendiqA] we present some additional results, while we present test calculations,
and simulation details in Appendix



Chapter 2

Interaction and colloidal stability of
nanocrystals

A variety of effects can contribute to the free energy of colloidal particles in a solution. The
main contributions typically include van der Waals forces Gqw, dipole-dipole interactions
G gipole-dipole, Solvation forces Giolvation forces, and depletion forces Ggepletion. In the case of
ligand grafted particles, a mixing term G, which describes the mixing of the ligand
shell with the solvent, and a term describing the compression of the ligand shell at close
particle separations Gon, have to be considered. The translational entropy Sirans, and the
rotational entropy S;. of the particles also have an influence.

From the thermodynamic perspective, the balance between these free energy terms
determines the colloidal stability of particles in a solution:

AG =) G (2.1)

In the following sections, we discuss the most important contributions. Thereby, we
limit ourselves to the main effects that influence (nano-) particles in apolar solvents, like
n-hexane.

2.1 Electrostatic interactions

Since atoms, molecules, and nanocrystals are composed of a large number of charges,
electrostatic interactions are always present. In this section, we will look at different
aspects of electrostatic interactions. We begin by considering charge-charge interactions
in Subsection[2.1.1] In particular, we consider the interaction of ions and charged surfaces.
In this context, we also discuss how polar and apolar solutions differ. In Subsection [2.1.2]
we then consider dipole-dipole interactions in general and between nanocrystals. Finally,
we consider van der Waals interactions in Subsection 2.1.3]

2.1.1 Charge-charge interactions

Electrostatic interactions can be crucial for the interaction of colloidal particles.
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Solvent Dielectric constant € | Bjerrum length Ag (nm)
Water 80 0.7
Ethanol 26 2.1
Acetone 21 2.7
n-octane 1.84 30.3
n-dodecane 2.01 27.7
n-hexadecane 2.05 27.2
Cyclohexane 2.03 274

Table 2.1: Dielectric constants e for different solvents [20], and calculated Bjerrum lengths
of two elementary charges at 300 K.

It is helpful to distinguish between polar and apolar solvents. Polar solvents are water
and aqueous solutions with high dielectric constants. In contrast, apolar solvents have low
dielectric constants, like alkanes. In these two regimes, the behavior of charged particles
differs significantly.

The interaction energy between two ions with the charges ¢; and ¢, can be calculated

by the Coulomb interaction:
L q1g
dmege T

ECoulomb = (2 2)

where r is the distance between the charges, and e the dielectric constant of the solvent.

To prevent the combining of dissolved ions, the thermal energy must be greater than the
Coulomb attraction between the charges. The Bjerrum length Ag describes the distance
between two elementary charges e at which the thermal energy (~ kgT') is equal to their
Coulomb energy [511, [52]:
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In Table 2.1} we list the dielectric constants of different solvents, as well as calculated
Bjerrum lengths for the interaction of two elementary charges as found in the interaction
of small ions like NaCl.

The Bjerrum length in water is small (MI°© = 0.7nm), while it is much larger in an
apolar solvent like n-octane (Ag°®*"® = 30.3nm) [51], 52]. This comparison indicates
already that it is easier to solve ions in water, than in an apolar solvent. Additionally,
water forms hydration shells around ions, which sterically contribute to the stabilization
of small ions [5I]. In contrast, while an apolar solvent like n-octane might restructure
around an ion, the radius of the restructured region will be much smaller than the Bjerrum
length. Therefore, it cannot significantly contribute to the stabilization.

In combination, the effects cause the solubility of NaCl and other small ions in water
and their insolubility in apolar solutions. However, this does not mean that dissociated
ions do not occur in apolar solutions. Ions in apolar media are typically either larger in
size, or contained in a protective structure, like a micelle, or a polymer [51]. Nevertheless,
in general, there are drastically fewer ions in an apolar than in a polar solvent.

However, just because there are fewer ions, does not mean that they have less impact
on the colloidal stability of nanoparticles. A related quantity to the Bjerrum length g is

(2.3)



2.1 Electrostatic interactions

the Debye-Hiickel length:

~1/2
Ap = (47T/\B Zn?zf) : (2.4)

where z; is the valency, and n) the mean number density of ion species i. The Debye-
Hiickel length arises in the context of the Poisson-Boltzmann equation [53], and quantifies
the length scale, where a charged surface perturbates a counterion cloud [52].

The magnitude of the Debye length depends solely on the solution properties, and not
on the surface properties [20]. In aqueous media, depending on the ion concentration, the
Debye length ranges from a few tens of nm to a fraction of a nm. In contrast, it ranges
between 1 to 100 pm in apolar solvents. Therefore, while there are fewer ions in an apolar
solvent, the screening of charges is drastically lower.

The differences between the polar and the apolar regime have severe consequences for
the interaction and colloidal stabilization of nanoparticles. Nanoparticles can be stabilized
by surface charges in polar solvents. Counterions will screen the surface charges. An
electric double layer (EDL) forms. As two particles approach, the electric double layers
overlap. This induces local osmotic pressure between the surfaces, which results in a
repulsion between the nanoparticles [28].

Similar to the Hamaker approach, we can formulate geometric dependent equations to
describe the interaction energy by the double layer [20]. For example, the interaction
energy of two flat surfaces is:

1 —D
G at = Ze o 2.5
EDL, flat 2D €D ( )
and for two spheres of radii Ry, and R, it is:
RlRQ —D
G spheres — = Ze? ) 2.6
EDL, sph Ri + Ry €7D ( )

where D is the surface-surface distance. Z is an interaction constant, similar to the

Hamaker constant A: )
k‘BT 9 Z@?ﬂo
7 =64 —— ) tanh 2.7
MOE( ze ) ot (41{:BT> (2.7)

It depends on the surface potential 1)y of the isolated surface (D — o0). For low
potentials, we can approximate the surface potential ¢y by the charge density o = €yet)y.
These effects can be described by the DLVO theory, named after Derjaguin, Landau,
Verwey, and Overbeek [20]. This theory describes the colloidal stability by the balance
between the van der Waals attraction, and the repulsion by the electric double layer:

AG = GvdW + GEDL- (28)

This model works well in the polar regime. However, as discussed, there are fewer charges,
and a drastically smaller screening, in the apolar regime. That is why this model is not
transferable to apolar solvents. Here, charges influence each other over large distances.
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Thus, if nanoparticles have surface charges, this will have a major impact on their inter-
action.

The question remains whether surface charges occur on nanocrystals in apolar solvents.
As we will discuss in Section 2.2 nanocrystals are usually sterically stabilized in an apolar
solvent. Ligand molecules are grafted to their surfaces, forming a protective shell, and
neutralizing the surface. Therefore, in the ideal case, the nanoparticles are neutral. In
an ideal apolar system, electrostatic interactions due to surface charges do not appear.
However, this does not completely exclude the occurrence of defects in real systems [52].
Unfortunately, there is a remarkable void in the literature concerning this issue.

2.1.2 Dipole-dipole interactions

Even in the ideal apolar system without ions and surface charges, electrostatic interactions
play a major role. Any atom, molecule or nanocrystal possesses a large number of charges.
According to the superposition principle, the electrostatic potential at a point P with the
position vector R = (X,Y,Z) away from the center of a group of charges @); is the sum
of the individual potentials:

@ (7) = 47r1606 Z | éQi (2.9)

0
— 7|

where 7; = (x;, y;, 2;) is the position vector of the charges.

Assuming that the distance |R| from the center of the charge distribution is greater
than the mean distance of the charges, a Taylor expansion can be carried out. The result
is the multipole expansion:

1 1 1 R
P(R) = Ireoc ﬁ ; Qi + @ ;(Qﬂ“z’)R
P LG E X @ 2 g

+2 Bz XY + 30,2, X Z + 3yz’ZiYZ)} +o

The first term describes the normal Coulomb potential, the second term electric dipoles
(i = Q; 1), and the third term electric quadrupoles. For neutral particles, the first
term becomes zero (). Q; = 0). However, this does not account for the other terms.
Therefore, even if atoms, molecules, or nanocrystals are overall neutral, electrostatic in-
teractions must be considered. This concerns in particular the dipole-dipole interaction.
The influence of the quadrupoles and of multipoles of higher order is usually negligible.

In general, the interaction energy of two dipoles ;7 and g with a distance 7 can be
calculated by [20]:

U |l ] = 30m - &) (s - &)
4mege 7|

Udiple-dipole = , (2.11)
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Figure 2.1: The interaction energy Ugiple-dipole (7°) Of two dipoles 117 and 5 with distance
|| depends on the relative orientation of the dipoles. Panel a shows sketches
of different dipole orientations. For a fixed distance ||, the configuration
where the dipoles point in-line in the same direction has the lowest energy.
For dipoles in nanocrystals, the minimal distance depends on the nanocrystal
shape, and therefore the minimal interaction energy. Panel b shows sketches
of nanorods with dipoles. Here, the minimal dipole distance is smaller in the
parallel configuration.

where ¢, is a unit vector pointing along the line that connects the dipoles. The strength
of the dipole-dipole interaction depends on the relative orientation of the dipoles (see Fig-
ure ) Dependent on the orientation, the dipole-dipole interaction can be attractive,
or repulsive. For example, if two dipoles point in-line in the same direction, the attraction
between the dipoles will be maximal for a given distance |7[:

2|l ||

- 2.12
dmege | 7| (2.12)

Udipole—dipole, min —

There are a number of nanocrystal types with large permanent dipoles [54, [55, [56], 57,
52]. For nanocrystals, the dipole orientation with the lowest energy actually depends also
on the position of the dipoles within the nanoparticles, the separation of the nanopar-
ticles, and the shape of the nanoparticles. For example, consider nanorods with dipoles
orientated along the central axis. A parallel orientation of the nanorods (antiparallel ori-
entation of the dipoles) can enable a closer contact and a smaller distance || between the
dipoles than a linear configuration of the nanorods (see Figure ) Thus, dependent
on the system, a parallel nanorod configuration can result in a stronger attraction due to
the dipole-dipole interaction than an in-line nanorod configuration [52].

Furthermore, thermal averaging of the relative orientations of the dipoles has to be
considered in estimating the strength of the dipole-dipole interaction between colloidal
nanocrystals (similar to the Keesom-interaction for freely rotating dipoles, see next sec-
tion). Due to the thermal averaging, the actual attraction between nanocrystals due to

11



Chapter 2 Interaction and colloidal stability of nanocrystals

the dipole-dipole interaction will generally be weaker than one would naively expect from
Equation [2.11] [48].

2.1.3 Van der Waals forces

Van der Waals (vdW) forces appear between all atoms, molecules, and particles. There-
fore, they are the most ubiquitous interaction between colloidal nanoparticles [58]. In
general, we can differentiate three effects, which can contribute to the van der Waals
forces [20]. All three contributions are essentially dipole-dipole interactions. However,
they differentiate by the dipole type.

The first one is the Keesom-interaction, as the result of the interaction of two freely
rotating permanent dipoles (or multipoles). The assumption of freely rotating dipoles is
valid at large separations, or in media with a high dielectric constant €, where the angle
dependence of the free energy is smaller than kg7T. A Boltzmann-average can be applied
to the interaction, resulting in an interaction energy:

1

ot (2.13)

GKeesom X —

where 7 is the distance, and 7' is the temperature. Permanent dipoles do not occur in every
material. Therefore, the Keesom-interaction does not appear in all materials. It should
also be noted that large permanent dipoles can occur in nanocrystals [54] [55], 56} 57, 52].
For these dipoles, the assumption of free rotation is not applicable. They are not included
in the Keesom interaction and must be treated individually (see previous subsection).
The second contribution to the van der Waals attraction is the Debye interaction. A
permanent dipole in one molecule can polarize a second molecule, creating an induced
dipole. The Debye interaction is caused by permanent dipole-induced dipole interactions.
As this interaction is very similar to the first contribution, a similar proportionality applies

here:
&mwm—%. (2.14)

However, a permanent dipole is not required to induce a dipole in an atom or molecule.
Intuitively, we can understand this as follows. Suppose the time-averaged dipole moment
of an atom or molecule is zero. Then at each instant there is still a finite dipole moment
given by the instantaneous positions of the electrons and nuclear protons [20]. The electric
field of this instantaneous dipole moment can induce a dipole in a neighboring atom or
molecule. Then, the interaction of the induced dipole moments creates an attraction.

This induced dipole-induced dipole interaction is the third term contributing to the
van der Waals attraction. The forces are called the London forces, dispersion forces, or
charge fluctuation forces. London forces are always present, since charge fluctuations
are present in every material. Here, similar to the first two contributions, the following
proportionality applies:

1

CJLomdon X _ﬁ- (215)
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Overall, the interaction energy due to the van der Waals forces is:
C(T)

ré 7

Gaw = — (2.16)

where C'(T') is a material specific constant that can depend on the temperature.

Equation describes the van der Waals interaction energy between two atoms or
molecules. The interaction between larger objects, such as nanocrystals, can be described
as the sum of the atomistic contributions. Often, the discrete nature of the materials is
not relevant. Then, the Hamaker approach can be used [59] 20, 58]. In this continuum ap-
proach, the interaction energy between the atoms/molecules of the two colloidal particles
is integrated over the particle volumes V; and V5:

A
Geaw = —/ dVl/ dVa ——. (2.17)
i Va mer
A is the material dependent Hamaker constant:
A = m*Cpyips, (2.18)

where p; and p, are the number densities in the two particles.

One advantage of this approach is that the Hamaker constant of a material only needs to
be calculated once. This greatly simplifies the calculation of the van der Waals interaction.
In the literature, Hamaker constants are typically specified for interaction in vacuum.
However, the Hamaker constant for the interaction between two particles in a solvent can
be approximated, if the vacuum Hamaker constants of the material of the two particles
Ajy; and of the solvent Ayy are known [20]:

A~ (VA = V) (2.19)

Equation has been solved for different geometries. For the interaction between two
spheres of radius R; and R, it solves to:

A RiR,
Guaw = —————-, 2.20
W T 6d Ry, + Ry (220)
under the condition that Ry, Ry > d, where d is the surface-surface distance.
For the interaction between two flat surfaces, it solves to:
GvdW A
= — 2.21
S 127d3’ ( )

where S is the surface area, and d the distance between the two surfaces.

The Hamaker method offers a good first-order approximation of the van der Waals in-
teraction. However, it neglects many-body effects between the atoms of the two particles,
and retardation effects, which are caused by the finite speed of light. Retardation effects
can be important at larger distances. Additionally, it neglects effects that appear at short
distances due to the discrete atoms. Although there are more accurate models for the ap-
proximation of the van der Waals interaction, like the Dzyaloshinskii-Lifshitz-Pitaevskii,
and the discrete coupled-dipole method, the Hamaker model is widely used, because of
its simplicity [58].

13
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2.2 Ligand effects

Capping ligands, surfactant molecules grafted to the surface of nanocrystals, have a crucial
impact on nanocrystal properties. For example, they can form permeation barriers, which
influence nanocrystal growths, and can direct reactions [27].

Ligand shells also significantly influence the interaction between nanocrystals. Let us
assume nanocrystals with a high attraction, e.g., due to van der Waals forces [21] [30]. If
we surround this nanocrystal with a ligand shell, these will help to screen the attraction.
More importantly, it will increase the distance between the nanocrystals. As the van
der Waals attraction is short in range (see Equation , this significantly changes the
attraction between the nanocrystals. This effect can be tuned well via the properties of
the ligands. In apolar solvents, ligand shells are widely used to tune sterically the colloidal
stability of nanoparticles [29] 21, 28].

Two contributions to the free energy are of importance. The first is the free energy of
the mixing of the solvent with the ligands G,ix. According to the Flory-Krigbaum theory,
we can describe the free energy of mixing of two chains tethered to a nanocrystal surface

by the equation [28] 29]:
vs (1
Gmix = 2kpT— (— - X> / 102 dV, (2.22)
Vg 2 v

where kp is the Boltzmann constant, 7' the temperature, vy the Kuhn segment volume,
vs the solvent molecular volume, and x the Flory-Huggins chain-solvent interaction pa-
rameter. ¢; and ¢, are the segment densities of the ligand shells. Equation [2.22| can be
adapted to different particle geometries, such as spherical nanoparticles or flat surfaces
120, 21].

In a good solvent (y < 1/2), the ligands of a nanoparticle will expand and mix with the
solvent, while they will shrink in a bad solvent (x > 1/2). For example, ligands with an
aliphatic tail will reject mixing with water, while they like to mix with an apolar solvent
like n-hexane. In other words, in a good solvent the mixing of the ligands with the solvent
reduces the free energy, while the mixing in a bad solvent will increase the free energy. As
two particles approach to separations d, closer than two times the expanded ligand length
L (d < 2L), solvent molecules will be pushed out of the ligand shells. In a good solvent,
this increases the free energy of the system (Gpnix > 0), and G, therefore contributes to
the repulsion between the colloidal particles. On the other hand, in a bad solvent, this
leads to a reduction of the free energy(Gpix < 0), and Gy contributes to the attraction
[28]. Therefore, nanoparticles coated with ligands with an aliphatic tail will have a lower
colloidal stability in water than in n-hexane [60].

The second contribution is the compression of the ligand chains at small separations.
In the classical approach via the Flory model, it is assumed that the ligand density is
small, and that the compression of the ligands starts at distances d < L. The approach
describes the compression as [61], 29]:

62 —1

Geom = 2kgTv [ —1In 5] , (2.23)
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A

Figure 2.2: Schematic sketches to illustrate the arrangement of the ligands in the ligand
shell on a curved/spherical surface (panel a) and on a flat surface (panel b).
The ligand packing density is reduced at a curved surface.

where ¢ is the compression ratio, and v is the total number of ligands per unit area of the
nanoparticle.

As the ligand shells are compressed, the ligands can occupy less volume. Therefore,
their configurational entropy reduces. This causes a repulsion, and an increase in the free
energy Geom [29, 21]. In general, the repulsion will depend on the ligand density, the
elastic properties of the ligands, and the degree of interpenetration of the ligand shells.

In a good solvent, both terms create a repulsion at small particle distances. It is usually
possible to use different molecules as ligands, e.g., carboxylic acids with different length
[45]. Therefore, it is relatively easy to control the minimal distance between colloidal
particles by the ligand shell, thereby tuning the attraction, and their colloidal stability.

In this context, an understanding of the key properties of ligand shells is helpful. A key
aspect is the ligand packing density. The packing density of a ligand shell will increase
with the ligand grafting density. However, an increase in the packing density can also be
achieved by using ligands that occupy more space, like dendrimers [62].

It is important to be aware of the influence of surface curvature. In comparison, the
ligand shell of a particle with a curved surface and linear ligands will be dilute, while the
ligand shell of a particle with flat facets will be dense (see Figure .

We can address this by an empirical model [63, 27]. We define the ligand packing

density Ao(r) by Aolr)

A = 2.24

o(r) = 252, (2.24)

where Aq(r) is the cross-sectional area per ligand, and Ag the surface area per ligand.

For a curved surface, the ligand packing density Ao(r) will be smaller at larger distances
r to the surface. For a sphere, we can describe it as:

R2

T R? A0 sphere(0), (2.25)

>\0,sphere (T‘) -

where R is the radius of the sphere. In contrast, for an extended flat surface, we get:

/\O,ﬂat (T) = /\O,ﬂat(o)- (226)

Although it should be noted that the facets of nanoparticles are finite, this nevertheless
demonstrates the greater packing density on flat surfaces. The empirical model highlights
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the crucial influence of the surface curvature on the packing density of the ligands, which
has to be considered in the discussion of the impact of ligand shells.

Concerning the continuum approach, we should mention that the model assumes dilute
ligand shells [29, 21]. However, this is not always an adequate description. For example,
CdSe nanoplatelets with 5.4ligands/nm? have a rather dense ligand shell. Whereby, the
interpenetration of two approaching ligand shells is quite limited [45]. Furthermore, there
are several effects that are not covered due to the continuum approach. In a bad solvent
[32], or at a low temperature [64] 33, [30], the tendency of the ligands to mix with the
solvent molecules is strongly reduced. In such a regime, it is more favorable for the ligands
to form bundles due to the van der Waals attraction between the chains [65, 28, 27]:

3m L
812 x5’
where L is the chain length, [ the carbon-carbon bond length, A the Hamaker constant,
and x the backbone separation. As a result, the structure of the ligand shell significantly
affects the interaction between nanoparticles [33, 30, 31].

In this context, it is worth taking a look at dried superlattices of nanoparticles. Such
a superlattice can be generated via evaporation of the solvent, in which the nanoparticles
have been synthesized, or dispersed. A typical assumption for simulations and calcula-
tions is that the superlattice symmetry does not depend on the dynamics in the solvent.
Therefore, in simulations, and calculations of such a superlattice, usually only the dried
up state, without any solvent, is considered. For the prediction of nanoparticle separa-
tions, and of superlattice symmetries (bcc, fee, etc.), geometrical models were developed
[28]: the optimal packing model (OPM) [66], the overlap cone model (OCM) [67], and
the orbifold topological model (OTM) [68]. The OTM model is stands out. It treats
ligand shell deformations as a set of topological defects, such as vortices and declination
lines [68], [69]. For the future, it seems worth considering such concepts to improve the
description of the ligand shell of dispersed nanoparticles.

Finally, the introduced continuum approach neglects the effect of solvation, and deple-
tion forces, which we will introduce in the following two sections. These forces depend
strongly on the properties of the interface of the colloidal particle with the solvent, and
such on the ligand shell. This is a main aspect of this thesis.

2.3 Solvation forces

When a surface is brought into contact with a liquid, the structure of the liquid near it
changes [20]. Often, the liquid molecules restructure into layers, as depicted for spherical
molecules in Figure [2.3h. In these cases, the layer formation is evident from an oscillation
in the liquid density, which decreases in amplitude with distance from the surface. How
strong the change in the boundary layer is depends on the nature of the surface, as well
as the liquid type. At rough, uneven, or soft surfaces the liquid density oscillation is
reduced. This also applies to bulky liquid molecules, which poorly form layers.

In turn, when two surfaces approach each other in a liquid, the layering can be am-
plified (Figure ) Dependent on the distance D, well-defined liquid layers appear

Glig-lig = — (2.27)
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Figure 2.3: Schematic sketches to illustrate the liquid layering and density changes of
spherical molecules at a surface (panel a), and the changes as two surfaces
approach each other (panels b, and c).

(Figure 2.3F). These layers are energetically or entropically favored [70]. When the dis-
tance is varied, oscillatory forces appear. These forces are called solvation, or structural
forces. In the case of aqueous solutions, where hydrogen bonds are of large importance,
these forces are also referred to as hydration forces.

The oscillation also manifests itself in the free energy. States with well-defined layers
correspond to minima in the free energy, whereas free energy maxima are located at the
transitions between the states. Typically, the free energy oscillates with a periodicity
equal to the mean diameter d of the liquid molecules [71]. In a first approximation, the
free energy can be described by an exponentially decaying cosine function [20, [70]:

alo

Gsolvation forces = GO COS (#) e 9, (228)
where G is the value of the first free energy minimum. In the first minimum, the two
surfaces are in contact (D ~ 0). Usually, the oscillation decays on separations of 5 to 10
molecular diameters [72]. It is worth noting, that the restructuring of the liquid does not
only create solvation forces. Due to the density changes in the liquid, it also influences
the van der Waals attraction between the two surfaces. Therefore, solvation forces can be
seen as van der Waals forces at small distances, with inclusion of the discrete structure
of the fluid [70]. However, the relationship between solvation forces and van der Waals
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forces could also be considered as an example of the nonadditivity of intramolecular and
(nano-) particle interactions, in the sense that the different forces are not independent of
each other [22].

Solvation forces have been intensely studied for extended surfaces. Israelachvili sum-

marizes the essential aspects of different properties in his book [20]. We reproduce them
here in abbreviated form.

18

e Magnitude. The oscillatory solvation force in general exceeds the van der Waals

force at separations below 5 to 10 molecular diameters.

Inert, spherical, rigid solvent molecules. The periodicity of the oscillatory
solvation forces at room temperature is typically close to the mean molecule diam-

eter. For example, this is the case for tetrachloromethane, benzene, cyclohexane,
and OMCTS [71].

Linear and branched solvent molecules. Christenson et al. have measured
the solvation forces between molecularly smooth mica surfaces in different n-alkane
solvents [72]. Independent of the length of the linear alkane molecules, they have
found oscillating solvation forces at separations below around 5nm, that decay with
the distance between the mica surfaces. In contrast to liquids with rigid spherical
molecules [71], the length of the n-alkane molecules does not influence the periodic-
ity, which is comparable to the width of the alkane molecules. However, the strength
of the solvation forces increases with the alkane length. Branching of alkanes dis-
rupts the liquid layering. Therefore, it can reduce the amplitude of solvation forces,
and in the extreme case change it from oscillatory to monotonic 71}, [73].

Water, and immiscible polar components in apolar liquids. Even a trace
amount of water in an apolar liquid can have a dramatic effect on the solvation
force between hydrophilic surfaces. When water molecules adsorb to the hydrophilic
surfaces, they cause a disruption in the ordering of the solvent layering. Typically,
this leads to a shift of the oscillatory forces to lower, more adhesive energies.

Surface structure and roughness. Between two completely smooth surfaces,
the liquid molecules will order in layers (out-of-plane ordering). However, there is
little inducement for ordering within planes (in-plane ordering). On the other hand,
if the surfaces have a crystalline periodic lattice structure, this will induce in-plane,
“epitaxial” ordering [74]. In contrast, if the surface is randomly structured or rough,
the oscillatory solvation force can vanish, and be replaced by a monotonic force.

Surface curvature. As long as the curvature of a surface is regular, or uniform,
ordering of the liquid, and therefore solvation forces can occur. This is a conse-
quence of the Derjaguin approximation. This relationship has often been used in
the measurement of solvation forces [72]. However, it is worth noting that if the
surface properties change together with the curvature, the Derjaguin approximation
can lose its validity.



2.4 Depletion forces

It is to assume that the above listed fundamental behavior of solvation forces does not
differ from the appearance of oscillatory solvation forces between nanoparticles. However,
the appearance of solvation forces depends on the geometry and surface structure of the
interacting objects. Therefore, only detailed studies of nanoparticle systems can provide
insight into the solvation forces that actually occur.

While there are various studies considering the role of solvation forces in the interaction
of nanoparticles with hard and smooth surfaces [75], especially of hydration forces in
aqueous environments [76l [77, [78], there are fewer studies considering solvation forces
between ligand coated nanoparticles in apolar solvents.

The interaction of ligand coated nanoparticles is of great significance, as nanoparticles
in apolar solvents typically are sterically stabilized by ligands. In general, a surface that is
coated with ligands will be softer than the solid surface. Therefore, it is counterintuitive
to expect large solvent restructuring at the ligand-solvent interface, and large solvation
forces. This is particular true, if the solvent is a good or a theta solvent for the ligand
shell, or if the surface the ligands are bound to is curved (see Figure [63, 27].

Studies of ligand coated spherical nanoparticles in explicit apolar solvent, support these
arguments [30} B1) B2, 60]. Due to the soft ligand shells, solvent layering and solvation
forces are insignificant. However, for similar ligand grafting densities, the ligand packing
density at the ligand solvent interface is larger on flat surfaces than on curved surfaces
(see Figure [63, 27]. Widmer-Cooper et al. have studied ligand coated nanorods with
large, but narrow, flat facets. As they have shown by molecular dynamics simulations, in
these systems solvation forces have a crucial impact on the effective interaction [33], 34].
The solvent layering, and the solvation forces, depend on the temperature. At lower
temperatures, the ligands form bundles that support solvent layering, causing significant
oscillatory solvation forces. In contrast, at higher temperatures, the ligands become dis-
ordered, and the interaction changes to a monotonic repulsion [33]. They have also shown
that the solvent layering and the solvation force becomes weaker for lower ligand grafting
densities. Additionally, they have studied different facet widths. Since the facet width
influences the space available to the ligands, as well as the ordering of the ligands, it
influences the shape and strength of the solvation forces. The effect of the facet width
is most pronounced at low ligand grafting densities, where the interaction is monotonic
repulsive for narrower facets, and oscillatory for broader facets [34].

2.4 Depletion forces

The presence of smaller particles can cause an attraction between colloidal particles that
is of entropic origin [52), 58, 20]. The acting force is commonly known as the depletion
force, and the particles that cause it as depletants. Depletants can be polymer coils,
micelles, and smaller solid particles.

For a dilute concentration of depletants, the mechanism was first described by Asakura
and Oosawa [79]. Let us consider two colloidal particles, and spherical depletants. We
can define a volume around the colloidal particles that the center of the depletants cannot
enter, as depicted in Figure for two platelets. As the two platelets assemble, this
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excluded volume reduces by AV (Figure 2.4b). The increase in available volume V is
connected to an increase in the entropy of the depletants, and thus to a reduction of the
free energy [58]. The free energy by the translation entropy of the depletants is:

Gdepletants, translational — _NkBT In VYa (229)

where N is the number of depletants. Assuming that 1} is the original volume, and AV
the volume change, we can rewrite this to:

A
Gdepletants, translational = _NkBT In (VE) + AV) = _NkBT |:1H % +In <1 + 7V>:| . (23())
0

We can approximate the second term via the Taylor series around the expansion point of

value 1:
AV AV (%)2
In (1 ~ — 2.31
n( + Vo) T 5 + ( )

NEgT/Vy is the osmotic pressure posmotic- 1 herefore, taking only the first term of the
Taylor series into account, the depletion force effects the free energy by:

Gdepletion ~ — Posmotic Av (232>

As the strength of the depletion force depends on the excluded volume, it is typically
stronger between colloidal particles with flat facets, like platelets, than between particles
with a curved surface like spheres (Figure 2.4b, c).

In the Asakura-Oosawa model, we assume that outside of the depletion zone, the de-
pletants are uniformly distributed. For a low depletant concentration, this is a good
approximation. However, at higher depletant concentrations, this approximation breaks
down, and the depletants form layers around the larger colloidal particles.

Crocker et al. have done a study that demonstrates this point well [80]. They have
probed the effect of the depletion force between two PMMA (polymethylmethacrylate)
spheres in a line optical tweezer. The PMMA spheres have diameters of about (1100 £
15) nm. As depletants, they have used 83 nm PS (polystyrene) spheres. For low depletant
volume fractions, they have measured free energy curves that are monotonically attractive,
and in good agreement with the Asakura-Oosawa model. However, in slightly larger
volume fractions, they have found a repulsive barrier at separations of about the diameter
of the depletants. Finally, for volume fractions > 0.25, they have measured oscillating
free energy curves. Crocker et al. explain this by the more pronounced layering of the
depletants.

It becomes apparent that there are large similarities in the behavior of depletion and
solvation forces, as both of which are caused by the layer formation of particles, and are
largely a result of entropy changes. Thus, the free energy curves of Crocker et al. for large
volume fractions and the free energy curves describing solvation forces between colloidal
particles are very similar (compare with results in Chapter [7)). Therefore, for this work,
which is mainly concerned with solvation forces, it is worthwhile to take a closer look at
the behavior of depletion forces.
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2.4 Depletion forces
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Figure 2.4: Schematic sketch to illustrate the Asakura-Oosawa model of the interaction
of colloidal particles in a dilute depletant solution. We can define an excluded
volume around each colloidal particle that the center of the depletants cannot
enter (panel a). As two particles approach, the change in excluded volume
AV leads to an attraction between the particles (panel b). For similarly sized
particles, the excluded volume AV is smaller between particles with a curved
surface than between particles with a flat surface (panel c).

Mason has studied the depletion interaction caused by nanometer-sized micelles between
micron-sized disks and spheres of wax in mixed aqueous dispersions [81]. In agreement
with the Asakura-Oosawa model, he has found that the depletion force can be controlled
by the micelle concentration. Thereby, he has shown that the micelle concentration at
which the micron-sized particles start to aggregate depends on their orientation, shape,
and size. Assembling of disks occurs at much lower concentrations than that of disks with
spheres of similar sizes. Again, the aggregation of spheres with each other happens at
even higher micelle concentrations.

For disks, the change in excluded volume at an approach depends on the relative orien-
tation. Accordingly, the attraction is stronger in the base facet-to-base facet orientation
than in the side facet-to-side facet orientation. Therefore, Mason has found that, depen-
dent on the micelle concentration, disks form stacks. At higher micelle concentrations,
these stacks form bundles, attracting each other side by side.
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Chapter 3

CdSe nanoplatelets as model system

Solvation forces are caused by the restructuring of the solvent between surfaces or inter-
faces. Thereby, the restructuring is more pronounced between hard surfaces. As illus-
trated in Figure 2.2] the ligand shell on a flat surface is denser than on a curved surface.
Therefore, we expect stronger solvation forces between nanoparticles with flat facets than
between nanoparticles with curved surfaces. Among the different shapes of nanocrystals,
nanoplatelets possess a maximized facet to particles size ratio. Therefore, nanoplatelets
are an optimal model system to study solvation forces.

We use CdSe nanoplatelets as a model system. They have several properties, which
are advantageous. They typically have a rectangular shape, where their thickness can be
controlled with atomistic precision. They possess optical properties that we can exploit by
charge carrier measurements to learn about their agglomeration behavior (see Chapter.
Additionally, the magnitude of the van der Waals force between the CdSe nanoplatelets
is small. This is helpful, as a weak van der Waals attraction will not dominate over the
solvation forces.

This chapter is structured as follows. In Section [3.1], we discuss the synthesis of CdSe
nanoplatelets. Thereafter, we discuss the unique (optical) properties of CdSe nano-
platelets in Section as well as their precipitation behavior in Section In the
following Section [3.4] we discuss the interaction between CdSe nanoplatelets, and how
the different contributions to the interaction influence the colloidal stability. We show
that the van der Waals attraction is too weak to be the cause of the nanoplatelet stack
formation. Finally, we discuss, how other contributions can be the cause of stack forma-
tion, and the role of solvation forces.
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Chapter 3 CdSe nanoplatelets as model system

3.1 Synthesis of CdSe nanoplatelets — atomistic precision

Zincblende CdSe nanoplatelets typically have a rectangular platelet-like shape. They can
be synthesized by a colloidal approach [44], 45 [37]. Typically, a long-chain Cd(carboxylate),
like Cd(myristate)s is used as a precursor. It is heated together with Se powder in a non-
coordinating solvent like 1-octadecene. Then, a short-chain Cd(carboxylate)s is added.
The nanoplatelet thickness is controlled by the addition temperature, while the lateral
size of depends on the reaction time [82]. As resulting nanoparticles are typically not
uniform, usually a series of selective precipitation and centrifugation steps are performed
45} 137].

The key feature of CdSe nanoplatelets is that the thickness can be controlled with
atomistic precision, independent of the lateral size. The thickness is usually expressed in
the number of monolayers m (m Se layer, and m + 1 Cd layers).

3.2 Special electronic and optical properties of CdSe nanoplatelets

The electronic and optical properties of bulk solids usually do not depend on their size.
However, this changes when we consider solids with at least one dimension smaller than
a few nanometers [16]. Here, intriguing quantum confinement effects appear that signifi-
cantly change material properties.

In an atom or molecule, the electronic structure is characterized by discrete states. In
contrast, in a bulk material, the energies of the electronic states form continuous bands
(see Figure[3.1h). Semiconductor nanocrystals can be placed between these cases. As we
reduce the nanocrystal size in at least one dimension to the nanometer regime (< 2—50nm
dependent on the material), fewer atoms contribute with their orbitals to the combined
electronic states. More discrete energy levels appear, and the energy band gap increases
(see Figure[3.1p) [84]. Thus, we can control the band gap by the nanocrystal dimensions.
This effect is known as the quantum confinement effect.

We can understand this effect also from a different perspective. As we promote one
electron from the valance band to the conduction band, we create a hole located in the
valence band. If the attraction is strong enough, they can form an exciton. In an exciton,
the hole and the electron are bound to each other.

First, we consider the binding energies and the binding radius of an exciton in a bulk
material, where the exciton can expand and move freely in any direction. We can describe
the exciton analog to the approach for a hydrogen atom [85]. The Hamiltonian includes
the kinetic terms for the hole, and the electron, as well as the term for the Coulomb

energy: h2 h2 )
e
2 Vi

H=-— (3.1)

e

o2m: ¢ 2mi " elro — |

where m} and m; are the effective masses, and € is the material specific dielectric constant.
We transform the Hamiltonian to relative coordinates and center of mass coordinates (cm):

H = Hey + Hreb (32)
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Figure 3.1: Schematic sketch of the electronic energy states respectively bands in different

materials to illustrate the quantum confinement effect. In panel a, we sketch
band structures of bulk materials. In bulk materials, the energy states com-
bine to continuous bands. In metals, the highest energy electrons occupy a
partially filled band. In semiconductors and insulators, a gap occurs between
the valence band and the conduction band. Thereby, semiconductors have
a smaller band gap than insulators. As illustrated in panel b for quantum
dots, the number of states in semiconductor nanocrystals reduces with their
size. If one or more dimensions of the nanocrystals becomes small enough, the
quantum confinement effect appears, and the band gap is tuned. Therefore,
the absorption and emission spectrum of nanocrystals can be controlled by
the nanocrystal size and shape. Panel b is inspired by figures in [83], [84].

assuming a wave function of the form:

\I/(Te,Th) = \chm(R)\I]rel(r)7

(3.3)

where r =1, — 1, and R = (me xre +myp x 1) /(me * +mpx). We introduce the reduced

mass p = (mimpx)/(me * +my*). Finally, we obtain:

Hy = —gvi - ; (3.4)
The resulting eigenvalues for the exciton binding energies are:
E, = (—13.6 e\/)m, withn =1,2,3, ..., (3.5)
and the exciton Bohr radius: m
ap = = S, (3.6)
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Figure 3.2: Panel a shows sketches of nanocrystals with different shapes and sizes. A
sphere is also shown. It represents the bulk exciton Bohr radius. Panel b
shows the idealized density of states (DOS) for one band of a semiconductor
[16]. The DOS depends on the dimensions of the material. For example,
the energy levels are continuous in the case of a bulk semiconductor, while
they become discretized in a 1D nanorod or 0D quantum dot. The Figure is
inspired by illustrations in [16, [84].

where ag is the Bohr radius. For the different energetic states results:
<Tn> - CLBTL2. (37)

Typical exciton Bohr radii in bulk materials are e.g., (4-6) nm in CdSe, 29nm in InAs,
and 104 nm in PbTe [86, [87].

Often, the dimensions of nanocrystals are close to the bulk exciton Bohr radius or
smaller (see illustration in Figure ) In such a nanocrystal, the exciton can no longer
expand and move freely.

We can consider this situation to resemble the standard particle in the box problem.
We can describe the box by potential walls, for example, in the case of a confinement in
one dimension by

V=0, 0<z< L

(3.8)
V=oco,2<0,L<uz,

where L is the box size, and x the coordinate. This approach results in discretized energy

states [88]:

Bt = 1=1,2,3, .., (3.9)
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3.3 Precipitation behavior and nanoplatelet stacking

where m* is the effective mass of the confined particle.

Depending on the size of the nanocrystal, we can either treat the whole exciton as a
confined particle, or the electron and the hole separately [15]. In both cases, the energy
increases by a term similar to E{°™ oc L=2, and thus the band gap. It should be noted
that the Coulomb interaction between the hole and the electron also changes, which in
turn leads to a term that reduces the band gap and partially counteracts the quantum
confinement effect. However, the Coulomb term typically scales with oc L=!. Thus, the
Coulomb term is more important in larger nanocrystals [15]. Of course, this is a very
simplified description, for a more detailed description, please refer to [84] [15].

The quantum confinement effect depends on the dimensions of a semiconductor. We
can differentiate between semiconductors where the quantum confinement appears in one
(quantum wells, nanoplatelets), two (nanowires, nanorods), or three dimensions (quantum
dots) (see Figure [3.2h). Thereby, the shape and size of a nanocrystal also influences the
density of states (DOS) (see Figure[3.2b) [16]. While the DOS is typically proportional to
the root of the energy F in bulk semiconductors (DOS o« E %), it shows a step-like shape
in 2D semiconductors, such as quantum wells or nanoplatelets. Thereby, the energy
is constant between steps (DOS oc E°). In 1D semiconductors, such as nanorods or
quantum wires, the DOS also shows a step-like behavior. However, between steps, the
DOS decreases (DOS E‘é). Finally, the DOS becomes quantized in 0D quantum dots.

The first known quantum wells were grown epitaxial on surfaces. Semiconducting nano-
platelets, such as CdSe nanoplatelets, are the colloidal equivalent [52]. Here, the quantum
confinement is created by the finite thickness of the nanoplatelets, as it is smaller than
the exciton Bohr radius. In the case of CdSe nanoplatelets, the thickness can be con-
trolled with atomic precision. Thereby, the lateral size can be chosen independently of
the quantum confinement effect. Usually, the absorption cross-section of a nanocrystal
grows with its size. The variable lateral size, allows tuning of the absorption cross-section
[35]. This is an advantage over spherical quantum dots, where the absorption cross-section
is in competition with the required quantum confinement effect. As this is not the case in
nanoplatelets, large absorption cross-section can be combined with sharp emission peaks.
A typical, absorption and emission spectra can be found in Figure 8.Ip. Due to their
optical properties [52], CdSe nanoplatelets are candidates for the usage in light-emitting
devices [40], field effect transistors [42], solar cells [41], and lasers [43].

In Chapter [§], we show that the optical properties can be used to experimentally measure
the saturation concentration, where the nanoplatelets start to assemble. We use the
method to compare different nanoplatelets sizes, and solvent types. The results allow us
to draw conclusions about the nature of the interaction between the nanoplatelets.

3.3 Precipitation behavior and nanoplatelet stacking

When dispersed nanoparticles precipitate, they typically agglomerate into larger objects.
Similar to other disk or platelets shaped nanoparticles [39, 47], Jana et al. have found
that CdSe nanoplatelets form stacks [45]. Thereby, the nanoplatelets self-assembly base
facet to base facet. Interestingly, they have shown that for saturated surfactant ligands
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Figure 3.3: Typical ligands used for passivation and steric stabilization of CdSe nano-
platelets.

like myristic acid, there is nearly no interdigitation between the ligand shells. Only for
oleic acid ligands, they have found some degree of interdigitation. This shows that the
continuum approach, which is often used to describe the interaction between ligand shells,
is not suitable (see Section [2.2)).

In general, CdSe nanoplatelets are metastable in apolar solvents. Dependent on the
concentration, the stacking, and therefore the precipitation time varies between hours,
days, and months. Jana et al. have studied the colloidal stability of CdSe nanoplatelets
in n-hexane. As expected, the flocculation is faster for higher nanoplatelet concentra-
tions [89, O0]. This is expected because the collision rate of nanocrystals increases with
nanocrystal concentration. Furthermore, the translational entropy decreases with the
nanoplatelet concentration, since the translational entropy depends on the accessible vol-
ume per particle. Therefore, the balance of the contributions to the free energy shifts
towards assembling.

The flocculation rate and the colloidal stability also depends on the ligand length.
They varied the ligands between heptanoic acid, octanoic acid, decanoic acid, myristic
acid, and oleic acid (see Figure . Independent of the nanoplatelet concentration, they
have found that the colloidal stability increases with the ligand length from heptanoic
to decanoic acid. The difference between decanoic and myristic acid is negligibly small.
Nanoplatelets with oleic acid are dramatically more stable in the dispersion. We assume
that this is due to the double bond in oleic acid that changes the ordering of the ligands.

For the nanoplatelets with oleic acid ligand shells, they studied different concentration
of oleic acid in the dispersion. Increasing the oleic acid concentration, they first have
observed an increase in the steric stability. They attribute it to an increase in the ligand
shell density. After an optimal stability, they have observed a decrease in the steric
stability. Presumably, oleic acid acts as a depletant. In a consecutive study [46], they
have used the oleic acid concentration to control the length of the nanoplatelet stacks.
They have shown that the CdSe nanoplatelet stacks behave similar to living polymers
[91], ©2].
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3.4 Interaction of CdSe nanoplatelets

As Abecassis et al. have shown, the stack formation can also be controlled by the
addition of a bad solvent to the ligands like ethanol [93]. They have created superparticles.
These superparticles consist out of parallel assembled nanoplatelet stacks.

3.4 Interaction of CdSe nanoplatelets

To control the steric stability, it is desirable to get an understanding of the fundamental
forces that drive the nanoplatelets to form stacks. As described in the previous Chapter,
the steric stability of a colloidal nanoparticle depends on the balance of different free
energy terms.

Let us consider first the ligand effects. Typical ligands used for CdSe nanoplatelets are
heptanoic acid, octanoic acid, decanoic acid, myristic acid, and oleic acid (see Figure
[45], [46] [37]. Typical solvents are n-hexane, and other alkane solvents [45] 46, 37]. The
solvent and ligand molecules are chemically similar. Therefore, unmixing of the ligand
shell and the solvent at close contact will create a repulsion (G > 0, see Section .
Of course, the compression term also leads to repulsion at close distances (Geom > 0).

However, in the attempt to understand stack formation, it is even more important to
explain the attraction between the nanoplatelets. The core-core van der Waals attraction
is always present. However, its strength depends on the nanocrystal material. In Sec-
tion [2.1.3] we described how the Hamaker approach can be used to estimate the van der
Waals interaction energy.

We use the Hamaker approach to estimate the core-core van der Waals attraction
between CdSe nanoplatelets. The core-core van der Waals interaction is influenced by the
ligand shells at small nanoplatelet separations, and by the ligand shells plus the solvent
at larger separations. For all three media, we need the Hamaker constants. According to
Rabani, the Hamaker constant of CdSe is Acqse = 6.216 1072° J [94]. From Hough and
White [95], we adopt the Hamaker constants of n-alkanes with different length Aajxane-
They are listed in Table [3.1} The description of the ligand shell is more problematic. To
our knowledge, there is no Hamaker constant to describe it. However, the ligand tails
and n-alkanes are chemical similar. Therefore, the Hamaker constant of the ligand shell
should be close to that of n-alkanes.

We calculate the van der Waals attraction between two flat CdSe crystals in different
n-alkane solvents. We use Equation to calculate the Hamaker constant of CdSe
interacting through n-alkane solvents. With the resulting Hamaker constant and Equa-
tion[2.21] we estimate the interaction energies between two nanoplatelet facets. It is worth
noting that equation assumes two infinitely thick flat surfaces. Therefore, we can
assume that it overestimates the strength of the van der Waals attraction.

For nanoplatelets with 225nm? facet areas, we compare the face-to-face interaction
energy in different n-alkane solvents (Figure ) This is the base facet area Jana et al.
have used [45]. The strength of the van der Waals interaction decreases with increasing
n-alkane chain length.

In the next step, we compare the van der Waals attraction between different facet areas
(Figure [3.4b). As we do not know which n-alkane solvent describes the interaction best,
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Figure 3.4: Estimation of the core-core van der Waals interaction energy between CdSe
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nanoplatelets [96]. In panel a, we compare the interaction energy in different
n-alkane solvents. Here, the base facet area is 225 nm?. The attraction reduces
with the n-alkane chain length. In panel b, we compare different nanoplatelet
base facet areas. Thereby, we use broader curves to illustrate the effect of
the different n-alkanes (n-propane to n-hexadecane). The colors of the curves
change, as they overlap. In panel ¢, we compare the van der Waals interaction
energy of CdSe nanoplatelets through n-octane with the interaction energy of
hypothetical nanoplatelets consisting of metal. Again, the base facet area is
225nm?. Jana et al. have measured for different ligands the surface-surface
distance of stacked nanoplatelets [45]. The distance varies between 2.1 and
4.1nm. In all panels, we mark the range with a gray rectangle.



3.4 Interaction of CdSe nanoplatelets

Alkane chain length | Hamaker constant (10720 J)
) 3.75
6 4.07
7 4.32
8 4.50
9 4.66
10 4.82
11 4.88
12 5.04
13 2.05
14 5.10
15 5.16
16 5.23

Table 3.1: Hamaker constants of different n-alkane solvents at 20°C from Ref. [95]. The
value increases with the molecule length.

we illustrate the effect of the different solvents by broader curves. The strength of the
attraction increases with the facet area.

If the platelets were very close to each other, then the van der Waals attraction would be
strong enough to explain the observed stack formation. However, due to the ligand shell,
this is not the case. For face-to-face stacked nanoplatelets, Jana et al. have measured the
distance between neighboring nanoplatelets. Dependent on the ligand length, they have
found surface-surface distances between 2.1 nm for heptanoic acid ligands, and 4.1 nm for
oleic acid ligands. For these distances, we estimate that the attractive van der Waals
interaction energy for 225nm? is around or below 1 kgT'. In Chapter , our experimental
collaborators use CdSe nanoplatelets up to 400nm?. As the van der Waals interaction
increases with the facet are, in this case the interaction energy is around or below 2 kgT'.

We do not know which alkane solvent best describes the ligand shell. Nevertheless,
from our estimations, we conclude that the van der Waals attraction between the CdSe
crystals is too weak to be (alone) responsible for the nanoplatelet stack formation.

This may come as a surprise, as the stability of colloidal (nano-) particles in apolar
solution is often described as the balance between the attractive van der Waals interaction
Gaw, the mixing of the ligand shell with the solvent G, and the compression of the
ligand shell G [29, 21), 28]. However, the strength of the core-core van der Waals
attraction strongly depends on the materials. The Hamaker constants of metals are large
(20 to 50 10720 J) [20, 7] compared to CdSe. In Figure we compare the interaction
of CdSe nanoplatelets through n-octane with the interaction of metallic nanoplatelets
through n-octane. The attraction between metallic nanoplatelets is drastically larger.

As the van der Waals attraction between the CdSe cores does not appear to be respon-
sible for the stack formation, other contributions to the interactions have to be consid-
ered. A possibility is that there are permanent dipoles in the CdSe nanoplatelet crystals
(see Section [2.1.2)). Dozov et al. have measured the dipoles in CdSe nanoplatelets by
transient electric birefringence [48]. The average dimensions of the nanoplatelets are,
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20nmx9nmx1.5nm. They have found a permanent dipole that is larger than 300 D.
Whereby, the in-plane component is larger than 245 D, and the component along the nano-
platelets thickness (out-of-plane) is around 80 D. The interaction energy of two dipoles in
neighboring nanoplatelets depends on the relative orientation of the dipoles, respectively
their components. They calculated for facet-to-face oriented nanoplatelets at a separa-
tion of about 4nm a maximal interaction energy of Ggipole-dipole = —3kp1. However, as
Dozov et al. discuss, in reality the relative orientation of the dipoles might not be opti-
mal. Additionally, thermal averaging should be considered. Such effects would weaken
the attraction. It is likely that the dipole-dipole interaction contributes to the stack for-
mation. However, it seems unlikely that they are the driving force. In any case, it would
be worthwhile to investigate the dipole-dipole interaction in CdSe nanoplatelets further,
considering different nanoplatelet facet areas as well as thicknesses.

In this thesis, we follow a different hypothesis. With large flat facets, and a very
dense ligand shell, we expect that solvation forces are crucial for the interaction, stack
formation and steric stability of CdSe nanoplatelets. In the following Chapters, we use
molecular dynamics simulations to study solvation forces between ligand passivated CdSe
nanoplatelets.
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Chapter 4

Methods: molecular dynamics

simulation, force fields, and umbrella
sampling

For the description of complex systems, analytical models are often not sufficient. In such a
case, simulations can be applied. In this chapter, we give a brief introduction to molecular
dynamics (MD) simulations, force fields, and umbrella sampling. The introduction to MD
simulations is inspired by the book of Frenkel and Smit [98].

4.1 Molecular dynamics simulations

A molecular dynamics simulation has features similar to an experiment [98]. In a real
experiment, we prepare a sample. We assign a measurement instrument, e.g., a ther-
mometer, to the sample. Then we run the measurement over a defined time. When we
perform a molecular dynamics simulation, we follow the same concept. First, we define
a model system with N particles. For each particle, we assign a mass m;, and a position
vector r;. Then we solve Newton’s equation of motion:

ol
Zdtz_z_ 8’/“i

U(ri,...,Tn), (4.1)

where f; is the force acting on the particle i, and U(ry,...,7y) is the potential energy.
U(ry,...,rn) results from the interactions between the individual particles (see next sec-
tion). After the implementation, we relax the system into the thermodynamic equilibrium.
Then we perform our actual measurement.

Several algorithms exist, to solve the equation of motion for each particle r;. All of
them have in common that they solve the originally continuous equation of motion with
discrete time steps At. The Verlet algorithm is one of the simplest. It results from a
Taylor expansion of the particle position r; around the time t. We start the derivation
with
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and
A(t At?
ri(t — At) = ri(t) — v (t) At + ymﬁ -5t O(AtY), (4.3)
m; .
where v;(t) is the velocity vector of the ith particle, and f;(¢) the force acting on it. We
sum up the two equations, and get:
AR o filt) » 2 4
r(t+ At) + r(t — At) = 2ri(t) + —= A" + O(ALY). (4.4)
my;
Finally, we get:
AU
m
Iteratively solving Equation for each particle in each time step, we progress our sim-
ulation. Thereby, the velocity is not used. However, it can be calculated via:

ri(t 4+ At) & 2ry(t) — r(t — At) + (4.5)

, 2
v; (%) SA7 + O(At7). (4.6)
An alternative algorithm that uses the velocities is the velocity-Verlet algorithm:
(T
ri(t + At) = ri(t) + v (t) At + %Ata (4.7)
m;
J(t+ At (T
vi(t + At) = vi(t) + Jilt+ 2”2'+f( )At. (4.8)

Both algorithms conserve the number of particles N, the volume V| and the energy F
(NVE ensemble).

The algorithms satisfy two properties that are crucial for long-term stability. They
are time-reversible and symplectic [99]. The algorithms solve the equations of motion
of a system in discrete steps. Thus, time reversibility means that if we take the initial
condition 7;(t + At), v;(t + At) and step —At backwards in time, we will end up with
ri(t), v;(t). Furthermore, the symplectic algorithms have the property that they solve
exactly the discrete “shadow” Hamiltonian H(r;, At), which is an approximation of the
true Hamiltonian H(r;) of a system. This auxiliary Hamiltonian remains close to the true
Hamiltonian, such that H(r;) = H(r;, At) for t — 0. Due to these important properties,
system properties such as the potential energy are conserved.

4.2 Thermostats and barostats

We do not always want to limit ourselves to the NVE ensemble. Often we prefer to per-
form the simulation at constant pressure P and temperature T'. Several thermostats and
barostats exist to achieve this goal. First, we introduce the Berendsen thermostat and
barostat, which follows a very intuitive approach. Then we introduce the more sophisti-
cated Nosé-Hoover thermostat. Finally, we discuss the Martyna-Tobias-Klein thermostat
barostat, which is based on the Nosé-Hoover thermostat. We use the Martyna-Tobias-
Klein thermostat barostat in most of our NPT simulations. Additionally, we introduce
the Dissipative Particle Dynamics (DPD), which we employ in some of our simulations
as a thermostat.
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4.2 Thermostats and barostats

4.2.1 Berendsen thermostat and barostat

We can calculate the temperature at each time step via the velocities [98]:

7m|vz
4.9
-y, (49)

where Ny is the number of degrees of freedom. Therefore, we can control the temperature
by manipulating the velocities. We couple the system to an external bath with temper-
ature Ty. The Berendsen thermostat [100] [101] is doing this by a scaling factor to the

velocities: )
| o[ (2 )] a0

where T'(t) the instantaneous temperature, and 77 is a coupling parameter. 7 essentially
controls how strong the bath is coupled to the simulation system. The velocity-Verlet
algorithm changes in the following way:

ri(t + At) = r4(t) + vi(H) AL + ];75? A2, (4.11)
iﬂﬁ+Ao=vxw+jxﬁ+§2fjxﬂAa (4.12)
vi(t + At) = \(t) 0;(t + At). (4.13)

Similarly, the pressure can be controlled by a barostat that scales the coordinates and the
box volume V' (¢):

r(t) = x(t)7(t), (4.14)
V() =2tV (). (4.15)
The scaling factor is:
At 5
x(t) = |1- 5T—P(Po P(t)| (4.16)

where (7 is the isothermal compressibility, Py is the desired pressure, P(t) the instanta-
neous pressure of the system, and 7p is the coupling constant.

The Berendsen thermostat and barostat are very robust. They are particularly useful
for transferring a system from one state to another. However, they do not reproduce the
true canonical (NVT), or isothermal isobaric (NPT) ensemble [102].

4.2.2 Nosé-Hoover thermostat

A more sophisticated approach is the Nosé-Hoover thermostat. It is based on a clever
extension of the Lagrangian, where additional artificial coordinates and velocities are
introduced [98, [10T]. The additional degree of freedom allows controlling the system. The
following equations of motion result:

T :pz‘/mu (4-17)
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pi == fi(Tl, ...,T’N) — )\p“ (418)
N

. 1 2
A== 1S NsTy| (4.19)
Q i=1
where 7; and p; are the position and the momentum of a particle, Ty is the desired
temperature, Ny the number of degrees of freedom, A the thermostat variable, and @) the
“mass” of the thermostat. ) can be tuned to adjust the response of the thermostat.

In contrast to the Berendsen thermostat, deviations from the desired temperature T
drives the time derivative of the velocity scaling factor, and not the scaling factor itself
[T01]. The Nosé-Hoover thermostat reproduces the correct ensembles.

(2

4.2.3 Martyna-Tobias-Klein thermostat barostat

The Martyna-Tobias-Klein thermostat barostat is an extension of the Nosé-Hoover ap-
proach [103], 99]. The approach consists of the following equations of motion:

o= 2L 4 yr,, (4.20)
m;

. 3
pi= filre,..,rn) — (1 + F) XPi — ADi, (4.21)

f

. kaB WX2 - kBTO

A= 2B py — ) ¢ 22X EBT0 4.22
0 (T'(t) — Tp) 0 (4.22)
= SVW)PE) — Py) + ok T() — v\ (4.23)
V =3xV. (4.24)

W is the introduced “mass” of the barostat. In analog to the Berendsen thermostat
barostat, () and W can be expressed through relaxation times 7 and 7p:

W = N;kpTp. (4.26)

Also the Martyna-Tobias-Klein thermostat barostat reproduces the correct ensembles.
We use the Martyna-Tobias-Klein thermostat barostat in most of our NPT simulations.

4.2.4 Dissipative Particle Dynamics

The idea of Dissipative Particle Dynamics (DPD) stems from the description of the Brow-
nian motion of colloidal particles [08]. The Brownian motion of uncharged particles does
not depend on the molecular details of the solvent, but just at temperature, density,
and viscosity. Therefore, DPD was designed to reproduce hydrodynamic behavior, and
thermal fluctuations that can drive Brownian motions.
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4.3 Force fields

The idea is, to introduce a dissipative fP(r;;), and a random force f®(r;;):

Fi =) [P ) + £ (rig) + R (rig)] (4.27)

i

where r;; = |r; — r;|, and fP**(r;;) stems from the pair interaction between particle i,
and j. The dissipative force acts like a frictional force that depends on the positions and
velocities of the particles:

fPlrig) = =y WP (rig) (i - 7ij)735, (4.28)

where v;; = |v; — vj|, and 7;; is the unit vector in the direction of 7;;. The strength of
the friction force is controlled by the friction coefficient v, while wP(r;;) describes the
variation of the friction coefficient with the distance. The particles would eventually stop
moving if there were only fP* and fP.

The random force provides the continuous kicks that keep the system in thermal motion
[T04]. It is defined in the following way:

fR(’f'l'j) = —0 WR(Tij) Aij ?Qij, (429)

where o determines the strength of the random force, and w®(r;;) describes the variation
with the distance. A;; is a Gaussian distributed random variable.

The two forces are not independent of each other. P. Espanol and P. Warren have
shown that DPD conserves the momentum of the particles, when the force parameters
are chosen according to the fluctuation-dissipation theorem for the DPD method [104]:

WP (rij) = (W(ry))?

4.30
o® = 2kgTH. ( )

Note that the temperature is introduced in Equation DPD can be used as a ther-
mostat, which we do in some simulations.

4.3 Force fields

Besides the algorithm to solve the equations of motion, the definition, and calculation
of the forces is of large importance. Force fields are an approximation of the particle
interaction. A force field unites a set of interaction potentials, and the corresponding
force description (see Equation [105].

Usually, we differentiate between nonbonded and bonded interactions. It is very com-
mon to describe the nonbonded pair interaction energy of two particles ¢ and j by a 12-6
Lennard-Jones potential, together with a Coulomb term to describe the interaction of

their charges ¢;, ¢; [106]:

12 6
air 044 Oij qiq;
P ) =de: | L) — (2 — 4.31
Unonbonded(r J) € J [(Tij ) (rij ) ] + 47T€067"ij ) ( 3 )
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where ¢;; defines the depth of the Lennard-Jones potential, and o;; the range of the
Lennard-Jones potential. o;; defines the distance at which the Lennard-Jones poten-
tial passes through zero, and it defines the position of the potentials minimum (rl‘?m ~
1.1204). The first term of the Lennard-Jones potential describes the repulsion, while the
second term describes the attraction.

The shape of the repulsion of the Lennard-Jones potential is not explicitly physically
motivated. The main reason to use the exponent “12” is computational convenience.
After the calculation of (oy;/r;;)%, it requires just an additional multiplication to calculate
(045/7:;)** The exponent “6” of the second term of the Lennard-Jones potential can be
justified by the van der Waals interaction (see Section .

The total nonbonded interaction energy results from summing up the particle pairs:

Urtlggabgonded Tl? ey T Z Z Urli)oarllliaonded |Ti - Tj|) (432)

=1 7>t

Within a molecule, we have to describe bonds, angles, and dihedral angles. A typical set
of terms to describe the bonded interactions is [107]:

1
Ubonded(rlv---arN) = Z 5/%(7“1) - 7“0)2

bonds

1
+ Z §f<«'0(9a — o)’ (4.33)
angles

+ Z (co+ 1 [1 4 cos (P)] + ¢ [1 — cos (2P)] + ¢35 [1 + cos (3D)]),

where the first line describes the bond potential, and the second line describes the angle
potential, both by a harmonic potential. Here, x;, and kg are the force constants of the
bond and angle potential, whereby 7y, and 6, are the equilibrium values. The third line
describes the dihedral angles, where the parameters ¢, are the force constants, and ®
is the torsion angle. The exact form of the nonbonded and bonded interaction terms
depends on the selected force field.

So far, we have implicitly assumed that we are describing the interaction of atoms. This
is not necessarily the case. Depending on the considered system, it may be beneficial
to adjust the resolution. For example, an all-atomistic description allows us to relate
macroscopic properties to the microscopic in a straightforward way. However, computer
simulations with a large number of particles are demanding. Accordingly, the system size
and the time that can be simulated is limited. In contrast, macroscopic systems tend to
be large, and macroscopic effects often occur on long time scales. Therefore, to describe
macroscopic properties, it is often beneficial to reduce the resolution. We can switch to a
description where we simulate larger coarse-grained beads instead of single atoms.

To create a coarse-grained model, several challenges have to be overcome. The coarse-
grained beads must be defined, the shape of the force field specified, and interaction
parameters determined. In general, there are two approaches to defining such a coarse-
grained model: the bottom-up approach, and the top-down approach [I08]. In a bottom-
up approach, the force field is constructed to reproduce the properties and statistics of
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4.3 Force fields

C1 MARTINI bead

CH, united atom
united atom bead
bead

Figure 4.1: Sketch to demonstrate the coarse-graining. Depicted is an n-octane molecule
in the all-atomistic representation. In the united atom description, heavy
atoms, such as carbon atoms C, are combined with the hydrogen atoms H
bonded to them, and described by a single bead. In the TraPPE-UA atom
force field, the bead type depends on the number of hydrogen atoms. In the
sketch, two bead types are depicted, the CH3 and CHy bead type. The MAR-
TINI force field is more coarse-grained. Here, four CH, groups are mapped in
one C1 MARTINI bead.

a fine-grained representation, like an all-atomistic one. Typically, such a force field is
developed in relation to reference simulations in such a way that it reproduces the correct
coarse-grained equations of motions. This includes an adequate description of equilib-
rium and certain nonequilibrium processes [I08]. In contrast, in a top-down approach,
the interactions are typically evaluated empirically by reproducing and comparing with
experimental results, such as vapor-liquid coexistence curves, critical temperatures, and
densities [107].

A coarse-grained model has several benefits. The decrease in the number of particles and
in the degrees of freedom significantly speeds up simulations [I09]. Moreover, the energy
landscape is smoother in a coarse grained simulation. Overall, dynamics are faster, and
larger time steps compared to all-atom simulations can be used [110]. At the cost of lower
accuracy and resolution, coarse-grained simulations can represent time and length scales
that are not feasible with all atomistic simulations. In this thesis, we use two top-down
force fields with a different level of coarse graining (see Figure .

TraPPE-UA is a united atom force field [107, I11]. In a united atom force field,
heavy atoms, such as O, or C, are combined with the hydrogen atoms bonded to them,
and mapped to a single bead. Therefore, this force field comes with its resolution very
close to an all-atomistic representation. The nonbonded, angle, and dihedral potentials
are described by the terms given in the Equations and [4.33] In the original version of
TraPPE-UA, bonds have a fixed length. However, we extend the force field in our setup
by a harmonic bond stretching term [112], as in Equation m
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Chapter 4 Methods: molecular dynamics simulation, force fields, and umbrella sampling

There are two important details to note. First, the TraPPE-UA force field handles
the nonbonded Lennard-Jones potential with a cutoff of rcyog = 1.4nm. The interaction
energy UP™ . 1(r) is calculated only up to the cutoff distance. However, while the
interaction potential is small at the cutoff distance or larger distances, the potential is
not zero. To correct the appearing deviation in the potential energy Ut%l  (r; ... ry),

n
an analytical tail correction is used:

onbonde nonbonded

AN IS 27er/ yrair (r)r3dr, (4.34)
Tcutoff

where N is the number of particles, and p the particle number density. As the HOOMD
version (2.6), which we use, does not include an analytical tail correction, we instead in-
crease the cutoff to reuor = 1.8 nm. Secondly, the nonbonded interaction is not calculated
for beads within a single molecule that are separated by less than four beads.

The second force field is the coarse-grained MARTINI force field. In the MARTINI
force field, four CH, groups are mapped in one MARTINI bead [109]. Therefore, compared
to the TraPPE-UA force field, the resolution is lower. For example, n-octane is described
by only two C1-MARTINI beads, while it is described by eight beads in the TraPPE-UA
force field: on each end of the chain one CH3 bead, and six CHy beads in the middle of
the chain. Although the resolution in the MARTINI model is reduced considerably, the
computing effort is also reduced. Therefore, we use the TraPPE-UA force field where we
need a higher resolution, and the MARTINI force field where we handle a large system
Or scan many parameters.

Again, there are several details on the MARTINI force field worth mentioning. As the
TraPPE-UA force field, the nonbonded interactions are described by a 12-6 Lennard-Jones
potential. However, instead of an analytical tail correction, the potential is shifted [106]:

UP onded (Tis) = Uny(ri) + AU (ry;) Tij < Teutoffs
Urlioarlli)onded (Tij ) =0 Tij > Teutoffs

aUvLJ (Tcutoff)

37“1-]» ’

AU<rij) = _ULJ<Tcutoﬂ") - (rij - rcutoff)

Uns(re) = de., (_) _<£) |
’ T\ Tij

The bonds and angles are also represented by harmonic potentials. However, dihedrals
are not included.

(4.35)

A feature of coarse grained systems is that the underlying energy landscape is smoother
than in an all atomistic simulation. Therefore, dynamics are faster. This is the main
reason why the interpretation of time scales is not straightforward. With the MARTINI
force field, the effective time is roughly four times the simulation time [I09]. We use this
estimation. However, the true conversion factor may differ.
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Nanocrystal o
\ Ui |as()\rie‘f )\)
A
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Figure 4.2: Sketch of an umbrella sampling setup. The reaction coordinate is the center-
center distance A\ between the nanocrystals. The umbrella sampling calcu-
lation is separated into several windows. In each window, a bias potential
uPas (X, X*f) is added, which acts on the distance between the nanocrystals,
for example a harmonic potential as in Equation [4.43] In the sketched time
step of window i, the center-center distance A is smaller than the reference
value A\l Therefore, the umbrella potential pushes the two nanocrystals
apart. This is indicated by the curvature in the drawing of the potential.

4.4 Umbrella sampling

While we can determine the potential energy and the temperature directly from the molec-
ular dynamics simulation, this does not apply to the interaction free energy. Therefore,
we have to use other methods here. One of these methods is umbrella sampling. Umbrella
sampling allows calculating the free energy along one or multiple reaction coordinates. In
this section, we summarize the technique. Thereby, we follow the derivation J. Késtner
describes in his review [113].

For simplicity, we derive the formalism in the canonical ensemble (NVT), with a con-
stant number of particles NV, a constant volume V', and a constant temperature T'. The
Helmholtz free energy is:

A=U - ST, (4.36)

where U is the internal energy, and S the entropy. We can also describe the free energy

via
1

B
where § = 1/(kgT), and @ is the Helmholtz partition function:

A=—--IngQ, (4.37)

Q= —/e‘ﬁU(r)dNr, (4.38)

with the potential energy U(r).

Let us now consider a Cartesian reaction coordinate A, that is a defined by a mapping
function A(r) that depends on the coordinates r. For example, A\ can be the distance
between two nanocrystals (see Figure . We define the partition function as a function
of the reaction coordinate [99] 113]:

Q= / SIA(r) — ] e PV Ny, (4.39)
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where the delta function 6[A(r) — A] is introduced to select the states, where the mapping
function A(r) has the value \.
With the two partition functions, we can calculate the free energy along the reaction

coordinate: Q
AQ) = — L1 D
(M) ER

where g(\) = % is the probability distribution corresponding to the reaction coordinate

(4.40)

A. Hence, g(\)dA is the probability of finding the system in the interval dA around .

We do not get the probability distribution ¢(\) right away in simulations. However, an
ergodic system visits all states during an infinite simulation. If this is the case, the time
average

p() = lim = [ plAt)dt (4.41)

becomes equal to the ensemble average g()\). Thereby, p[A(t)] is the number density of
the occurrence of A(t).

Thus, in principle, we can obtain the free energy curve A(\) directly from a molecular
dynamics simulation. However, in practice this mostly does not work, as simulation time
is limited. According to Boltzmann-statistics, the probability « of sampling a state with
the energy E' is proportional to the Boltzmann-factor o exp (—E/kgT’). Therefore, high-
energy states are sampled only rarely, if at all. Furthermore, states separated from the
rest by high energy barriers may also not be sampled during a finite long simulation.

Umbrella sampling is a technique that allows to increase the sampling rate. An artificial
bias potential u?*5(\) dependent on the reaction coordinate is added:

UPs(r) = U(r) + ub@ (). (4.42)

)

For example, this can be a harmonic potential:

K

bias o
() = 2

: (A= A, (4.43)
where x; defines the strength of the potential, and \'*! is the reference reaction coordinate.
The bias can be applied to a single simulation, or to multiple independent simulations
(windows) along the reaction coordinate. The index “i” refers to the window for which
the potential is defined. With the bias, the probability distribution changes to:

i _ OIA() = X] e PV ACN gV o
g f e—BlU r)+u§1aS(A(r NN '
Since uf'® depends solely on A\, we can rewrite it:
ldb 5 ﬁU T)dN
i _ oty LI Je 4.45
4

[ e—,@[U ubias (A(r)] Ny
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This we can connect to the unbiased probability distribution:

_ JO[A(r) = Al e PUM Ny

‘ [ e=BUmaNy
- r)+uPias (A(r
bl putin= () [ e AU+ A gN (4.46)
! JO[A(r) — A] e PUMI Ny

— q})iaseﬁu?ias(/\) <€—ﬁu$’ias()\)> ]
With it, we can calculate the free energy:

)

= —kpT'In (¢/*(N\)) — ul™(\) + Fj,

(2 (2

) - _ bias _ , bias . —Bubias())
A;(N) kgT In (g (X)) — u; ™ (N) kBTln<e > (a7

where Fj is independent on \. With an appropriate chosen umbrella potential, we achieve
a sufficient sampling in each window. In a single window, Equation [4.47| is sufficient to
calculate the free energy curve. However, in multiple windows umbrella sampling, we
have to calculate the F}’s to connect the free energy curves obtained in each window. We
cannot obtain them directly from the simulation, as they are connected to the unbiased
probability distribution:

e—ﬂFi — <6—6ul{>ias()\)>
= / g(A)e PN (4.48)

_ / o BAN () 1y

In this thesis, we use the Weighted Histogram Analysis Method (WHAM) to calculate the
F;’s. The idea is, to form the total distribution from the weighted sum of the distributions

of the individual windows:
q(A) = Zﬂﬁi%(/\)7 (4.49)

where the weights x; follow the condition ), z; = 1. The weights are chosen in such a
way, that the statistical error of ¢()) is minimized:

do*(q(N))
ANV 4.
e, 0 (4.50)
With z; = a;/ > ; a;, this leads to the condition:
a;(\) = Nie’ﬁu?iasw PE: (4.51)

where N; is the number of sampled points for the window ¢. With this condition, we can
calculate g(\) with Equation [£.49] and the F;’s with Equation [£.48] However, as the F}’s
enter Equation we have to do this iteratively.
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Chapter 5

Implementation: model systems,
density, and free energy calculation

To study the effects of solvent restructuring and solvation forces on the CdSe nanoplatelet
interaction, we create two model systems. Of each model system, we create two versions,
where we describe the interactions either with the TraPPE-UA or the MARTINI force
field (see Section [4.3).

The first model system describes infinite large ligand passivated facets (Figure .
This setup allows us to study the solvent restructuring at the ligand-solvent interface
(see Chapter @a,b). Thereby, we expect that this setup replicates the ligand structure in
the middle of the base facets of large nanoplatelets, where effects of the edges should be
negligible. The second model system describes finite nanoplatelets (Figure [5.2p,b). With
it, we study the solvation forces between of CdSe nanoplatelets (see Chapter @

In the following two sections, we describe the setups in detail. In the third section, we
discuss the choice of the ligand grafting density in the setups with the MARTINI force
field. In the fourth section, we discuss our implementation of umbrella sampling for the
calculation of free energy curves.

5.1 Infinite large facets

The restructuring of the solvent at surfaces, in our case the ligand-solvent interface, causes
solvation forces. We create ligand passivated platelets with infinite large facets to study
the solvent restructuring at the ligand-solvent interface.

Figure[5.1]displays our setups. Panel a shows our setup with the TraPPE-UA force field,
and panel b our setup with the MARTINI force field (see Section . In both setups,
we implicitly describe the platelet surface by surface beads. These surface beads are used
as grafting points for the ligand shell. Replicating the surface of CdSe nanoplatelets,
the ligand grafting points are arranged in a face centered grid [114, 49]. The ligands are
inseparably bound to the surface beads. On the top and the bottom of the platelet, the
solvent is placed. We use periodic simulation boxes. Since the box length in x and y
direction is kept constant, the setups describe infinite large facets.

There are four subtleties to the TraPPE-UA setup. Partly, we have already discussed
them in Section Firstly, TraPPE-UA describes the nonbonded interaction by a 12-6
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a n-octane molecule b

n-octane TraPPE-UA &7
mgdeliddby MARTINI o0 n-octane
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by 16 united atom 4 MARTINI beads
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Figure 5.1: System setup for the simulation of infinite large ligand coated facets. Panel
a shows the setup with the TraPPE-UA force field, while panel b shows
the setup with the MARTINI force field. In both cases, the facet surface is
modeled by surface beads (red). The surface beads are used as grafting points
for the ligands (gray). On the top and the bottom, solvent molecules are
placed (yellow). In the shown cases, it is octane (see inset). In panel a, the
ligand and octane molecules consist of CHy, and CH3 united atom beads. For
the CH3 beads, a darker color has been chosen. In panel a, we add additional
surface beads between the ligand grafting points to prevent ligand molecules
entering the center of the platelet. In panel b, we describe the ligand and
solvent molecules by C1 MARTINI beads. We use periodic simulation boxes.
Therefore, the setup describes infinite large ligand passivated facets.

Lennard-Jones potential, including a tail correction. As the HOOMD version (2.6) we
use does not include a tail correction, we instead increase the cutoff to reuop = 1.8 nm.
Secondly, in the TraPPE-UA force field, the nonbonded interaction is not calculated for
beads within one molecule that are separated by less than four beads. In our simulations,
this includes the surface beads, which we use as grafting points for the ligands. Without
this interaction, beads of the ligands can enter the inside of the platelets. To solve this
technical issue, we add surface beads in between the ligand grafting points to the TraPPE-
UA setup. Thirdly, the TraPPE-UA force field does not include interaction parameters
for CdSe. To describe the interaction with the surface beads, we choose parameters
which actually describe the interaction with CdS (Table [33]. This approximation is
reasonable, as we are interested in the ligand-solvent interface. The interaction with the
surface has only a minor effect on the behavior at the interface. Fourthly, in the original
version of TraPPE-UA| bonds have a fixed length. However, we extend the force field by
a bond stretching term [112].

Concerning the MARTINI force field, there is no representation of CdSe or similar
materials. We chose the most repelling interaction of the interaction table between the
surface beads and the ligand / solvent beads (e= 2.0kJ/mol, o= 0.62nm) [109].
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TraPPE-UA force field

CdSe MARTINTI force field
¢ in kJ/mol | ¢ in nm CdSe
CHs 0.599 0.354 € in kJ/mol | ¢ in nm
CH, 0.466 0.354 C1 2.0 0.62 nm
CH 0.466 0.354

Table 5.1: Interaction parameter for the interaction with the surface beads in the TraPPE-
UA setup and the MARTINI setup

The theoretical ligand grafting density for carboxylic ligands on the {001}-CdSe surface
is 5.4 ligands/nm? [49]. This value results from the assumption that the ligands bind to the
Cd atoms, considering a face centered surface lattice and the experimental CdSe lattice
constant 0.608 nm. Experimental measurements have confirmed this value |49, 50]. Unless
otherwise stated, we use these values in the TraPPE-UA setup. However, MARTINI beads
are large. At a high ligand grafting density, the MARTINI beads have not enough space.
This can lead to unrealistic behavior. Therefore, we use in the MARTINI setups a lattice
constant of 0.746 nm, corresponding to a ligand grafting density of 3.6ligands/nm? (see
Section [5.3 for a detailed discussion).

Unless otherwise stated, we employ ligands with a length of 16 CH, beads in the
TraPPE-UA setup, and accordingly 4 C1 beads in the MARTINI setup. The standard
solvent is in both cases n-octane.

To run our molecular dynamics simulations, we use the HOOMD package (v2.6.0) [115],
116, 117). In both setups, simulations are performed at a constant pressure of 1 atm and
a constant temperature of 300 K. We control the temperature by a Dissipative Particle
Dynamics (DPD) thermostat [118], and the pressure by a Martyna-Tobias-Klein barostat
[T03] (see Section [4.2.4] and [4.2.3). In the simulations with the TraPPE-UA setup, we
use time steps of 2fs, while we use 20 fs with the MARTINI setup (x4 for effective time,
see Section . Further simulation parameters are summarized in Section .

5.2 Nanoplatelets

We create a model system to describe ligand passivated CdSe nanoplatelets in our sim-
ulations (Figure [5.2). As already discussed in Section [3.4] the core-core van der Waals
interaction and the dipole-dipole interaction between CdSe nanoplatelets are weak. There-
fore, we neglect them in our model of the nanoplatelets. Furthermore, we assume that
the core of the nanoplatelets is rigid, and that the nanocrystal itself does not change in
any way during the simulation. Therefore, we do not have to represent the nanocrystal
core in detail. This also applies to the nanocrystal surface. The interaction is mainly
influenced by the ligand and the solvent molecules.

Again, we create a variation where we describe the interactions with the TraPPE-UA
force field (panel a), and a variation where we describe the interactions with the MARTINI
force field (panel b). We model the nanoplatelets by surface beads. These surface beads
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give the platelets their shape. In experiments, CdSe nanoplatelets usually have a square
or rectangular shape (see Figure [45], 46], 37]. We model nanoplatelets with square
base facets. The surface beads serve as ligand grafting points. Replicating the surface of
CdSe nanoplatelets, the surface beads are arranged in a face centered grid [114], 49].

In HOOMD [IT5], 116}, 117], the simulation code we use, we define the nanoplatelets as
rigid objects. Rigid objects are composed of a single central bead and several constituent
beads. In our case, the constituent beads are the surface beads. The mass and momentum
of the nanoplatelet are assigned to the central bead. During the simulation, the total forces
and torques from the constituent beads are transferred to the central bead. Then, the
equations of motion are solved for the central bead.

The syntax to setup a rigid object is complicated. Therefore, we use HOOBAS [119] to
generate the nanoplatelets as rigid objects in HOOMD. HOOBAS is a molecular building
tool that simplifies the creation of complex objects in molecular dynamics simulations.
Depending on the size of the nanoplatelet, we calculate the nanoplatelet mass via the
mass density of CdSe p = 5.7g/cm?.

A variety of molecules can be used as ligands for CdSe nanoplatelets, such as heptanoic
acid, octanoic acid, or myristic acid [45]. In the case of CdSe nanoplatelets, the ligands
are strongly bound to the nanocrystal surface. We expect that it is a very rare event that
the ligands separate from the surface. Therefore, we describe the ligands as aliphatic tails
that are inseparably bound to the surface beads of the rigid nanoplatelet.

To run our molecular dynamics simulations, we use the HOOMD package (v2.6.0) [115]
116, 117]. Simulations are performed at a constant pressure of 1atm, and a constant
temperature of 300 K. We use cubic periodic simulation boxes.

In simulations with the TraPPE-UA setup, we control the temperature by a Dissipative
Particle Dynamics (DPD) thermostat [118], and the pressure by a Martyna-Tobias-Klein
barostat [103] (see Section [4.2.4] and [4.2.3)). In simulations with the MARTINT setup, we
use the standard HOOMD NPT integrator as a thermostat and barostat. It is based on
the Martyna-Tobias-Klein equations of motion [103, 120, 121]. In the simulations with
the TraPPE-UA setup, we use time steps of 2fs, while we use 20 fs with the MARTINI
setup (x4 for effective time, see Section .
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Figure 5.2: Model system setup for CdSe nanoplatelets. Panel a shows the setup with the
TraPPE-UA force field, while panel b shows the setup with the MARTINI
force field. In both cases, the nanoplatelets are modeled by surface beads (red).
The surface beads are used as grafting points for the ligands (gray). Around
the nanoplatelets, solvent molecules are placed (yellow). In the shown cases, it
is n-octane. In panel a, the ligand and octane molecules consist of CH,, and
CHj3 united atom beads. For the CH3 beads, a darker color has been chosen.
In panel a, we add additional surface beads between the ligand grafting points

to prevent ligand molecules entering the center of the nanoplatelet. In panel
b, we describe the ligand and solvent molecules by C1 MARTINI beads.

5.3 Ligand grafting density in the MARTINI setups

The theoretical ligand grafting density for carboxylic ligands on the {001}-CdSe surface is
5.4ligands/nm?, corresponding to the experimental CdSe lattice constant 0.608 nm [49].
Experimental measurements have confirmed this value [49, 50]. While we in general use
5.4ligands/nm? in the setups with the TraPPE-UA force field, we use a smaller value in
the setups with the MARTINI force field. The reason is that C1 MARTINI beads are
large (o= 0.47nm). At the CdSe lattice constant, they have not enough space available.
Hence, their ordering in the ligand shell changes. The infinite setup shows this well. In the
infinite facet setup, we already find a change in the ligand structure at 4.2ligands/nm?.
Some ligands shrink, while other ligands’ extent (see snapshots in Figure and sketches
in Figure . As a result, the ligand-solvent interface gets uneven, and the solvent
restructuring gets disturbed (see Section for further discussion).

At finite nanoplatelets, we find an edge effect. The ligands at the edges can occupy
more space. This also reduces the confinement of the ligands further away from the
edges. Accordingly, the properties of the ligand shell changes compared to an infinite
facet. We find that for nanoplatelets with 27.3nm? base facet area, a grafting density of
4.2ligands/nm? is still reasonable (see Section . However, for larger ligand grafting
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Figure 5.3: The sketches show ligand shells with different ligand grafting densities. Panel
a shows a low ligand grafting density, where the ligands have more than enough
space. Panel b shows a larger ligand grafting density. Here, the ligands have
just enough space. Finally, panel ¢ shows an unrealistic large ligand grafting
density. With an unrealistic large ligand grafting density, some ligands shrink,
while others extend. The result is an uneven ligand-solvent interface.
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densities this is not the case. The use of the experimental 5.4 ligands / nm? results in a
too large ligand packing density, and in strong tensions in the ligand shell. In our test
simulations, artifacts occur. We observe that some ligand bonds are very compressed or
overstretched. In addition, the surface at the interface to the solvent is altered.

Despite the problems in the description of the ligand shell, the MARTINI model is
suitable for the representation of the ligand shell of the nanoplatelets. In general, solvation
forces between interfaces are strongly correlated with the solvent restructuring [20]. In our
simulations with the infinite facet setups, we find that the magnitude of the amplitudes of
the oscillation in the solvent density at the ligand-solvent interface depends on the ligand
grafting density (see Section and Section . However, the overall shape of the
solvent density oscillation does not depend on the ligand grafting density. Therefore,
we assume that the MARTINI setup with a smaller ligand grafting density is a good
description of the CdSe nanoplatelets to study the main properties of the interaction.

The idea that the MARTINI setup with a lower ligand grafting density is a good descrip-
tion is confirmed in our characterization of the pair interaction between two nanoplatelets.
We calculate free energy curves to characterize the pair interaction. For the face-to-face
interaction of the nanoplatelets, we find that the free energy oscillates with the distance
between the platelets. For reasonable small ligand grafting densities, the amplitudes of
the free energy oscillation depend on the ligand grafting density, while the general shape
is independent (Section . Only, if the ligand grafting density is too small, the effects
flatten out. Therefore, we expect that general trends for other parameters are largely
unaffected by the ligand grafting density, e.g., ligand length, facet size.

Unless otherwise stated, we use a lattice constant of 0.746 nm in the MARTINI setup,
corresponding to a ligand grafting density of 3.6ligands/nm?. At this lattice constant,
the distance between two neighboring grafting sites matches the distance of the minimum
in the 12-6 Lennard-Jones interaction potential of two ligand beads (see Figure .
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Figure 5.4: Distance between ligand grafting sites in comparison to the nonbonded
Lennard-Jones interaction potential between ligand beads in the MARTINI
force field [96].

5.4 Density calculations

We calculate ligand and solvent densities at various parts of the manuscript. In general,
we assume that the beads of the ligand and solvent molecules are point-like particles. To
each bead, we assign the corresponding mass. We calculate the densities by creating a
histogram of the masses and averaging over the corresponding volume in each bin of the
histogram. Additionally, we average over many snapshots from the simulation.

We create one-dimensional density curves and two-dimensional density heatmaps. In
Figure [5.5h-c, we show cross-sectional snapshots of different setups, where we illustrate
typical histogram bins. In panel a, we show the snapshot of an infinite facet setup, where
we create one-dimensional density curves (e.g., Figure . In all infinite facet setups,

Setup Force field | Dimension | # of snapshots | production run (ns)
Infinite facet | TraPPE-UA 1D 5000 200
MARTINI 1D 5000 8000
Nanoplatelet | TraPPE-UA 1D 600 2.4
MARTINI 1D 5000 800
MARTINI 2D 3000 800

Table 5.2: List of the minimal number of snapshots used in the density calculations of
each setup, and the corresponding minimal production run length.

51



Chapter 5 Implementation: model systems, density, and free energy calculation

averaging z averag.ing avera.g.ing
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Figure 5.5: Cross-sectional simulation snapshots of different setups with sketched his-
togram bins. Panel a and b depict setups to calculate one-dimensional den-
sity curves. Panel a shows a snapshot from an infinite facet setup. In this
setup, the densities at each z-distance are averaged over the bin volume that
is created by the z-bin and the whole xy-plane. Panel b shows the snapshot
of a single nanoplatelet. In such simulations, the densities in each z-distance
are averaged over the bin volume that is created by the z-bin and the facet
area in the corresponding xy-plane. Finally, panel ¢ shows a snapshot, where
a two-dimensional density heatmap is calculated. The densities are averaged
over the bin volume that is crated by a xz-bin and the side length of the
nanoplatelet in y-direction.

we divide the z-direction into z-bins of 0.01 nm size, and average the ligand and solvent
densities over the bin volume that is created by the z-bin and the whole xy-plane. In panel
b, we show a snapshot of a single nanoplatelet, where we calculate the densities away from
the base facet (e.g., Figure . In such setups, we average the densities in each bin over
the bin volume that is created by the z-bin and the base facet area in the corresponding
xy-plane. In panel ¢, we present a snapshot from a single nanoplatelet, where we create
two-dimensional ligand and solvent density heatmaps (e.g., Figure[7.2.2d)). In such two-
dimensional density calculations, we divide the z-direction into z-bins, and the z-direction
into x-bins. Each bin volume is created by the corresponding z-bin, z-bin, and the side
length of the nanoplatelet in y-direction.

In all one-dimensional density calculations, we use z-bins of 0.01nm size. In Sec-
tion we discuss test calculations with different bin sizes. We also use this bin size
in the calculation of two-dimensional density heatmaps (z-bin = z-bin = 0.01 nm).

We average the densities over many snapshots. In Table[5.2, we list the minimal number
of snapshots and the corresponding minimal production run length, which we use in the
density calculations in each setup.
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Figure 5.6: Sketch of the division of the reaction coordinate ) into windows i with A\rf,
and intervals. The first window of each interval is started from the initial con-
figuration. Other windows of each interval are initiated and run sequentially.

5.5 Free energy calculation

To get a deeper understanding of the CdSe nanoplatelet pair interaction, we calculate
free energy curves for selected nanoplatelet approaches using multiple windows umbrella
sampling simulations (see Section [113].

We focus primarily on the interaction in a face-to-face orientation of the nanoplatelets
in z-direction, as depicted in Figure [4.2] and shown in the snapshots in Figure [5.2h,b.
Thereby, we do not allow a rotation of the nanoplatelets. We achieve this by disabling
anisotropic integration in HOOMD. As the nanoplatelets are the only rigid objects in the
simulation, this only affects the nanoplatelets. In addition, we constrain the nanoplatelets
with built-in HOOMD commands to prevent a sideways movement of the platelets. How-
ever, it turns out that numerical noise causes errors in the position of the nanoplatelets,
which add up in longer simulations. Therefore, we additionally apply a custom plugin,
which resets the x and y coordinates as well as the corresponding velocities to zero.
We only allow movements of the nanoplatelets toward or away from each other in the
z-direction.

To control the distance, we apply a harmonic umbrella potential between the center
beads of the two nanoplatelets:

bias 1 ref\ 2

u; () = 2&()\ Al ) , (5.1)
where ) is the distance along the z coordinate, and M\ is the preferred distance targeted
by the umbrella potential in each window 7. We use a force constant of x = 50000 kJ/mol.

Our workflow is outlined in Figure[5.6l First, we create an initial configuration, position-
ing the two nanoplatelets at a small distance, where the ligand shell is already compressed.
We equilibrate the initial system. We divide the reaction coordinate in different windows
with A\'*f. Thereby, we change \'*f by steps of AX™ = 0.005 nm or ANl = 0.0025 nm,
dependent on the platelet size / simulation box size (see Tables |B.94B.18|). Applying
AN = 0.005 nm, an umbrella simulation from a distance of 4.75nm to 10.0 nm include
1050 windows.

We combine the windows into intervals. We start the first window of each interval from
the initial configuration. Again, we equilibrate the system. Then, we collect the center-
center distances in a production run. Subsequently, starting from each preceding window,
the simulations in the other windows of each interval are performed in a sequence.
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In most of the simulations with the MARTINI setup (Figure [5.2b), the production
run in each window has a length of 40ns. In this 40ns, we collect the center-center
distances from 250 snapshots (see Section for test of number of snapshots). In
the simulations with a solvent molecule chain lengths of three and four beads, we increase
the length of the production run to 80ns, where we collect the center-center distances
from 500 snapshots. We do this because of the higher viscosity of the solvent, and slower
movement of the nanoplatelets (see Section [B.2.1.F)). In the simulations with the TraPPE-
UA setup (Figure ), the production run in each window has a length of 2ns, where
we collect the center-center distances from 500 snapshots.

Independent of the used force field, we calculate the free energy curves from the
probability distributions of the center-center distances in each window. For this, we
use the Weighted Histogram Analysis Method (WHAM), as described in Section
[122], 123, 113]. We perform the WHAM analysis with the tool of D. Bauer [124]. Two
parameters determine the accuracy of the WHAM calculation. The first parameter is the
number of bins in which the tool divides \. We use 305 bins/nm (see parameter tests in
Section . The second parameter is the tolerance. The tolerance is the abortion
criteria for the WHAM calculation. The WHAM calculation stops when the difference
between the free energy values of the newest step Fiew(A), and the free energy values of
the previous step Fyq(A) is smaller than the tolerance (|Flew(A) — Foa(A)| < tolerance).
We use a tolerance of 107¢kJ/mol. The error of the free energy values is estimated via
Bayesian bootstrapping [125]. In this thesis, we always do ten bootstrapping runs to
calculate the error.

When the outcome of umbrella sampling is affected by the initial conditions, it may
indicate that the simulations are not sufficiently converged [126]. Therefore, for selected
systems, we also perform test simulations where we move from large to small distances.
The results do not differ (see Section in the appendix). However, we find a
finite size effect for too small simulation boxes (see Section in the Appendix).
Accordingly, we vary the number of solvent molecules, and such the box size, dependent
on the nanoplatelet dimensions, and the solvent type (see Tables [B.7HB.18|).
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Chapter 6

Solvent restructuring at ligand brushes

At the interface between a surface and a solvent, the solvent typically restructures. Often,
the solvent restructures into layers. In particular, solvent layering has been demonstrated
for nanoparticles [127, 128]. The strength and shape of this perturbation has a major
influence on the interaction of nanoparticles, especially on the manifestation of solvation
forces. Therefore, before we deal with the pair interaction of CdSe nanoplatelets in the
next chapter, we consider here the solvent restructuring on the ligand-solvent interface.

The dimensions of CdSe nanoplatelets depend on the synthesis (see Section . The
base facet area can be small, or very large (see Figure . Therefore, we consider the
solvent restructuring at the base facets of small nanoplatelets, and on infinite facets.
Thereby, we assume that the infinite facets represent very large nanoplatelets. Further-
more, we vary the ligand grafting density, the ligand length, the solvent type, and the
temperature.

6.1 Model system

Snapshots of our setups are shown in Figure [6.1] Panel a shows the setup of a sin-
gle nanoplatelet, while panel b shows the setup of an infinite facet. We model the
nanoplatelet / facet surface with surface beads, which we use as grafting points for the
ligands. Between the ligand grafting points, we add additional surface beads to prevent
ligands beads entering the center between the two facets. Unless otherwise stated, we use
in this chapter 5.4 ligands/nm?, ligands with a length of 16 CH, beads, and the solvent
n-octane. We use periodic simulation boxes. Therefore, the setup in panel b describes
infinite large ligand passivated facets.

The simulations in this chapter are less computationally demanding. Therefore, we use
here the TraPPE-UA force field, with its higher resolution. Additional results from the
MARTINI setup can be found in the appendix (Section , and in Chapter El We
describe the setups in more detail in Section 5.1 and in Section In Section .3 we
describe the force fields. In Section we list additional simulation parameters.

95



Chapter 6 Solvent restructuring at ligand brushes
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Figure 6.1: System setups. Panel a shows a snapshot from a single nanoplatelet, while
panel b shows a snapshot of an infinite facet setup. The nanoplatelet / facet
surface is modeled with surface beads (red). The surface beads are used as
grafting points for the ligands (gray). The solvent is n-octane (yellow/orange).
The ligand and octane molecules consist of CHy, and CHj3 united atom beads.
For the CHj3 beads, a darker color has been chosen. Additional surface beads
between the ligand grafting points prevent ligand molecules entering the center
of the platelet. We use periodic simulation boxes. Therefore, the setup in
panel b describes infinite large ligand passivated facets.

6.2 Results

We run simulations, where we apply the described setups. For each parameter combi-
nation, we first equilibrate the system. Then we carry out a production run. With the
particle positions from the production run, we calculate the densities of the ligands and
the solvent. For each distance z from the facet surface, we average the densities over
the corresponding zy-plane, and perform a time average (see Section for a detailed
description).

6.2.1 Solvent restructuring and facet area

In Figure|6.2] we show the density profiles away from the base facets of single nanoplatelets
with different facet areas and away from an infinite facet. The solvent is n-octane, and
the ligands have a length of 16 CH, beads.

Regardless of the facet area, the ligand and solvent densities show the same character-
istics. We find that the ligand density is oscillating with the distance away from the facet
surface. This is due to the arrangement of the ligand beads, where one end of the ligand
molecule is fixed to the surface, and the available space is limited. It is noticeable that the
ligand density away from the infinite facet is constant when averaged over a larger range
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Figure 6.2: Effect of the facet area. We compare densities away from the base facets of
single nanoplatelets with different base facet areas in the TraPPE-UA setup.
The platelet thickness is 1.2nm. For comparison, the densities away from the
infinite facet setup is also shown. The top panel shows the ligand, the middle
panel the solvent, and the bottom panel the total densities. As depicted in
the inset, the densities at each distance in the z-direction result from the
averaging over the corresponding zy-plane, and from time averaging. For
clarity, the data points are connected with straight lines.

(see Section m in the Appendix). This is in agreement with simplified models, where
it is assumed that the ligand density is constant in a ligand shell on a flat surface [27].

We find that the ligand-solvent interface causes the solvent to restructure. Close to
the interface, the solvent density oscillates. Thereby, the spacing between two extrema is
constant. In agreement with previous results, it is close to the thickness of the solvent
molecules, and not to their length [72]. The amplitude of the oscillation decreases with
the distance to the interface.

We find that the densities depend on the facet area. For smaller facet areas, the
oscillations in the ligand and solvent densities are less pronounced, and more solvent
enters the ligand shell. As the facet area increases, the oscillations increase, and less
solvent enters the ligand shell. With increasing facet area, the densities away from the
finite nanoplatelets approach the densities away from the infinite facet.

We assume that the edges of the base facets of the finite nanoplatelets are responsible
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Chapter 6 Solvent restructuring at ligand brushes

for the changes. The ligands have more space at the edges. Therefore, the ligands arrange
themselves differently on a small facet than on a large or an infinite facet (see Figure ,
b). The ligand density at the ligand-solvent interface increases with the facet area, and the
surface of the ligand shell becomes harder. Therefore, the solvent restructuring increases.
This is a general trend we observe. The higher the density of the ligand shell, the harder
the surface is, the more pronounced is the solvent restructuring (see also Section ,
where we compare nanoplatelets with and without a ligand shell).

6.2.2 Ligand grafting density

5.4ligands per nm? is the expected ligand grafting density for carboxylic ligands on the
{001}-CdSe surface [49]. This value results from the assumption that the ligands bind
to the Cd atoms, considering a face centered surface lattice and the experimental CdSe
lattice constant 0.608 nm. Experimental measurements have confirmed this value [49, 50].

Here, we compare different ligand grafting densities at finite nanoplatelets, and at an
infinite facet to improve our understanding of how the ligand grafting density affects the
solvent restructuring. The base facet area of the finite nanoplatelets is 37.0nm?. We
control the ligand grafting density in our setup with the lattice constant. Therefore,
we vary the thickness of the nanoplatelets together with the ligand grafting density (see
Table .

In Figure [6.3] we show the calculated densities. In both setups, we find similar trends.
The higher the ligand grafting density, the higher is the ligand packing density. This
means that less space is available for the ligand molecules / beads, as it is evident from the
sharper peaks. Vice versa, the available space increases as the grafting density decreases.

Accordingly, we find that the amount of solvent in the ligand shell decreases with the
ligand grafting density. For example, we find no solvent in the ligand shell of the infinite
facet with 6.7 ligands per nm?. This confirms that the ligand shell can fulfill the function of
a permeation barrier, which shields the surface of the nanocrystal from the components
of the solvent [27]. Additionally, we find that the restructuring of the solvent is more
pronounced with higher ligand grafting densities.

In the previous subsection, we have discussed that the edges of the facets affect the
densities. We observe this here as well. For small nanoplatelets, significantly larger ligand
grafting densities must be chosen than in the infinite facet setup to produce a similarly
large solvent oscillation. For example, 5.4 ligands per nm? at the finite nanoplatelet
creates a similar strong solvent density oscillation than 3.8 ligands per nm? at the infinite
facet.
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Figure 6.3: Effect of the ligand grafting density on the solvent restructuring. The left
column shows the densities away from the base facet of single nanoplatelets,
while the right column shows the densities away from an infinite facet. The
top row shows the ligand, the middle row the solvent, and the bottom row
the total densities. As depicted in the insets, the densities at each distance in
the z-direction result from the averaging over the corresponding xy-plane, and
from time averaging. For clarity, the data points are connected with straight

lines.

ligand grafting density (ligands / nm?) | lattice constant (nm) | thickness (nm)
2.7 0.869 1.7
3.5 0.76 1.5
4.4 0.676 1.4
5.4 0.608 1.2

Table 6.1: Connection between ligand grafting density, lattice constant and nanoplatelet

thickness
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6.2.3 Ligand length

We vary the ligand length, and compare the solvent restructuring at the ligand-solvent
interface (Figure. We use a ligand grafting density of 5.4 ligands/nm?. In this case, the
ligand shell is very dense and hard. However, the mobility of the ligand beads increases
with the distance to the surface. In both setups, this is visible in the decrease in the
amplitude of the ligand density oscillation. As a consequence, the surface of the ligand
shell becomes softer with increasing ligand length, and we find that the amplitudes of the

solvent oscillation at the interface decrease.
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Figure 6.4: Effect of the ligand length on the solvent restructuring at the ligand-solvent
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interface. The left column shows the densities away from the base facet of
a single nanoplatelet with 18.1nm? facet area, while the right column shows
the densities away from an infinite facet. The top row shows the ligand, the
middle row the solvent, and the bottom row the total densities. As depicted
in the insets, the densities at each distance in the z-direction result from the
averaging over the corresponding zy-plane, and from time averaging. For

clarity, the data points are connected with straight lines.



6.2 Results

6.2.4 Solvent type

The restructuring of the solvent not only depends on the properties of the ligand shell,
but also on the solvent type. In Figure [6.5] we compare linear n-alkane solvents with
different length in the infinite facet setup. With increasing alkane length, the bulk solvent
density is increasing. Thereby, the amplitudes of the solvent density oscillation increases
significantly. However, these differences become smaller with increasing chain length.

From various studies on solvation forces, it is known that the distance between the
extrema depends on the solvent molecule [71, 20, 129]. Linear alkanes can align fully
stretched parallel to the surface. The density, or in the case of solvation force measure-
ments, the force, oscillates with the thickness of the molecules. Therefore, the distance
between the extremes in n-alkanes is always the same, regardless of the n-alkane length
[72]. We observe this here as well. The spacing s between two extrema of the same kind
of the solvent density is independent of the alkane length (Figure |6.5]).
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Figure 6.5: Effect of alkane solvent length. The top panel shows the ligand, the middle
panel the solvent, and the bottom panel the total densities. As depicted in the
inset, the densities at each distance in the z-direction result from the averaging
over the entire zy-plane, and from time averaging. For clarity, the data points
are connected with straight lines.
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However, the spacing s between two extrema can be tuned by increasing the cross-
section of the solvent molecules. As an example, we plot in Figure the densities of
different isomers of octane. The isomers are characterized by different degrees of branch-
ing. From n-octane, to 2-methylheptane, to 3,4-dimethylhexane, to iso-octane the increase
in branching is increasing the cross-section of the molecules. The molecules become more
voluminous, and the spacing s is increasing. It is worth noting that the change in s
between 3,4-dimethylhexane and iso-octane is small, while the amplitudes of the solvent
oscillation increase. We assume that the increase in the amplitudes is a result of the

increased rigidity.
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Figure 6.6: Comparison of octane isomers in the infinite facet setup. Selected snapshots
of the isomers are shown above the plot. The bead colors correspond to the
different bead types: CHj is shown in orange, CHs in yellow, CH; in red, and
CHg in white. The color of the frames around the snapshots corresponds to
the corresponding density curves. The top panel of the plot shows the ligand,
the middle panel the solvent, and the bottom panel the total densities. As
depicted in the inset, the densities at each distance in the z-direction result
from the averaging over the entire xy-plane, and from time averaging. For
clarity, the data points are connected with straight lines.
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Finally, we added one and two double bonds to the solvent molecules. In Figure we
compare n-octane with 1-octene, and 1,7-octene. Here, we find changes in the ligand shell.
In 1-octene, the ligand shell shrinks compared to n-octane. Interestingly, this does not
account for 1,7-octene. Here, the density curves of the ligand shells overlap completely.
Regarding the solvent, it should first be noted that the alkenes have a higher bulk density.
Apart from that, the double bonds influence the restructuring of the solvent less than the
branching of the isomers. We find that the amplitude of the solvent density oscillations
decreases with the number of double bonds. As a result of the changes in the ligand shell,
the first minimum of 1-octene shifts slightly towards the surface, which is not the case for
1,7-octene. However, as can be seen in the comparison of n-octane and 1,7-octene, there
is a minor change in the spacing between the extrema.

The presented results demonstrate that the solvent restructuring sensitively depends
on the solvent type. This is true, even between, at first glance, very similar solvents
molecules. At the end of the next chapter, we study how the differences influence the
interaction between CdSe nanoplatelets (see Section , and Section .
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Figure 6.7: Effect of double bonds. In the infinite facet setup, we compare n-octane with
1-octene, and 1,7-octene. The top panel shows the ligand, the middle panel
the solvent, and the bottom panel the total densities. As depicted in the inset,
the densities at each distance in the z-direction result from the averaging over
the entire xy-plane, and from time averaging. For clarity, the data points are
connected with straight lines.
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Chapter 6 Solvent restructuring at ligand brushes

Figure 6.8: Effect of the temperature on the ligand configuration. The top row displays
cross-sectional snapshots of a small nanoplatelet at different temperatures. In
the bottom row, snapshots of the infinite facet setup at different temperatures
are shown. At 280 K, the ligands of the small nanoplatelet form well-defined
bundles at the base and side facets. With increasing temperature, the bundles
loosen their cohesion, until the ligand shell takes a space-filling shape around
the nanoplatelet. While there are visible changes in the ligand shell of the
small nanoplatelet, there are no obvious changes in the ligand shell of the
infinite facet.

6.2.5 Temperature dependence

As Widmer-Cooper et al. have shown for CdS nanorods, the temperature can influence
the ordering of the ligands, and the solvent restructuring [33], [52]. In their system, the
ligands form into bundles at lower temperature, which induce a more pronounced solvent
restructuring. In contrast, at higher temperatures, the ligands occupy the available space.
In this case, the ligand shell is soft, and solvent restructuring is reduced. This effect has
the consequence that the solvation forces at low temperatures are significantly stronger
than at high temperatures.

When we compare the CdS nanorods with our CdSe nanoplatelets, the main differences
are the facet dimensions, and the ligand grafting densities. The facets of the nanorods
are long, but not wide (< 8nm) [33],34]. Additionally, the ligand grafting density is only
3.6ligands/nm?. In contrast, we consider CdSe nanoplatelets with side length of up to
around 20 nm, and a ligand grafting density of 5.4 ligands/nm?.

We have already compared different ligand grafting densities in Section [6.2.2] A higher
ligand grafting density reduces the freedom of the ligands, and increases the solvent
restructuring. Therefore, we expect a more pronounced solvent restructuring on the base
facets of CdSe nanoplatelets than on the facets of CdS nanorods.

Here, we focus on the dimensions of the facet area. On a small facet, the ligands have
more space that they can occupy due to the edges. Furthermore, the facet edges can be
seen as declination lines that disrupt the ligand ordering [68, 69]. Therefore, the ligand
ordering on a small facet will be different from that on a large facet. We expect that
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Figure 6.9: Effect of the temperature on the solvent restructuring. The left column shows
the densities for the base facet of a small nanoplatelet, while the right column
shows the densities for an infinite facet. The top row shows the ligand, the
middle row the solvent, and the bottom row the total densities. For clarity,
the data points are connected with straight lines. For lower temperatures, the
solvent restructuring is more pronounced, as the ligand shell is harder. The
effect is stronger on the ligand-solvent interface of the small nanoplatelet, as
the ligands can occupy more space due to the edges.

the temperature has a less significant impact on the solvent restructuring at large CdSe
nanoplatelets. To test this, we compare the ordering of the ligand shell, and the solvent
restructuring around a small nanoplatelet with that at our infinite setup. Again, the
solvent is n-octane. The small nanoplatelet has a facet area of 18.1nm? and a thickness
of 1.2nm. In Section [5.2] we describe the setup of the nanoplatelet in detail.

First, let us compare cross-sectional snapshots from both systems at different temper-
atures (Figure . Here, we find strong temperature dependent differences in the ligand
shell of the small nanoplatelet. At 280 K, the ligands form sharp defined bundles at the
base facets of the nanoplatelet. With increasing temperature, the bundles loose cohesion,
until the ligand shell takes a space-filling shape around the nanoplatelet. In contrast,
there are no obvious visible temperature dependent changes in the snapshots of the in-
finite setup. The ligand shell is densely packed. Therefore, the ligand beads are quite
confined to their positions.

65



Chapter 6 Solvent restructuring at ligand brushes

In the next step, we calculate the ligand and solvent densities. We compare the densities
in Figure [6.9) For all temperatures, we find that the ligand density is smaller in the
nanoplatelet setup. As a result, also the solvent restructuring is less pronounced. As
expected, the bulk solvent density decreases with increasing temperature. Additionally,
we find that the ligand density decreases with the temperature. However, the temperature
dependent change is much more pronounced at the small nanoplatelet. In agreement with
our findings from the snapshots, we find that the temperature dependent changes in the
solvent restructuring are also much more pronounced at the small nanoplatelet.

In summary, the ligand ordering, and the solvent restructuring decrease with the tem-
perature. However, this effect will be more pronounced for small facets, and less pro-
nounced for large facets.
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6.3 Summary and discussion

We find that the solvent restructuring at the ligand-solvent interface depends on various
parameters. The denser and harder the ligand-solvent interface is, the more pronounced
is the solvent restructuring. Therefore, an increase in the ligand grafting density, or a
reduction of the ligand length, leads to an increase in the amplitude of the solvent density
oscillation.

Likewise, the restructuring of the solvent compared to the bulk depends strongly on
the solvent type. In agreement with previous studies on hard surfaces, we find an in-
crease in the amplitude of the solvent density oscillation for longer n-alkanes [72]. As
we demonstrate for isomers of octane, the spacing between the extrema of the solvent
density oscillation can be tuned by the cross-section of the solvent molecules. The cross-
section is in turn dependent on the branching. Furthermore, the amplitudes of the solvent
oscillation depend on the branching.

In addition, the temperature can influence the solvent restructuring. Thereby, it de-
pends on the properties of the ligand shell how much the temperature affects it. On small
facets, such as on a small nanoplatelet, the ligands have more available space. At low
temperatures, they form bundles on the base facets, which amplify the solvent oscillation.
As the ligands are more confined, the effect is smaller on extended facets.

Although the solvation forces have their origin in the restructuring of the solvent,
no simple proportionality can be established between the density oscillation in different
solvents and the solvation forces. For this purpose, it would be necessary to take a closer
look at the free energy costs associated with density fluctuation in the various solvents.
Nevertheless, these results already give an impression of the interaction. In solvents with
strong density oscillations, we can expect free energy extrema that are separated by the
same distance as the extrema of the solvent oscillation.

We also refer to the additional results for the infinite facet simulations with the MAR-
TINI setup in the appendix, where the general trends are reproduced, while some differ-
ences become clear (see Section . As already discussed in detail in Section , the
ligand grafting density in the MARTINI setup has to be chosen wisely. This effect can be
seen particularly well in these simulations.

In the next chapter, we discuss the pair interaction between nanoplatelets. Since these
simulations are more complex, we reduce the resolution, and use in most cases the more
coarse-grained MARTINI force field to describe the interactions. Thereby, we use the
united atom simulations as a reference, to confirm that the results are reliable.

67






Chapter 7

CdSe nanoplatelets pair interaction

In Chapter [3, we have discussed the special properties of ligand passivated CdSe nano-
platelets. Like other disk- or platelet-shaped nanocrystals [39] [47], CdSe nanoplatelets
show the tendency to form stacks [45], 46, 37]. The stack formation influences their steric
stability. Furthermore, we have discussed the different interactions, that can cause the
stack formation. We have estimated the core-core van der Waals attraction, and discussed
the dipole-dipole interaction. We concluded that both contributions to the attraction
between the CdSe nanoplatelets are too weak to explain (alone) the stack formation.
In this chapter, we pursue the hypothesis that solvation forces crucially influence the
interaction, and are the cause of stack formation. In agreement with this hypothesis, we
have already shown in the previous chapter that ligand passivated surfaces can cause a
strong restructuring in the solvent at the ligand-solvent interface. Here, we use molecular
dynamics simulations to study full nanoplatelets with different properties in different
apolar solvents. For example, we vary the facet area, the ligand grafting density, and the
ligand length.

After shortly introducing our model system again in Section (7.1} we present our simu-
lation and calculation results in Section In Section [7.3| we present a summary and
discuss our conclusions.

The majority of the results we report in this chapter have already been published in Nano

Letters [96].

7.1 Model system

As described in detail in Section [5.2, we create a model system of CdSe nanoplatelets (see
Figures ,b, and Figure . We describe the nanoplatelets as rigid objects. Thereby;,
we model the surface of the nanoplatelets by surface beads. We use these surface beads
as grafting points for the ligands, which we permanently bind to the surface.

Depending on the nanoplatelet size, and the number of nanoplatelets, we use between
100k and 500k molecules to describe the solvent. Therefore, the computational cost is
significantly higher than in the previous chapter. To still be able to consider a large

variety of parameters, we therefore decrease the resolution in most of the simulations
in this chapter, and use the setup with the MARTINI force field (see Figure , and
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Figure 7.1: System setup with the MARTINT force field. CdSe Nanoplatelets are modeled
by surface beads (red), which are used as ligand grafting points. The ligand
molecules are modeled by four C1 MARTINI beads (gray), and the n-octane
solvent molecules by two C1 MARTINI beads (yellow).

Figure . Only in Section and Section , we use the setup with the TraPPE-
UA force field (see Figure[5.2h). In Section we consider different temperatures, and
in Section we compare different isomers of octane. Therefore, a higher resolution
is required to describe the ligand shell and the solvent in more detail.

Unless otherwise specified, we consider in all simulations with the MARTINI force field
nanoplatelets with 35.6 nm? base facet area, and 1.5nm thickness. Thereby, we model the
ligands with four MARTINI beads, equivalent to an alkyl length of 16 carbon atoms. The
standard solvent in our simulations is n-octane, which we model with two C1 MARTINI
beads.

7.2 Results

In the following subsections, we present our results on the nanoplatelet interaction. We
start our analysis with the characterization of the stability of nanoplatelet stacks in Sub-
section [7.2.1. Thereafter, we analyze in Subsection the pair interaction of two nano-
platelets in detail. We apply multiple windows umbrella sampling to calculate free energy
curves for different approach paths, and compare the results with the changes in the sol-
vent densities. In Subsection [7.2.3] we compare nanoplatelets without and with a ligand
shell, and the solvent orientation in both systems. Thereafter, we consider the effects of
the ligand grafting density and the ligand length on the pair interaction in the Subsec-
tions [7.2.4) and [7.2.5] Furthermore, the facet area and thickness affect the nanoplatelet
interaction. We consider the facet area in Subsection [7.2.6, and the thickness in Subsec-
tion In Subsection [7.2.8] we consider the effect of the temperature. Finally, we
consider the effect of the solvent type in Subsection and Subsection
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Figure 7.2: Simulations of free moving CdSe nanoplatelets [96]. Snapshots from simula-
tions with initially stacked nanoplatelets. The solvent is not shown. Below
each snapshot, the base facet area and the corresponding simulation time are
specified. Additionally, the time series of the center-center distances of the
simulations with two nanoplatelets are plotted.

7.2.1 Characterization of nanoplatelet stacks

We begin our considerations with the characterization of nanoplatelet stack. We form
small nanoplatelet stacks, and observe their behavior in the simulations.

We consider nanoplatelets with a thickness of 1.5nm, and base facet areas between
20nm? and 55.6 nm? (see Tables and for simulation details). We examine stacks
consisting of two or three nanoplatelets. In each simulation, the nanoplatelets are placed
at a close distance in the simulation box. First, we equilibrate each system setup. Thereby,
we allow the nanoplatelets only to move along the z-direction, and do not allow a rota-
tion of the nanoplatelets, or a movement to the side. The nanoplatelets move into the
global minimum in the face-to-face orientation (later called first minimum, vide infra).
In Figure we show for simulations with two nanoplatelets snapshots of the resulting
configuration (@ Ons).

After the start conditions have been reached, we begin the actual simulation. Now, the
nanoplatelets can move freely. We run the simulation for an effective simulation time of
1.2 ps. For the simulations with two platelets, we show the time series of the center-center
distances for different base facet areas in Figure The time series of the simulations
with three nanoplatelets are shown in Figure Videos of selected simulations are
available in our publication [96].
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We observe that the nanoplatelet behavior depends on the base facet area. Stacks of
nanoplatelets with small facet areas (< 35.6 nm?) rapidly disassemble. On the other hand,
if the nanoplatelets have larger facet areas, the platelets stick together, and the stacks
are stable. For facet areas larger than 45.1 nm?, both for stacks with two, and for stacks
with three platelets, we do not observe a separation.

We observe that the nanoplatelets rotate around the main axis of the stack. Addi-
tionally, we observe small lateral displacements. These results are in agreement with the
experimental results of Jana et al. [46]. Complementary, we find here that the sideways
movements decrease with facet size. This is reflected in the center-center distances. In the
trajectory of the stack with 45.1 nm? nanoplatelets, the center-center distance fluctuates
due to these movements, while this effect is greatly weakened at 55.7 nm?.

This kind of movements of the nanoplatelets within the stack are very typical for stacks
consistent of disk- or platelet shaped particles. For example, similar behavior has been
observed in in experiments with micrometer-sized discs. Those micrometer-sized discs
can form stacks under the influence of depletion forces [81]. This illustrates the similarity
between solvation and depletion forces.

We also carry out simulations for unattached nanoplatelets. We initially position the
platelets around 10nm apart. Each simulation we run for at least 8pus (see Figures
IA.5 JA.7, |A.8] and |A.9|in Section |A.2.1)). Here, we do not observe an assembling of the
nanoplatelets. In the simulations, it looks like as if the nanoplatelets repeatedly encounter
barriers when they come too close to each other.

We only include the interaction between the ligands and the solvent molecules in the
simulations. Therefore, both the attraction between the nanoplatelets and the barriers
indicate the existence of solvation forces.

7.2.2 Interaction mechanism

Now, we take a closer look at the interaction between CdSe nanoplatelets. We calcu-
late free energy curves for three selected assembling pathways. To calculate the free
energy curves, we use multiple windows umbrella sampling combined with WHAM (see
Section and Section .

In Figure [7.3) we present the free energy curves. Next to each curve, we display a
snapshot, where we indicate the corresponding approach path by an arrow. First, we
consider an approach of the side facets (panel a). In this orientation, we find no significant
attraction between the nanoplatelets. We only find a repulsion by the ligand shell at close
distances. However, there is significant attraction and repulsion between the base facets
(panel b). Here, we find that the free energy is oscillating with the distance between the
facets.

We can clearly attribute the oscillation in the free energy to solvation forces. In
Figure [7.3d, we show heatmaps of the solvent and ligand densities around a single
nanoplatelet. The solvent restructures at the ligand-solvent interface and solvent layers
are visible. The solvent restructuring increases the free energy of the solvent, compared to
the bulk solvent. As two nanoplatelets approach each other, the solvent layering changes,
causing the oscillation in the free energy. At the free energy minima, we find an integer
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number of solvent layers between the nanoplatelets (Figure ), and no solvent layer at
the first minimum. At the first minimum, there are just a few solvent molecules in the
soft ligand shell.

For a closer look, we create one-dimensional plots of the ligand and solvent densities
away from the base facet. As depicted in the inset of Figure [7.4] we average the densities
at each distance in z direction over the whole facet in each xy-plane, and over 6200
snapshots from a trajectory of 1 ps.

In Figure [7.4] we compare the ligand and solvent densities at the first, and second free
energy minimum. Shown are the averaged densities away from the base facets. We can
divide the densities into two regions. The densities away from the base facets, which are
oriented towards the solvent, do not change at the transition between the second and
the first minimum. The changes in the densities that cause the appearance of solvation
forces take place between the nanoplatelets. We find that the amplitude of the density
ligand peaks slightly increases in the first free energy minimum, compared to the second
minimum. We hypothesize that the amplitude of the ligand density peaks increases due
to the decrease in available volume for the ligand beads. The increased confinement of
the ligand beads reduces the entropy of the ligands. Therefore, this effect will slightly
increase the free energy. However, the ligand density is higher than the solvent density.
Therefore, we expect that the van der Waals ligand-ligand attraction contribute to the
reduction of the free energy in the transition from 2nd minimum to the 1st minimum. In
the second free energy minimum, we find a strong peak of the solvent density between
the ligand shells. This peak disappears in the first minimum. The corresponding number
of solvent molecules are no longer confined between the nanoplatelets, and can freely
orient themselves and move in the bulk solvent. This change, increases the entropy of the
solvent, and decreases the free energy of the nanoplatelet pair interaction. Since these
effects are coupled, they cannot be cleanly separated from each other.

We assume that the solvent layering, and therefore the oscillations in the free energy,
are most pronounced for the face-to-face approach of two facets. However, the solvation
forces also depend on the relative orientation of the facets. To illustrate this, we calculate
the free energy curve for a lateral shift of two nanoplatelets (Figure ) Thereby, we fix
the face-to-face distance between the nanoplatelets to the first minimum from Figure
(5.11nm), and vary the side shift, as depicted in the snapshot of Figure .

For the side shift of two nanoplatelets, we find no barriers in the free energy curve
(Figure ) The solvent forms no significant layers on this path, which would cause
a barrier by solvation forces. However, there is still an attraction between the facets, as
the area of the ligand-solvent interface is reduced. We should note that there will be a
contribution due to the reduction of the rotational entropy of the nanoplatelets, which we
do not calculate here.

These results for the pair interaction explain the observed behavior of the nanoplatelets
in the previous subsection, and the stack formation of CdSe nanoplatelets in general. The
solvation forces provide the crucial attraction between the nanoplatelets. The attraction
ensures that the stacks with the larger nanoplatelets are stable. In Subsection [7.2.6] we
will compare how the facet size affects the interaction. We point out in advance that the
attraction scales with the facet area, which explains that stacks with smaller nanoplatelets
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Figure 7.3: Interaction mechanism [06]. Panel a-c show free energy curves describ-
ing the approach/separation of two nanoplatelets in different orientations.
Panel a shows the approach/separation by the side facets, and panel b an
approach /separation by the base facets. In panel c, the face-to-face dis-
tance between the nanoplatelets is kept constant, while the nanoplatelets ap-
proach /separate via lateral displacement. The ligand and solvent densities
around a single nanoplatelet are shown in panel d. For the base facet-to-base
facet approach, the solvent density around the nanoplatelets at the first three
minima are depicted in panel e. In Figure we present a larger version
of the heatmap of the 3rd minimum.
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Figure 7.4: Comparison of the ligand and solvent densities at the first and the second
minimum of the base facet-to-base facet interaction. As depicted in the inset,
the densities at each distance in z-direction are averaged over the whole base
facet area in the corresponding zy-plane, and are time averaged. For clarity,
the data points are connected with straight lines. The positions of the nano-
platelets are marked with gray boxes.

are not stable. Furthermore, the free energy barriers prevent an immediate self-assembly
of CdSe nanoplatelets when they come close. This explains why we do not observe self-
assembling within our limited simulation time (ns to ps). Moreover, this explains why a
dispersion of CdSe nanoplatelets in n-alkane solvent is in general metastable. As quantified
by Jana et al., the precipitation time depends on the concentration, and varies between
hours, days, and months [45]. As in the experiments, we expect that we would observe
self-assembling in much longer simulations.

7.2.3 Influence of the ligand shell, and solvent orientation

We examine the orientation of the solvent molecules between the nanoplatelets. In this
context, it is useful to compare nanoplatelets without and with a ligand shell. Therefore,
we combine these two aspects here.

We calculate the free energy curve for the face-to-face approach of two nanoplatelets
without a ligand shell. The bare nanoplatelets consist only out of the surface beads.
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Figure 7.5: Effect of a ligand shell [96]. Panel a displays the free energy curve for the
base facet-to-base facet interaction between two nanoplatelets without a ligand
shell. For comparison, the free energy curve for the interaction with a ligand
shell from Figure is shown again in panel b. Note that the scale of
the ordinate axis is different in a and b. In panel c, we plot the number of
solvent molecules between the base facets for both calculations. Heatmaps of
the solvent density around the nanoplatelets without a ligand shell are shown
in panel d.

Thereby, the interaction between the surface and solvent beads is drastically more re-
pulsive than between the solvent beads among themselves. Additionally, the surface is
drastically harder, as the surface beads do not move independently. A side effect of the
hard, flat, parallel oriented facet surfaces is that it is difficult to sample the transition
between the first and the second minimum properly. Therefore, we do not include the 1st
minimum in the free energy calculation, which lies at a distance of 2.14nm. Therefore,
the free energy curve in Figure starts at its 2nd minimum. For comparison, we show
again the free energy curve for the face-to-face approach of nanoplatelets with a ligand
shell from the previous subsection (Figure [7.5p). In Figure [7.5k, we compare the number
of solvent between the base facets of the nanoplatelets in both systems at different dis-
tances. Additionally, we present solvent density heatmaps of the system without a ligand
shell for the first free energy minima in Figure [7.5(d.

In the bare setup, the solvent restructuring at the interface is more pronounced (Fig-
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ure[7.5d), and the amplitude of the free energy oscillation is larger (Figure[7.5h). Another
aspect that stands out is that the curve without ligand shell oscillates “symmetrically”
around the zero line, while in the system with ligand shell, there is a dip at 8nm. We
assume that this is due to the softer surface. The penalty at the transition between two
minima is lower because the ligand shell can give way. This can be visualized by plotting
the number of solvent molecules between the facets (Figure ) Here, steps appear in
the bare setup, while they disappear in the setup with a ligand shell.

There are also large differences in the orientation of the solvent molecules in the two
setups. To quantify the solvent orientation, we calculate the nematic order parameter as
a function of the distance d between the nanoplatelets:

3cos?(0) — 1
S(d) = <%> , (7.)
solvent molecules

where 6 is the angle between a bond of a solvent molecule and the normal of the facet area
(z-axis), and (...) indicates an ensemble average over all the solvent molecules between
the base facets of two nanoplatelets. S = 1 would indicate that all solvent bonds are
orientated perpendicular to the base facet surface, S = 0 a random orientation, and
S = —0.5 a parallel orientation. We calculate the nematic order parameter for the bare
setup and the setup with a ligand shell. Thereby, we calculate the average center-center
distance d in each window from the umbrella sampling, as well as the average nematic
order parameter S(d). For computational speed and memory availability, we only save
all particle data every 4 ns during a simulation. Therefore, we average over ten snapshots
from a period of 40 ns per window. In Figure [7.6] we present the resulting curves.

In the bare setup, the orientation strongly depends on the distance between the nano-
platelets. We find that S oscillates in a similar fashion as the free energy curve. Thereby,
the amplitudes of the nematic order parameter decay with the nanoplatelet distance. The
reason for the oscillation becomes clear by comparison with the free energy curve and the
solvent layering. Around the second free energy minimum, there is one layer of solvent
molecules between the two facets. Therefore, the solvent molecules are forced to align
themselves parallel to the surface (S — —0.5). Around the third free energy minimum,
there are two layers of solvent molecules between the facets. Here, the solvent molecules
have greater freedom. The two beads of the solvent molecules can arrange themselves in
either one or in both layers. Some solvent molecules will align themselves parallel to the
facet surfaces, and others perpendicular (see snapshot in Figure ) In the latter case,
one bead will be in one layer and the other bead in the other layer. Of course, there are
also configurations in between. The increased freedom reduces the nematic order.

As can be seen from the marked free energy minima in Figure [7.6h, there is an offset
between the free energy minima and the minima of the nematic order parameter. A
possible explanation is the rotational entropy of the solvent molecules. A reduction in
the rotational freedom (S — —0.5) leads to a reduction of the rotational entropy of the
solvent molecules, and an increase in the free energy. Therefore, the minima of the free
energy are not found in the configuration that has the strongest alignment.

Furthermore, there is a peak close to a separation of 3 nm that indicates a preference for
a solvent orientation perpendicular to the nanoplatelet facet surfaces. We assume that

7



Chapter 7 CdSe nanoplatelets pair interaction

a b
without ligand shell
1.00
S — Jeos?(6)—1
0.75 (=)
0 S =1: parallel to z-axis
v <~| £ S =0: randomly orientated
% 0.50 - g E S = —0.5: perpendicular to z-axis
g : c
8 - E
5 0.25
B
S with ligand shell
Q
©
g 0.00
z ‘; W without ligand shell
S|
-0.25 gl
-0.50 *’/
3 4 5 6 7 8 9
Center-center distance (nm)

Figure 7.6: Solvent orientation [96]. Panel a shows the calculated nematic order param-
eters for the solvent molecules between the nanoplatelets without and with a
ligand shell. The nanoplatelets have a base facet area of 35.6 nm, and a thick-
ness of 1.5nm. The positions of selected free energy minima from Figure [7.5h,

b are marked. Panel b displays cross-sectional snapshots from the third free
energy minima.

this peak is a result of some solvent molecules being restricted in their motion by the
surface beads.

In the setup with a ligand shell, the behavior changes completely. As indicated by the
nematic order parameter, the solvent molecules are mostly randomly orientated. Only
around the marked first free energy minimum, the solvent molecules slightly tend to align
themselves perpendicular to the facets. However, this is due to a few solvent molecules
remaining between the nanoplatelets even though the two ligand shells are already in
contact (see Figure , Figure , and Figure . We assume that they slightly tend
to align themselves to the orientation of the ligands.

In summary, the solvent restructuring is more pronounced at a bare surface, and weak-
ens with a ligand shell. This is reflected in the solvent orientation, which is significant
in the bare setup, and vanishes in the setup with the ligand shell. Furthermore, the free
energy oscillation is less pronounced with a ligand shell.
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7.2.4 Ligand grafting density

The properties of the ligand shell are also important for the appearance of solvation forces.
In Chapter [6] we have found that the solvent restructuring is more pronounced at higher
ligand grafting densities. Here, we consider the effect of the ligand grafting density on
the interaction of finite nanoplatelets.

As discussed in Section [5.3] the ligand grafting density in the MARTINI setup has to
be chosen wisely. We vary the ligand grafting density between values that we consider
reasonable: 2.7, 3.6, and 4.2 ligands/nm?. In our setup, we use the surface beads of the
nanoplatelet as ligand grafting points. We vary the ligand grafting density by changing
the lattice constant of the surface beads. Thereby, we keep the base facet area constant
at 27.3 nm?. A side effect is that the thickness of the nanoplatelet cores changes (see
Table [7.1] and snapshots in Figure [7.8p).

First, we consider the averaged ligand and solvent densities at different distances in
z-direction from the base facets of single nanoplatelets (Figure . Here, we find similar
trends as in the TraPPE-UA setups (Figure. As the ligand grafting density decreases,
the thickness of the ligand shell decreases slightly, while the solvent restructuring decreases
strongly and solvent can penetrate the ligand shell more easily.

The changes are clearly visible in the snapshots in Figure [7.8b. At a ligand grafting
density of 4.2ligands/nm?, the ligand shell is very dense, and forms a hard shell around
the nanoplatelets. We can see solvent ordering directly in the snapshot. On the other
hand, at a ligand grafting density of 2.7 ligands/nm?, the ligand shell becomes fluffy and
soft. The solvent can easily penetrate into the ligand shell. Here, the solvent layering is
strongly reduced.

The changes in densities are reflected in the nanoplatelet pair interaction. In Fig-
ure [7.8a, we compare the calculated free energy curves for the facet-to-face approach.
Essentially, the ligand grafting density influences the free energy curves in three ways: by
a change in the repulsion at close distances, by a shift in the position of the extrema, and
by a change in the interaction strength.

All three effects can be attributed to changes in the densities. Denser ligand brushes
are harder, less flexible, and thus lead to a stronger repulsion. For smaller ligand grafting
densities, the positions of the extrema shift to smaller distances, as a softer ligand shell
is thinner, and the interdigitation increases slightly. Finally, as the solvent restructuring
decreases on a softer ligand shell, the amplitude of the free energy oscillation does the
same. For a too small ligand grafting density, the free energy curve flattens out. Except
from that, the shape of the free energy curve does not change qualitatively.

ligand grafting density (ligands / nm?) | lattice constant (nm) | thickness (nm)
4.2 0.65 1.3
3.6 0.75 1.5
2.7 0.87 1.7

Table 7.1: Connection between ligand grafting density, lattice constant and nanoplatelet
thickness
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Figure 7.7: Effect of the ligand grafting density on the densities away from the base facet
of a single nanoplatelet. The top panel shows the ligand, the middle panel the
solvent, and the bottom panel the total densities. As depicted in the inset,
the densities at each distance in z-direction are averaged over the whole base
facet area in the corresponding zy-plane, and are time averaged. For clarity,
the data points are connected with straight lines.

All three discussed ligand grafting densities are reasonable choices to describe the ligand
shell on finite nanoplatelets. As discussed in Section we use 3.6 ligands/nm? in all
further simulations with the MARTINI setup.
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Figure 7.8: Effect of the ligand grafting density [96]. Panel a shows free energy curves
of the base facet to base facet interaction (error bars included). The base
facet area is in all three cases 27.3 nm?, while the platelet thickness changes
depending on the ligand grafting density / lattice constant (see Table [7.1)).
Panel b shows cross-sectional snapshots of the nanoplatelets. CdSe surface
beads are shown in red, ligand beads in gray, and solvent beads in yellow.

7.2.5 Ligand length

Jana et al. have found that the steric stability of CdSe nanoplatelets increases with the
ligand length [45]. We infer that the attraction between the nanoplatelets is reducing with
the ligand length. To verify this, we compare the interaction between nanoplatelets with
different ligand lengths. We compare ligands with three, four, and five C1 MARTINI
beads. In all other simulations of this chapter with the MARTINI setup, We use four
MARTINI C1 beads to describe the ligands. In Figure [7.9h, we show calculated free
energy curves for the face-to-face approach of the nanoplatelets. Since the thickness of
the ligand shell changes with the length of the ligands, the distances at which the extrema
are located shift. Thereby, the separations between the extrema do not change. Moreover,
the amplitudes of the free energy oscillation decrease with the ligand length.

We compare these findings with the averaged ligand and solvent densities at different
distances from a base facet of single nanoplatelets. As depicted in the inset of Figure[7.10]
we average the densities at each distance in z-direction over the whole base facet area in
the corresponding xy-plane, and time average them.

As shown in Figure [7.10] we find that the ligand densities decrease with the distance to
the base facets. Thereby, the curves are very similar until they each break off when the
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Figure 7.9: Effect of the ligand length on the face-to-face interaction [96]. The ligand
length is varied between three and five MARTINI C1 beads. Panel a shows
calculated free energy curves, while panel b shows cross-sectional snapshots of
the nanoplatelets with different ligand length. CdSe surface beads are shown
in red, ligand beads in gray, and solvent beads in yellow.

ligand length is reached. Hence, the ligand packing density at the ligand-solvent interface
becomes less pronounced with the ligand length. The solvent densities reflect this. For
longer ligands, we find that the solvent reaches deeper into the ligand shell. Moreover,
the density oscillations in the solvent decreases with the ligand length. In Figure [7.9b,
we show a snapshot of each setup. Here, the changes are clearly visible. The ligand
shell in the setup with three ligand beads is very dense. The interface to the solvent is
well-defined, and the solvent layering is visible in the snapshot. In contrast, the interface
of the ligand shell in the setup with five ligand beads is uneven and looks fluffy. It is
obvious that the solvent layer formation at such an interface is reduced.

In summary, we find that the solvent restructuring is less pronounced with longer
ligands. Therefore, the solvation forces become weaker. This result is consistent with the

observation of Jana et al. that the steric stability of CdSe nanoplatelets decreases with
the ligand length [45].
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Figure 7.10: Effect of the ligand length on the solvent restructuring on the base facet of
single nanoplatelets. The top panel shows the ligand, the middle panel the
solvent, and the bottom panel the total densities. As depicted in the inset,
the densities at each distance in z-direction are averaged over the whole base
facet area in the corresponding xy-plane, and are time averaged. For clarity,
the data points are connected with straight lines.

7.2.6 Facet area

Due to the computational cost, it is common to concentrate on smaller model systems
when simulating colloidal (nano-) particles [25]. So do we. We consider CdSe nanoplatelets
with base facet areas up to 55.7 nm?, while they can be larger in experiments. For example,
Jana et al. have used CdSe nanoplatelets with a base facet area of around 225nm? [45],
while Momper et al. have used base facet areas of around 130nm? [37]. Moreover, in
the experiments of our co-workers, which we report in Chapter [8] the base facet areas
are varied between 25nm?, and 400 nm?. For the evaluation of our results, it is therefore
important to discuss the facet area. Especially, we have to discuss, to what extent our
results can be extrapolated to nanoplatelets with larger facets.

We calculate free energy curves for the face-to-face interaction between nanoplatelets
with base facet areas between 2.2nm? and 55.7 nm?, with a fixed nanoplatelet thickness
of 1.5nm. In Figure [7.1I] we show the calculated free energy curves, together with
cross-sectional snapshots. As shown in the corresponding snapshot, the nanoplatelet with
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Figure 7.11: Dependence of the face-to-face interaction on the base facet area [96]. Shown
are free energy curves for nanoplatelets with the same thickness, but different
base facet areas (error bars included). To the right of each curve, a cross-
sectional snapshot of a single nanoplatelet with the corresponding base facet
area is shown. Surface beads are red, ligand beads gray, and solvent beads
yellow.
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Figure 7.12: The attraction and repulsion between nanoplatelets depends on the facet area
[96]. Free energy values relative to the free energy at infinite separations of
selected extrema are plotted, see insets. In panel a, the dependence of the
free energy values of the first three minima are shown. Linear fits are attached
to points at facet areas equal to and larger than 20nm?. In panel b, the
height of the free energy maxima, as well as the free energy at a distance of
4.75nm, are displayed. Here, linear fits are attached to points at facet areas
equal to and larger 27.3 nm?.

2.2nm? is essentially a small cube with a fluffy ligand shell. The ligand shell is similar

to that of a small spherical particle. With increasing facet area the particles form into
proper nanoplatelets, with extended base facet areas, and corresponding ligand shells.
The change of the base facet area significantly influences the free energy curves. For
the two smallest base facet areas (2.2nm?, and 5.0 nm?), the free energy curves flattening
out, and there is no significant attraction between the nanoplatelets. From around 8.9 nm?
onwards, all free energy curves show qualitatively the same shape. Thereby, the positions
of the extrema change only slightly, since the thickness of the ligand shell changes only
little. However, the strength of the interaction continues to increase with the facet area.

To investigate this further, we plot the free energy values of the minima and maxima.
In addition, we plot the free energy at a distance of 4.75 nm. At this distance, there is
already a significant repulsion between the ligand brushes (Figure . We find that the
magnitude of the attraction at the minima, as well as the magnitude of the repulsion at
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Figure 7.13: Effect of the facet area on the solvent restructuring. The top panel shows the
ligand, the middle panel the solvent, and the bottom panel the total densities.
As depicted in the inset, the densities at each distance in z-direction are
averaged over the whole base facet area in the corresponding zy-plane, and
are time averaged. For clarity, the data points are connected with straight
lines.

the maxima, increase with the facet area. Thereby, the slope depends on the separation
at which an extremum is located. For the minima and maxima at smaller nanoplatelet
separations, the slope is steeper than for the minima and maxima at larger separations.
Also, the magnitude of the repulsion at 4.75 nm increases with the facet area. We observe
two different regimes. With smaller facet areas, the free energy values are small, and
there is no clear trend. However, with larger facet areas, we observe linear slopes. The
linear behavior starts at around 20nm? for the minima, and at around 27.3nm? for the
maxima and the free energy value at 4.75 nm.

The difference between the two regimes can again be explained by the ligand densities,
and the solvent restructuring at the ligand-solvent interface. In Figure [7.13] we plot the
ligand and solvent densities away from the base facets of single nanoplatelets. Thereby,
we average the densities over the whole facet area in the corresponding xy-plane, and time
average (see inset of Figure . We find that both the ligand density oscillation and
the solvent density oscillation become more pronounced as the facet area increases. Fur-
thermore, with increasing facet area, less solvent stays within the ligand shell. However,
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the changes are clearly greater between the smaller facets.

As in the simulations with the TraPPE-UA setup in Section [6.2.1] we attribute the
changes to the effect of the facet edges on the ligand ordering. The ligands near the
edges have more space. Therefore, the ligands will arrange differently on a small facet
than on a large or infinite facet, which directly affects the ligand density, and the solvent
restructuring.

At the nanoplatelets with the smallest facet areas, the edges determine the ligand
density. The ligand shell is soft, and solvent layering is very weak. Accordingly, the free
energy curves for the interaction between the nanoplatelets with 2.2nm?, and 5.0 nm?
facet area is flattening out, as solvation forces are tiny.

However, with increasing facet area, the ligand density in the center of the facets is
increasing. The ligand shell gets harder, and solvent layering increases. Therefore, with
increasing facet area, the solvation forces are getting stronger. Starting from 8.9 nm?, we
find the typical oscillation in the free energy curves.

Finally, the changes in the densities for the facet areas between 20nm?/ 27 nm? and
55.7nm? are small. The small changes explain why the free energies appear to scale
linearly with the facet area A:

2

Gemall AA e A 4 d, (7.2)

extrema

where ¢, and d are constants.

To extrapolate our results, we also consider the densities away from the base facets of
single nanoplatelets with larger facet areas (67.4 nm, 80.2 nm, 94.1 nm, and 245.5nm). We
do not calculate the free energy curves for these facet areas because of the computational
costs. Furthermore, we add the density curves from the infinite setup to Figure (see
Section . We find that the trends in the densities continue. As we increase the facet
area, the amplitudes of the ligand density oscillation become larger, the amount of solvent
in the ligand shell decreases, and the solvent restructuring becomes more pronounced. The
density curves slowly converge to the curves of the infinite setup.

Again, the changes in the densities are tiny for small facet area changes A A, for example
between 80.2nm? and 94.1 nm?. However, the changes in the densities are large for large
facet area changes AA, for example between 27.3nm? and 245.5nm?.

Therefore, we expect the amplitudes of the free energy oscillations to grow faster than
linearly for large facet area changes AA:

Glaee A4 > A 4 d. (7.3)

extrema

We assume that our results for small nanoplatelets are generally transferable to larger
ones, since the essential features in the ligand and solvent densities, as well as the features
of the free energy curves, do not change. Even though, we expect stronger solvation forces
between larger facets.
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7.2.7 Nanoplatelet thickness

In the face-to-face interaction of CdSe nanoplatelets, solvation forces derive from the
solvent restructuring between the facets that depends on the separation. Therefore, it
seems reasonable to assume that the interaction is independent of the thickness of the
nanoplatelets.

To verify this, we compare three nanoplatelets with different thicknesses (1.5nm, 2.2 nm,
and 3.0nm). In Figure , we show the free energy curves. It turns out that the overall
attraction increases with the thickness. However, a closer look reveals that the first part
of the free energy curves are identical, and just shifted. The changes in the shape of the
curves appear between ~4.75nm distance and ~8nm. As discussed in Subsection [7.2.2]
the shape of the free energy curve depends on the approach pathway. Therefore, we can
split the problem into two parts: the question of why the attraction in the first minimum
increases, and the question of why the shape of the free energy curves changes.
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Figure 7.14: Effect of nanoplatelet thickness. Shown are free energy curves of the face-
to-face interaction (error bars included) [96]. The platelets have 35.6 nm?
base facet area. The thickness is varied between 1.5nm, 2.2nm, and 3.0 nm.
The attraction between the thicker nanoplatelets increases. Also shown are
heatmaps of the solvent density around single nanoplatelets with 1.5nm
(left), and 3.0 nm thickness (right). The main changes in the solvent density
appear away from the side facets and the edges.
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Figure 7.15: Effect of the nanoplatelet thickness on the ligand and solvent densities. The
left column shows the densities away from the side facets, while the right
column shows the densities away from the base facet. The top panel shows
the ligand, the middle panel the solvent, and the bottom panel the total
densities. The densities at each distance in x/z-direction are averaged over

the whole facet area in the corresponding zy/xy-plane, and are time averaged.
For clarity, the data points are connected with straight lines.

The densities provide some insights. We compare the densities away from the side facets
and the base facets. In Figure [7.15] we present the densities for single nanoplatelets. In
agreement with the previous subsection, we find that the ligand density oscillations at the
side facets increase with the thickness. Furthermore, there is less solvent in the ligand
shell of the thicker nanoplatelet. Additionally, the solvent layering is more pronounced.
However, concerning the base facets, we find no changes in the densities between the two
setups.

It gets interesting when we compare how the densities change as two nanoplatelets
approach each other. The densities at the side facets are not influenced by the separation,
and do not change. In contrast, the densities between the approaching base facets depend
on the separation (Figure . Independent of the separation, we find no differences
between the two setups in the densities between the base facets.

We conclude that the configuration at the edges between the facets must change with
distance, and that this change must be dependent on the system. This is the case because
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Figure 7.16: Sketch of the different regions around the nanoplatelets. Marked is, if the
ligand and solvent densities depend on the nanoplatelet thickness, the facet
surface separation, or on both.

the configurations of the ligand and solvent molecules at the edges are confined by the
constant configuration at the side facets and the changing configurations at the base facets.
We depict the different regions in Figure[7.16, We can assume that the density oscillations
at the edges are more pronounced in the setup with thicker nanoplatelets. Therefore, we
can also assume that the separation dependent changes in the density oscillations are
larger in the setup with thicker nanoplatelets. These results and conclusions explain why
the attraction increases with thickness. Larger changes in the density oscillations away
from the edges will cause a larger attraction.

We can only address superficially the second question of why the shape of the free
energy curves changes. The solvent restructuring away from the edges is different in the
two setups. As two nanoplatelets approach, the solvent density oscillations interfere. Since
the solvent oscillations are different in the two setups, also the result of the interference is
different. We assume that the separation dependent changes in the densities are reflected
in the different shapes of the free energy curves.

Finally, we can conclude that the interaction does indeed depend to some extent on the
thickness of the nanoplatelets, and in general on the ligand and solvent structure at the
edges of interacting facets.
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7.2.8 Temperature dependence

The temperature can affect the interaction between nanocrystals in many ways. For ex-
ample, entropic effects, such as the translational entropy (see following Chapter |8, Equa-
tion , become more prominent with increasing temperature, and energetic barriers
become easier to cross. Furthermore, the ordering of the ligand and solvent molecules can
change.

Widmer-Cooper et al. have shown that the interaction of nanocrystals can depend
sensitively on the arrangement of the ligands in the ligand shell [33],[34]. They have found
that the ligands of CdS nanorods form bundles at low temperatures. These bundles
strengthen the layer formation of the solvent, and thus strengthen the solvation forces.
Furthermore, they have found that the bundles dissolve at higher temperatures, and the
layer formation of the solvent becomes negligible. Therefore, the interaction between the
nanorods becomes purely repulsive.

We have discussed in Section how the solvent restructuring at the ligand-solvent
interface of CdSe nanoplatelets depends on the temperature. The ligand shell of CdSe
nanoplatelets is denser than the ligand shell of CdS nanorods. Therefore, ligand bundle
formation is of less importance. The dense ligand shell of CdSe nanoplatelets still supports
pronounced solvent layering at higher temperatures. This is especially true when we
consider the base facets of larger nanoplatelets, since the influence of the edges becomes
smaller.

In this section, we consider the face-to-face interaction between CdSe nanoplatelets at
different temperatures. The MARTINI model is poorly suited to describe the arrangement
of the ligands in the ligand shell due to its low resolution. We therefore divide our
consideration of temperature into two parts. In the first part, we will discuss simulations
with the MARTINI setup, and in the second part, we will discuss simulations with the
TraPPE-UA setup.

7.2.8.1 MARTINI setup

We consider the effect of the temperatures on the face-to-face interaction of CdSe nano-
platelets in the MARTINT setup. In Figure [7.17h, we show the calculated free energy
curves.We find that the attraction between the nanoplatelets decreases as the tempera-
ture increases. The amplitudes of the free energy oscillation decrease, while the extrema
move slightly to larger separations. However, Jana et al. have found that the interaction
between CdS nanorods becomes repulsive at higher temperatures. In contrast to the re-
sult of Jana et al., the effect of the temperature on the interaction of CdSe nanoplatelets
is small. Qualitatively, the interaction between the CdSe nanoplatelets does not change.

We find explanations for the small influence of temperature in the arrangement of the
ligands and in the densities of the ligands and the solvent. In Figure [7.17b, we show
snapshots of one of the nanoplatelets at different temperatures. Here, we do not observe
ligand bundling, or any obvious other order-disorder transition. Furthermore, we do not
find qualitative changes in the ligand and solvent densities away from the base facets of the
nanoplatelets (Figure . The amplitudes of the ligand density oscillation decrease at
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Figure 7.17: Effect of the temperature on the face-to-face interaction in the MARTINI
setup. Panel a, shows free energy curves for different temperatures. Here,
the free energy is given in kJ/mol. In most other figures of this chapter,
the free energy is plotted in kgT (1kgT = 2.49 kJ/mol at 300 K). The free
energy oscillations are more pronounced at lower temperatures. Panel b,
shows cross-sectional snapshots of nanoplatelets at different temperatures.

higher temperatures, the solvent layering becomes less pronounced, and the bulk solvent
density becomes larger. However, the characteristics of the curves do not change.

7.2.8.2 TraPPE-UA setup

The TraPPE-UA setup may be better suited to look at the temperature effect. However,
the TraPPE-UA force field quadruples the number of beads in the simulation box. To still
obtain acceptable simulation durations, we can therefore only treat small nanoplatelets.
We use nanoplatelets with 18.1 nm? base facet area, 1.2nm thickness, and short ligands.

The nanoplatelets used in experiments are usually larger. Therefore, we select a con-
figuration that resembles the ligand shell of larger nanoplatelets. We use ligands with
a length corresponding to eight carbon atoms, describing octanoic acid ligands (see Fig-
ure . It is one of the ligand types Jana et al. have used in their experiments [45].
The length of the octanoic ligands is smaller than the dimensions of the base facets. Ac-
cordingly, they form a dense, well-ordered ligand shell on the base facets (see snapshots
in Figure . As in the infinite facet setup in Figure we do not observe bundle
formation of the ligands on the base facets. However, we find that the ligands on the side
facets form bundles at low temperatures. We attribute the absence of bundle formation
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Figure 7.18: Temperature dependence of the solvent restructuring away from the base
facet of single nanoplatelets in the MARTINI setup. The top panel shows
the ligand, the middle panel the solvent, and the bottom panel the total
densities. The inset in the top panel shows a zoom of the ligand shell density.
As depicted in the bottom right inset, the densities at each distance in z-
direction are averaged over the whole base facet area in the corresponding
xy-plane, and are time averaged. For clarity, the data points are connected
with straight lines.

at the base facets to the stronger confinement of the ligands, which is associated with
shorter ligands (see Section [6.2.3).

In Figure [7.19] we show the calculated free energy curves. Because of the higher com-
putational cost, we have limited ourselves to the first part of the free energy curves.
Therefore, we place the zero-point of the free energy in the 1st free energy minimum. The
free energy curves are very similar to those from the MARTINI setup. The free energy
oscillation is more pronounced at lower temperatures. However, qualitatively, the curves
do not change.

Overall, we conclude that the TraPPE-UA setup describes the properties of the ligand
shell better than the MARTINI setup. However, the MARTINI setup is sufficient to study
the general trends for other parameters, since it reproduces similar densities and free
energies. Furthermore, we conclude that the temperature affects the interaction of large
CdSe nanoplatelets, or CdSe nanoplatelets with short ligands, less than the interaction
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Figure 7.19: Effect of the temperature on the face-to-face interaction in the TraPPE-UA
setup. Panel a, shows free energy curves for different temperatures. Here,
the free energy is given in kJ/mol. In most other figures of this chapter, the
free energy is plotted in kg T (1kgT = 2.49 kJ/mol at 300 K). The free energy
oscillations are more pronounced at lower temperatures. Panel b, shows
cross-sectional snapshots of the nanoplatelets at different temperatures.

of CdS nanorods. However, even though the effect is smaller, changing the temperature
is a way to control the attraction between CdSe nanoplatelets.

7.2.9 n-alkane solvent molecule length

In Section [6.2.4] we have found that the solvent restructuring at the ligand-solvent in-
terface depends on the solvent type. For linear n-alkane molecules, the amplitude of the

solvent oscillation increases with the n-alkane length. Here, we consider the influence of
the n-alkane length on the pair interaction of CdSe nanoplatelets.

We consider solvent molecules with a length between one and four MARTINI C1 beads.
This covers the range between n-hexane and n-tetradecane. In Figure we show the
ligand and solvent densities away from the base facets of single nanoplatelets. We observe
similar trends as in the infinite facet TraPPE-UA setup (see Figure . With increasing
alkane length, the bulk solvent density is increasing, and the amplitude of the solvent
density oscillation increases. Additionally, we find that these differences become smaller
with increasing chain length. Furthermore, it is evident that the positions of the extrema
move slightly towards the base facet as the chain length increases (see inset with zoom).

We calculate the free energy curve for solvent molecules with up to four C1 MARTINI
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Figure 7.20: Effect of the alkane solvent length on the solvent restructuring. The top
panel shows the ligand, the middle panel the solvent, and the bottom panel
the total densities. A zoom of the largest maximum of the solvent density
oscillation is shown in the inset in the second row. As depicted in the inset
with the sketch, the densities at each distance in z-direction are averaged
over the whole facet area in the corresponding zy-plane. For clarity, the
data points are connected with straight lines.

beads. We find that we have to increase the number of solvent molecules and the simu-
lation box size drastically for three and four solvent beads to avoid self interaction of the
nanoplatelets (Table . Additionally, the viscosity increases, and the nanoplatelets
move slower. Therefore, we have to equilibrate the systems for longer periods, and have
to double the production run to 80ns (see Section . Altogether, the computa-
tional cost for the simulations increases drastically with the solvent length. Therefore, we
consider in the calculation with four solvent beads only separations up to 6.3 nm distance

(see Figure for convergence).

In Figure[7.21], we show the calculated free energy curves. Since we have only calculated
the first part of the free energy curve with four solvent beads, we place the zero point
of the free energy in the 1st free energy minimum. In accordance with the results for
the solvent restructuring, we find that the strength of the interaction increases with the
n-alkane length. We find that the extrema slightly shift with increasing chain length
to smaller separations. Furthermore, a new minimum at around 4.8 nm appears in the
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Figure 7.21: Effect of alkane solvent length on the free energy curves that describe the
face-to-face interaction. The solvent length is varied between one and four
C1 MARTINI beads. The zero point of the free energy is placed in the first
minimum. The strength of free energy oscillation increases with the solvent
length.

free energy curve for four solvent beads, whose characteristics we already find in the other
curves. We assume that it results from the reorganizing and interdigitation of the ligands,
which is more pronounced due to the increased attraction. As already observed in the
densities, we find that with increasing solvent molecule length, the extrema shift slightly
towards smaller separations.

In summary, we conclude that the attraction between CdSe nanoplatelets in n-alkane
solvents with a longer chain length is larger. Therefore, we expect that the steric stability
of CdSe nanoplatelets decreases in longer n-alkanes.

7.2.10 Isomers of octane in higher resolution

The isomers of a solvent molecule have all the same composition of atoms. However, they
differ in their arrangement and branching. The magnitude and shape of the solvation
forces can be different in different isomers of a solvent. For example, Wang et al. have
shown that solvation forces between flat, uncoated surfaces are stronger in n-decane than
in 2,2-dimethyloctane due to differences in the solvent restructuring [73].
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Figure 7.22: Ligand and solvent densities away from the side and base facets of single
nanoplatelets in several isomers of octane. The top panel shows the ligand,
the middle panel the solvent, and the bottom panel the total densities. As
depicted in the insets, the densities at each distance in x/z-direction are aver-
aged over the whole facet area in the corresponding zy/xy-plane. For clarity,
the data points are connected with straight lines. Shown are also snapshots
of single solvent molecules. The bead colors in the snapshots correspond to
the different bead types: CHj is shown in orange, CHs in yellow, CH; in red,
and CHy in white.

We systematically compare the face-to-face interaction in several isomers of octane.
Since the resolution of the MARTINI model is not sufficient to describe the isomers, we
use here the TraPPE-UA setup (see Figure. We use the same nanoplatelet setup as in
Subsection We use nanoplatelets with 18.1 nm? base facet area, 1.2nm thickness,
and with a length corresponding to eight carbon atoms.

In Figure [7.23] we present the calculated free energy curves. Because of the higher
computational cost, we have limited ourselves to the first part of the free energy curves.
Therefore, we place the zero-point of the free energy in the 1st free energy minimum. All
free energy curves show qualitatively a very similar shape as those we have calculated
with the MARTINI setup. This result again confirms our assessment that the MARTINI
model is suitable for describing CdSe nanoplatelets. However, the higher resolution of
the TraPPE-UA setup allows us to differentiate the features of the isomers. We find that
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Figure 7.23: Isomers of octane. Shown is the face-to-face interaction. The TraPPE-UA
setup is used. On the right, cross-sectional snapshots of the setups are dis-
played. Shown are snapshots from an umbrella window close to the 2nd

minima. The bead colors correspond to the different bead types: CHj is
shown in orange, CH, in yellow, CH; in red, and CHg in white.

the spacing between the extrema of the free energy oscillation and the amplitudes of the
oscillation depends on the octane isomer.
It is striking that regardless of the solvent, the 1st minimum is always at ~3.44 nm and

the free energy curves are nearly identical up to a separation of ~3.65nm. In Figure[7.24]
we show the ligand and solvent densities away from and between the base facets at the
Ist and 2nd free energy minima. Regardless of the octane isomer, the ligand densities are
nearly identical at the 1st minimum. Furthermore, the solvent density between the ligand

shells is nearly zero. Therefore, there is no difference in the course of the free energy
curves at short distances.

Near the 1st maximum, the free energy curves split. With increasing branching of
the solvent molecules, the peak of the 1st maximum shifts to larger distances, and the

maximum free energy value increases. We attribute both changes to the increasing cross-
section of the solvent molecules.
Let us consider a simplified model. Consider two hard, flat facets without ligands and

hard spherical solvent molecules. As the facets move away from each other, a certain

distance must be reached before the spheres can get between the facets (see sketch in
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Figure . As the distance increases, the excluded volume increases and the free en-
ergy increases accordingly. For spheres with larger diameters, the facets must be further
apart before the spheres can get between the facets. Accordingly, the free energy of the
maximum increases and the maximum peaks shift to larger distances for larger spheres.

Of course, this is a very simplified picture. In particular, it neglects the softness of
the ligand shell, the flexibility of the solvent molecules, and that the interactions of the
molecules change dependent on the solvent type. For example, the solvent molecules will
not penetrate all at once into the volume between the facets. They will enter continu-
ously (compare with results in Subsection . However, the model illustrates why the
maximum free energy values increase.

The positions and free energy values of the 2nd minima also depend on the octane
isomer. With increasing branching, the minima shift to larger distances due to the thicker
solvent layers. This is also visible in the solvent densities in Figure In each system,
there is a solvent density peak between the nanoplatelets at the 2nd minimum. The
peaks shrink and broaden with increasing branching. The broadening is consistent with
the changes in the spacing between the extrema in the free energy curves. However,
there is no simple connection between the free energy values of the 2nd minima and
the density curves. This becomes clear when comparing 3,4-dimethylhexane and 2,2,4-
trimethylheptane. Their ligand and solvent density curves are nearly identical at the 1st
and 2nd minimum. Still, the free energy values are different. This illustrates that the
free energy curves are determined not only by the densities, but also by the interactions
between the ligand and solvent molecules, which change with the solvent type.

These results show how difficult it is to predict how the isomers of a solvent affect
the interaction between the nanoplatelets. We do not find a clear trend. Therefore, it is
probably easier to use n-alkanes with different lengths to tune the nanoplatelet interaction.
Nevertheless, these results show that the use of isomers for the tuning of the interaction
is also possible.
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7.3 Summary and discussion

In summary, we find in this chapter that the interplay between the properties of the
ligand shell, the solvent restructuring, and the solvent type dictates the free energy of
the interaction of ligand passivated CdSe nanoplatelets. Thereby, the shape of interac-
tion depends on the approach path. We find a strong free energy oscillation when two
nanoplatelets approach /separate face-to-face, because of the solvent layering between the
base facets. The separation dependent solvent layering causes strong solvation forces that
are reflected in the free energy oscillation. In contrast, we find no free energy oscillation
when the nanoplatelets approach/separate in a lateral side-shift, since the solvent does
not layer.

We observe several trends. The solvent restructuring at a ligand shell depends on the
ligand packing density, and the structure of the ligand-solvent interface. Accordingly, we
find that the strength of the face-to-face interaction increases with the grafting density,
and decreases with the ligand length. Furthermore, we find that the structure and packing
density of the ligand shell depends on the facet area. The ligands at the edges of a facet
have more space than the ligands in the center of a facet. Therefore, the ligand packing
density away from the center of a facet is larger, as well as the solvent restructuring. We
observe that this effect is particularly strong for small nanoplatelets/ facets. For larger
nanoplatelets, we find that the strength of the interaction increases nearly linear with the
facet area. We find that the linear trend corresponds to very similar densities away from
the facets between the systems. However, we observe that the densities slowly change
with the facet area. Therefore, we expect for very large facet area changes a stronger
than linear increase in the strength of the interaction. Surprisingly, we find that also the
thickness of the nanoplatelets has an effect on the face-to-face interaction. As we increase
the interaction, we increase the ligand density and the solvent restructuring away from
the side facets. We observe that the changes in the edges between the side facets and the
base facets have a significant effect on the attraction between the nanoplatelets.

We also consider different solvent types. We find that the attraction between nano-
platelets in n-alkanes increases with the chain length. Furthermore, we compare different
isomers of octane. We find that the spacing between the extrema of the free energy
oscillation can be tuned, as well as the amplitudes.

Overall, we can state that solvation forces dominate the interaction between ligand
passivated CdSe nanoplatelets in pure apolar solvents. Therefore, we can most effectively
control the interaction and steric stability of CdSe nanoplatelets by tuning the solvation
forces.
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Chapter 8

Experimental validation

The results shown in this chapter are part of a joint project with our colleagues Shuai
Chen and Hai Wang. The experiments were carried out by them. We participated in the
directed design of the experiments, as well as in the interpretation, which is based on our
simulation results. These results are also included in the PhD thesis of Shuai Chen [130).

A joint publication is under preparation.

Our simulation results suggest that solvation forces dominate the interaction of CdSe
nanoplatelets, and are the main cause of nanoplatelet stack formation. However, even
though previous studies are in agreement with our results [45], 46, 37], experimental results
that distinguish the effect of solvation forces from the other interaction forces are desirable.

Our approach is to look at the self-assembling process in solution of nanoplatelets with
different properties, and thus differentiate the influence of the interactions. Jana et al., as
well as Momper et al., confirmed by small-angle X-ray scattering (SAXS) experiments that
CdSe nanoplatelet can form stacks in n-alkane solvents [45] [37]. However, this method is
quite unprecise. It can only be used to detect larger stacks.

Our setup allows us to determine the CdSe nanoplatelet concentration at which the
self-assembling process begins. To do so, we exploit the specific optical, and electrical
properties of CdSe nanoplatelets. We induce (exciton dominated) charge species in the
nanoplatelets with a laser pulse. When the nanoplatelets form dimers or stacks, the elec-
tronic coupling between the nanoplatelets increases. Enhanced inter-nanoplatelet charge
separation causes free charge carrier generation. Additionally, we expect that the mobil-
ity of the free charge carriers increases, as the nanoplatelets assemble. As a result, the
photoconductivity increases as CdSe nanoplatelets self-assemble. The change in the pho-
toconductivity can be measured with optical-pump terahertz-probe spectroscopy (OPTP)
[37]. We exploit this effect to measure the saturation concentration at which the CdSe
nanoplatelets start self-assembling. We vary the base facet area, as well as the solvent
type. The altered saturation concentrations allow us to draw conclusions about the in-
teractions.
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8.1 Synthesis

We synthesize CdSe nanoplatelets with four Cd monolayers (see Chapter [131], 130].
This corresponds to a nanoplatelet thickness of 1.4nm. By varying the reaction time, we
produce samples with four different average base facet areas: 24nm?, 119nm?, 215nm?,
and 420nm?. In Figure —d, we show transmission electron microscopy (TEM) images
of the samples. While the thickness is controlled with atomic precision, there is a variation
in the lateral dimensions. Most of the nanoplatelet base facets are rectangular. However,
some nanoplatelets, especially those with around 420nm? facet area, deviate from the
rectangle shape.

To characterize the nanoplatelets, we measure the absorption and emission spectra of
the nanoplatelets. We find sharp absorption peaks at around 480 nm, and 512 nm, as well
as a sharp emission peak at 512nm. For the sample with 24 nm base facet area, we find
a minor spectral shift of ~7nm. We do not find such a shift for the larger nanoplatelets.
This result is in agreement with the expectation, that the electronic structure mainly
depends on the thickness of the nanoplatelets (see Section . The lateral dimensions
of the larger nanoplatelets with 119nm?, 215nm?, and 420 nm? base facet area are much
larger than the bulk CdSe exciton Bohr radius of (4-6) nm, while the thickness of 1.4 nm is
smaller [86], 87]. Therefore, the quantum confinement effect occurs only in the thickness.
Regardless of the base facet area, the spectra do not change. The only exception is the
sample with 24 nm? base facet area. In this sample, the base facet side length of around
~ 5nm is similar to the bulk CdSe exciton Bohr radius of (4-6) nm. Hence, the quantum
confinement in the lateral dimensions influences the spectrum in this sample.

For the three samples with larger base facets, we measure the absorption spectra for
different nanoplatelet concentrations (Figure[A.15)). Furthermore, we show the absorption
spectra of the sample with 119nm base facet area in different solvents in Figure [A.T6]
The wavelength of the peaks do not change.

8.2 Method: optical-pump terahertz-probe spectroscopy

We apply optical-pump terahertz-probe spectroscopy (OPTP), to measure the photocon-
ductivity. A sketch of the setup is shown in Figure 8.2 We use an ultrafast laser pulse
(~100fs, 400 nm, 3.1eV). With the pulse, we optically promote electrons from the valence
band to the conduction band. This leads to a change in the conductivity (Ac), which we
measure by a terahertz (THz) pulse with a duration of 1 ps. Thereby, Ao = Aog +iAoy is
a complex quantity. The electrical field of the terahertz pulse (E) accelerates free charge
carriers, which in turn leads to the attenuation AE of the pulse. The attenuation is
linearly proportional to the real part of the conductivity (AE o« Aog). Excitons, which
are in total charge neutral, induce mainly a phase shift At in the terahertz pulse. This
phase shift is associated with the polarizability of the excitons. It is proportional to the
imaginary part of the conductivity Aor.
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Figure 8.1:

Figure 8.2:

8.2 Method: optical-pump terahertz-probe spectroscopy
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TEM images of synthesized CdSe nanoplatelets (panel a-d). The facet areas
are 24nm? (panel a), 119nm? (panel b), 215nm? (panel c), and 420 nm?
(panel d). Panel e, shows the corresponding absorption spectra (dots), as
well as the emission spectra (lines with dots).
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Setup of the optical-pump terahertz-probe spectroscopy (OPTP). A pump
pulse promotes electrons to the valence band. The change in the conductivity
is measured by a terahertz pulse. The components of the complex conductivity
are proportional to the phase shift At and the change of the amplitude of the
electric field —AF.
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8.3 Results

In the first series of experiments, we vary the base facet area. For each base facet area,
we disperse the CdSe nanoplatelets in n-hexane (Figure -d), and carry out OPTP
measurements. We measure the attenuation of the electric field of the THz signal AF.
For the comparability of the photoconductivity in different nanoplatelets concentrations,
we normalize AFE by the absorbed photon density N,.s. The photoconductivity Ao is
linearly proportional to AE/Nops.

We find that the photoconductivity depends on the base facet area. In the sample with
24 nm? base facet area, we find a purely excitonic response. The real part of the measured
photoconductivity is zero, while we obtain a strong imaginary component. Even at very
high nanoplatelet concentrations, this does not change (see Figure in the Appendix).
The most obvious explanation is that the majority, if not all, of the charge carriers are in
an exciton state. The bulk CdSe exciton radius is around 5.4 nm [87]. The side length of
the base facet area is smaller. Therefore, even high-energy charge carriers have no chance
to flee the exciton configuration within a single nanoplatelet. Evidence of this is also
provided by the spectral shift in the absorption spectrum (Figure ), which indicates a
lateral quantum confinement effect. For completeness, we should note that Brumberg et
al. have observed that the in-plane radius of excitons in CdSe nanoplatelets is in the range
of 1-2nm [87]. Therefore, not all questions are clarified here. It would be interesting to
analyze this in more detail. Anyway, we can conclude that we cannot make a statement
about whether the nanoplatelets with 24 nm? facet area form stacks or not.

Fortunately, we can make more definite statements for larger nanoplatelets. The pho-
toconductivity of the larger nanoplatelets also has a large imaginary component, which
again indicates excitons (see Figure —f). However, free charge carriers also occur
here, which leads to a real component in the photoconductivity. In Figure 8.3k, we plot
the real component of the photoconductivity for the sample with 420 nm? facet area.
Following the optical excitation, the conductivity increases. First there is a peak, then
the conductivity drops to a metastable level. The conductivity strength depends on the
nanoplatelet concentration. For several concentrations, we average the conductivity be-
tween 1.5ps and 2.0ps. In Figure |8.3p, we plot the resulting curve. The curve shows
a sigmoidal transition. Our interpretation is that this transition in photoconductivity is
due to the self-assembling of the nanoplatelets. As already described in the introduction
of this chapter, the electronic coupling between the nanoplatelets increases when they
self-assemble. The enhanced inter-nanoplatelet charge separation increases the number of
free charge carriers. Additionally, we expect that the mobility of the free charge carriers
increases. Both effects contribute to the increase in the photoconductivity.

That the self-assembling of the CdSe nanoplatelets depends on the concentration is
straightforward. If the platelets assemble, or not, depends on the balance between the
different free energy terms (see Chapter 2] and Section[3.4). Some terms, such as the core-
core van der Waals attraction, and the solvation forces favor the assembly of nanoplatelets,
while other terms, such as the rotational entropy, and the translational entropy favor the
dispersed state.
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The nanoplatelet concentrations ¢ in our experiments are relatively small, and the
volume fraction of the nanoplatelets is < 1%. Therefore, we can assume that most of the
terms contributing to the free energy of the system will not significantly change within
the concentrations range. However, the translational entropy of a nanoplatelet depends
directly on the accessible volume, and therefore on the nanoplatelet concentration. It
contributes to the free energy by:

Grans = kT log(c). (8.1)

As we increase the concentration, we increase the free energy G s, and shift the balance
of the free energy terms towards assembly. At the saturation concentration, the balance
has shifted to the point where the nanoplatelets begin to assemble.

In Figure[8.3b, the curves for the other facet sizes are also shown. As already discussed,
we do not measure a photoconductivity in the sample with 24 nm? facet area. For the
other samples, we find a clear trend. The larger the facet area, the lower the saturation
concentration. This is in agreement with our simulations, where we have found that the
attraction increases with the facet area (see Section [7.2.6]). A higher attraction between
the nanoplatelets shifts the balance towards assembling. Anyway, we would see this
trend in the other interactions as well. The core-core van der Waals interaction also
increases with facet area (Section , as it is expected for the dipole-dipole interaction.
Measurements on CdSe nanorods have shown that the dipolar moments scale linearly with
the nanocrystal volume [132], 52].

Therefore, in the next step, we consider different n-alkanes solvents. Here, our simula-
tions show that the attraction due to the solvation forces increases with the chain length
(see Section [7.2.9). In contrast, the core-core van der Waals interaction decreases with
the chain length (Section . Similarly, we expect the dipole-dipole interaction to de-
crease with chain length. The different trends allow us to experimentally clarify which
interaction dominates here.

We chose the sample with facet areas around 119 nm?, and consider n-hexane, n-octane,
n-decane, and n-dodecane as solvents. In Figure [8.3c, we show the measured curves.
For further details, see also Figure in the Appendix. We find that the saturation
concentration decreases with the n-alkane chain length. The longer the n-alkane chain is,
the smaller the concentration at which the nanoplatelets start to assemble. As discussed,
we expect that the saturation concentration depends on the attraction between the CdSe
nanoplatelets. We infer that the attraction between the nanoplatelets increases with the
chain length. Therefore, the observed trend is consistent with our simulations. This result
confirms our hypotheses that solvation forces play a crucial role in the interaction and
steric stability of colloidal CdSe nanoplatelets. Indeed, it demonstrates that solvation
forces can dominate the interaction.

Finally, the comparison of Figure [8.3p, and Figure demonstrates that the interac-
tion and the steric stability sensitively depends on various parameters. It is possible to
precisely tune the interaction. For example, it is possible to set the same steric stability
for different large nanoplatelets, just by tuning the solvent type.
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Figure 8.3: OPTP measurements. Panel a shows the measured real component of the
photoconductivity before and after the pump pulse (0.0 ps). The CdSe nano-
platelets have base facet areas of around 420nm?. The solvent is n-hexane.
The nanoplatelet concentration is varied. To guide the eyes, the points are
connected with straight lines. For each nanoplatelet concentration, the con-
ductivity is averaged in the interval between 1.5ps and 2.0 ps. The averaged
conductivities are plotted in panel b (teal data points, 420nm?). Further-
more, panel b shows the averaged conductivities for other base facet areas
(215nm?, 119nm?, and 24 nm?). Panel c shows the concentration dependent
conductivities in different n-alkane solvents. The base facet area in panel c
is around 119nm?. The lines in panel b and c are fits with sigmoidal curves.
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8.4 Summary and discussion

We use OPTP measurements to evaluate the saturation concentration at which CdSe
nanoplatelets start to assemble. The OPTP method takes advantage of the special optical
and electronic properties of CdSe nanoplatelets. Its use is limited to systems in which the
photoconductivity changes depending on the assembling. For example, we assume that
this method could also be applied to study perovskite nanoparticles [39].

In general, the assembly of nanocrystals depends on the balance between different
free energy terms (see Chapter [2)). Therefore, we can draw conclusions about the in-
teractions from the measured saturation concentrations. We find that the saturation
concentration decreases with the facet area, which indicates that the attraction between
the nanoplatelets increases. This observation is in accordance to our simulations, where
the attraction increases with the facet area (see Section . This also applies to the
results for n-alkanes of different lengths. The saturation concentration decreases with the
length of the n-alkane chain. We infer that the attraction between the CdSe nanoplatelets
increases with the n-alkane chain length. This result is in agreement with our simulation
results. It confirms our hypothesis that solvation forces dominate the CdSe nanoplatelet
interaction, since both the core-core van der Waals interaction, and the dipole-dipole in-
teraction should decrease with the n-alkane chain length, while our simulations show that
the attraction due to the solvation forces increases.
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Chapter 9

Summary and outlook

In this thesis, we use molecular dynamics simulations to examine the interplay of the
different interactions of ligand passivated CdSe nanoplatelets in apolar solvents and relate
them to experimental observations.

Several contributions can influence the interaction between colloidal nanocrystals. Which
interactions are important in a given colloidal system depends on the materials used and
the discrete structure of the materials. Often, the van der Waals attraction between the
nanocrystal cores dominates the interaction, particularly between metallic nanocrystals
[21]. However, the core-core van der Waals attraction between CdSe nanoplatelets is very
weak. We estimate the core-core van der Waals interaction energy with the Hamaker
approach (see Section . Thereby, we compare different facet areas, distances, and
solvent types. For example, we find that the interaction energy between nanoplatelets
with a base facet area of 225 nm? is less than <1kgT (see Section .

Some nanocrystals exhibit large permanent dipoles, which can also significantly influ-
ence the interaction, for example CdSe nanorods [55]. Dozov et al. have found large
permanent dipoles in CdSe nanoplatelets with a facet area of about 180 nm? [48]. They
have estimated the maximal dipole-dipole interaction energy to be around —3 kgT. How-
ever, Dozov et al. have calculated the interaction energy for the configuration of the
dipoles that maximizes the attraction. They also have not considered thermal fluctua-
tions. Therefore, the average attraction is probably smaller. It would be worthwhile to
investigate this effect further. In particular, we wonder to what extent the permanent
dipoles depend on nanoplatelet thickness and the lateral dimensions. However, for our
considerations, it is sufficient to note that the dipole-dipole interaction is small for CdSe
nanoplatelets.

We run simulations where we find that the collective interaction between the ligand
and solvent molecules has a much stronger impact than the core-core van der Waals inter-
action and the dipole-dipole interaction (see Chapter @ In particular, strong solvation
forces occur. We find that the solvent restructures at the ligand-solvent interface of the
nanoplatelets. The solvent molecules order into layers around single nanoplatelets. This
structural change from the bulk solvent increases the free energy. As two nanoplatelets
approach each other, the solvent structure changes. Depending on the arrangement of
the solvent molecules in each separation, the free energy can increase or decrease. We
calculate free energy curves to characterize the pair interaction of two CdSe nanoplatelets.
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Chapter 9 Summary and outlook

We find that the shape of the free energy curves depends sensitively on the assembling
pathway, and the relative orientation of the nanoplatelets. For example, we find a strong
free energy oscillation at close distances when two nanoplatelets approach /separate face-
to-face with their base facets. This is because the solvent layering intensifies between
the facets. The free energy minima are at separations, where we find an integer number
of solvent layers in between. At the transition between states with well-defined solvent
layers, we find free energy barriers. However, these barriers are smaller, or not present
on other assembling trajectories, since the solvent restructuring depends on the relative
orientation of the nanoplatelets.

A dispersion with ligand passivated CdSe nanoplatelets and an n-alkane solvent like
n-hexane is metastable. Dependent on the concentration, the nanoplatelets form stacks
and precipitate within minutes, hours, or days [45]. We infer that solvation forces are
crucial for the attraction between the nanoplatelets, and cause the stack formation in
pure n-alkane solvents [45, 46]. Both the dipole-dipole interaction and the core-core van
der Waals interaction will also contribute to the stack formation. However, they are too
weak to be the main attraction. Furthermore, we assume that one of the reasons why
such a dispersion is metastable is that the free energy barriers arise due to the layer
formation of the solvent. The free energy barriers prevent direct self-assembly of the
CdSe nanoplatelets.

We find that the strength and shape of the solvation forces depend on several pa-
rameters of the colloidal system. The magnitude of the solvation forces depends on the
nanoplatelet geometry, the ligand shell properties, the solvent type, and the temperature
(see Figure , and Chapter . For example, we find that the attraction between CdSe
nanoplatelets increases with the base facet area. Also, we find for n-alkane solvents that
the attraction increases with the solvent molecule chain length. The experiments of our
collaborators confirm these trends (see Chapter [§)). Furthermore, we find that the sol-
vation forces become weaker with increasing ligand length. This trend is in agreement
with previous experiments of Jana et al. that have shown that the steric stability of CdSe
nanoplatelets in n-hexane increases with the ligand length [45]. Based on our results, we
attribute the change in steric stability to the change in attraction between the platelets.

The knowledge that solvation forces play the crucial role in the interaction and steric
stabilization of colloidal CdSe nanoplatelets in pure alkane solvents opens a large space
for variations and manipulations. For example, let us assume that we have a defined
CdSe nanoplatelet size and want to tune the steric stability. Then we can just change the
solvent type, or change the ligand length. On the other hand, let us assume that we need
to use a specific ligand type. Then, we can just change the nanoplatelet dimensions or the
solvent type. We anticipate that these options to tune the interaction will simplify the
processing of CdSe nanoplatelets. This will contribute to the use of CdSe nanoplatelets
in new innovative applications, such as in light-emitting devices [40], solar cells [41], field
effect transistors [42], and lasers [43].

In many ways, colloidal CdSe nanoplatelets are an ideal model system to study solvation
forces between ligand passivated nanocrystals. The dense ligand shell and large base facet
areas favor strong pronounced solvation forces, while the weak core-core van der Waals
and dipole-dipole interactions can be neglected. Therefore, we can also compare and
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Figure 9.1: Solvation forces play a crucial role in the interaction of CdSe nanoplatelets.
Several parameters influence the strength of the solvation forces. For exam-
ple, the solvation forces increase with the facet area, while the solvation forces
decrease with the ligand length. The trends that have been found are sum-
marized in the figure.

transfer our findings to other apolar colloidal systems with ligand coated nanocrystals.

First, we should discuss systems where solvation forces are typically weak, and in most
cases negligible. Spherical ligand passivated nanocrystals are the most obvious example.
The ligand packing density depends sensitively on the curvature of the nanocrystal surface.
The ligands can occupy more space away from a curved surface. Accordingly, the ligand
packing density decreases away from the nanocrystal surface. Therefore, the ligand-solvent
interface of spherical nanocrystals is usually not well-defined, and solvent restructuring
is strongly reduced. Hence, solvation forces typically play a minor role in the interaction
of spherical nanocrystals [31, 132, [30]. As our simulations indicate, this is also true for
small nanocrystals, where the ligand length is larger, or close to the dimension of the
nanocrystals (see Subsection [7.2.6)).

We expect significant solvation forces for nanocrystals with extended facets and dense
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ligand shells. To our knowledge, ligand-passivated CdS nanorods are the only other apolar
colloidal system with ligand passivated nanocrystals where strong solvation forces have
been observed so far. Widmer-Cooper et al. have demonstrated that solvation forces
strongly influence their interaction [33] [34]. There are two crucial differences to the CdSe
nanoplatelets. Although the facet areas of the nanorods are also large, the side lengths
of the rectangular facets are unequal. One side length is very long, while the other is
short. In addition, the ligand grafting density is significantly lower at the nanorods than
on the CdSe nanoplatelets. Therefore, the ligands have more space, and the solvent
layering is less pronounced. As our analysis of the solvent restructuring suggests, these
properties lead to a greater temperature effect (see Subsection . Widmer-Cooper et
al. have found a temperature dependent order-disorder transition in the ligand shell. The
ligand molecules form bundles at lower temperatures. These ligand bundles promote the
solvent layering. At higher temperatures, the bundles disintegrate and the solvent layering
becomes less pronounced. Accordingly, the attraction due to the solvation forces vanish
at higher temperatures. With a larger ligand grafting density and with wider facets,
the solvent layering would be less sensitive to the temperature, and the order-disorder
transition would be weaker. This system illustrates that strong solvation forces can occur
even when the ligand density and geometry actually indicate weak solvation forces.

Nanocrystals that behave very similar to CdSe nanoplatelets are CsPbBrs perovskite
nanoplatelets [39]. Prabhakaran et al. have synthesized perovskite nanoplatelets with a
facet area of around 168 nm?, and a thickness of around 3-4nm. They have found that
these platelets can also form stacks. Based on our results, we assume that solvation forces
play a significant role here. However, we must consider the subtleties. Prabhakaran et al.
have passivated the facets of the nanoplatelets with Cs- and Pb-oleate (PbC;3H3405) and
oleylammonium-Br (Ci3H3sBrN). Furthermore, they have used toluene as the solvent. It
would be very intriguing to find out how the two types of ligands influence each other, and
how toluene behaves as a solvent. Of course, the effect of other interactions would also
have to be considered in this system. However, probably because solvation forces between
ligand passivated nanocrystals have not been in the focus of the scientific community,
solvation forces have not been investigated for this system yet. Therefore, a closer look
at the interactions in this system would be particularly interesting.

In general, we expect that solvation forces will play a crucial role in the interactions
of nanocrystals with extended flat facets, well-defined and even ligand-solvent interfaces,
and large ligand packing densities. It would be interesting to investigate further colloidal
systems with the methods which we use here.
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Appendix A

Additional results

In this part of the appendix, we present complementary results to different sections of the
thesis. We name the sections according to the complemented chapters and sections.

A.1 Chapter 6: Solvent restructuring at ligand brushes

A.1.1 Infinite facets with the MARTINI model

In Chapter [6] we study how the solvent restructuring at the ligand-solvent interface de-
pends on different parameters. For the ligand grafting density, the ligand length, and the
n-alkane solvent length, we also run simulations with the MARTINI infinite facet setup
(see Section for a description of the setup). Here, we present these additional results.
The TraPPE-UA force field provides a representation that is very close to an atomistic
description. Whereas, the resolution of the MARTINI force field is considerably reduced.
While we observe similar trends with the MARTINI force field as with the TraPPE-UA
force field, it is important to be aware of the differences. The most obvious difference
between the force fields is that the C1 MARTINI beads are larger than the CHy. The
impact of this is particularly evident when comparing different ligand grafting densities
(Figure [A.1]). Here, we find that the solvent restructuring increases from 2.7 ligands /
nm? to 3.6 ligands / nm?, similar to the trend in the united atom approach in Figure [6.3]
However, the trend breaks for 4.2 ligands / nm?. Here, the solvent restructuring is less
pronounced, as for 3.6 ligands / nm?. The reason is simple. Due to their size, the ligand
beads have not enough space. Therefore, the ordering within the ligand shell changes.
Some ligands shrink, while some extent. This is visible in the ligand density, where
secondary maxima appear, and which extends further into the solvent. As a result, the
surface of the ligand-solvent interface gets uneven, which disturbs the solvent layering.
In Figure we plot the densities for different ligand length. Similar to the result
from the TraPPE-UA setup, we find that the solvent restructuring is less pronounced
in the simulation with five ligand beads than in the simulation with four ligand beads
(compare with Figure. However, there is a deviation from the trend for the simulation
with three ligand beads. This we can attribute to the change that we find in the ligand
density. Here, the peaks are less pronounced, and the ligand density reaches further into
the solvent. Accordingly, we find more solvent molecules within the ligand shell. A reason
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Figure A.1: Comparison of different ligand grafting densities in the infinite facet setup

2.7 ligands / nm? 3.6 ligands / nm?

with the MARTINI force field. The top panel shows the ligand, the middle
panel the solvent, and the bottom panel the total densities. As depicted in the
inset, the densities at each distance z are averaged over the whole xy-plane,
and time averaged. For clarity, the data points are connected with straight
lines.

shrinked ligand extended ligand

Figure A.2: Comparison of the ligand grafting density by cross-sectional snapshots of the

IT

infinite setup with the MARTINI model. The ligand shell with 2.7 ligands
/ nm? is softer than the ligand shell with 3.6 ligands / nm?. The ligand
shell with 4.2 ligands / nm? is so hard that some ligands shrink, while others
extend. The result is an uneven surface.
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Figure A.3: Comparison of different ligand lengths in the infinite facet setup with the
MARTINI force field. The top panel shows the ligand, the middle panel the
solvent, and the bottom panel the total densities. As depicted in the inset,
the densities at each distance z are averaged over the whole xy-plane, and
time averaged. For clarity, the data points are connected with straight lines.

could be the surface potential, which has a cutoff of r.yog = 2.50 = 1.55nm. Therefore,
the solvent molecules come in its influence range. We should note that we do not find
such a deviation in the densities of a finite nanoplatelet (see Figure .

We compare different solvent n-alkane chain lengths in Figure[A.4] Similar to the results
from the TraPPE-UA setup, we find that the solvent layering increases with the chain
length (compare with Figure [6.5).
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Figure A.4: Comparison of different solvent n-alkane chain lengths in the infinite facet

vV

setup with the MARTINI force field. The top panel shows the ligand, the
middle panel the solvent, and the bottom panel the total densities. As de-
picted in the inset, the densities at each distance z are averaged over the whole
xy-plane, and time averaged. For clarity, the data points are connected with
straight lines.
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A.2 Chapter 7: CdSe nanoplatelets pair interaction

A.2.1 Characterization of nanoplatelet stacks

In this section, we present additional results to Section

A.2.1.1 Time series of the center-center distances in different setups

In Figure we show the time series of the center-center distances from the simula-
tions with two nanoplatelets that are initiated in the not assembled state. We compare
nanoplatelets with facet areas between 20.0 nm? and 55.7nm?, with a fixed thickness of
1.5nm. Independent of the facet area, do not observe assembling of the nanoplatelets
within the simulation time. The time series for 55.7 nm? differs from the others, since
we use 350k solvent molecules instead of 100k solvent molecules in the simulation (see
Table . The simulation box is larger, and therefore the maximal possible distance
between two nanoplatelets in the box (see dashed lines in Figure .

For the simulations with three nanoplatelets that are initiated in the assembled stack
state, we show the trajectories in Figure [A.6l The stack consistent of nanoplatelets
with 20nm? base facet area disassembles fast (top panel), while the stack consistent of
nanoplatelets with 45.1 nm? is stable (bottom panel). The trajectories of the simulations
that are initiated in the not assembled state are plotted in Figure [A.7] Again, we do not
observe assembling.
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Figure A.5: Time series of the center-center distances from the simulations with two nano-
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platelets that are initiated in the not assembled state [96]. The base facet area
is varied between 20.0nm?, and 55.7nm?. In the simulation with 55.7 nm?
base facet area, we include 350k solvent molecules, while we use only 100k
in the other simulations (see Table [B.7). Therefore, the simulation box is
larger, as well as the theoretical maximal possible distance between the nano-
platelets. The noticeable difference in the time series between 55.7 nm? and
the other facet sizes is due to this. We mark the initial distances, the dis-

tance of the 1st free energy minima, and the maximal possible distances with
dashed lines.
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Figure A.6: Time series of the center-center distances for the simulations with three nano-
platelets that are initiated in the stack configuration [96]. The nanoplatelets
are labeled as number 1, 2, and 3 (see key). 20.0nm? base facet area (top
panel) is compared to 45.1 nm? base facet area (bottom panel).
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Figure A.7: Time series of the center-center distances for the simulations with three nano-
platelets that are initiated in the not assembled configuration. The nano-
platelets are labeled as number 1, 2, and 3 (see key). 20.0nm? base facet area
(top panel) is compared to 45.1 nm? base facet area (bottom panel).
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A.2.1.2 Mean square displacement

We calculate the mean square displacements (MSD) of simulations that are initiated in
the not assembled configuration. As we have only a few nanoplatelets, we calculate the
MSD by a time average:

#platelets

MSD(r) — %Z( (t; +7) ﬁ(ti))Q. (A1)

#platelets =1 i—1

Thereby, is #platelets the number of nanoplatelets, t; a timestep, and 7 the lag time. The
number of reference frames taken into account N varies dependent on 7 and the length
of the trajectory.

For the simulations with two nanoplatelets, the MSDs are plotted in Figure [A.8 The
MSDs of the simulations with three nanoplatelets are shown in Figure [A.9]
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Figure A.8: Mean square displacement of the simulations with two nanoplatelets [96].
Simulations are initialized in the not assembled state.
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Figure A.9: Mean square displacement of the simulations with three nanoplatelets [96].
Simulations are initialized in the not assembled state.
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A.2.2 Section [7.2.2: Interaction mechanism
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Figure A.10: Heatmaps of the solvent (left) and ligand (right) densities. Shown is the 3rd
free energy minimum from the face-to-face approach (see Figure , e).
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A.2.3 Section [7.2.4}: Ligand grafting density

Similar to Figure [7.12 in Section [7.2.6] we plot the free energy values of the first three
minima, and the first two maxima over the ligand grafting density (Figure |[A.11)). The
free energy values at the extrema increase with the ligand grafting density.
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Figure A.11: The strength of the face-to-face interaction between two nanoplatelets de-
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pends on the ligand grafting density [96]. Free energy values of selected
extrema are plotted over the ligand grafting density. The data points are
connected with straight lines to guide the eyes.
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A.2.4 Chapter [7.2.5} Ligand length

Also for the ligand length, we plot the free energy values of the first three minima, and
the first two maxima (Figure|A.12)). The free energy values at the extrema decrease with

the ligand length.
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Figure A.12: The strength of the face-to-face interaction between two nanoplatelets de-
pends on the ligand length [96]. Free energy values of selected extrema are
plotted over the ligand length. The data points are connected with straight
lines to guide the eyes.
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A.2.5 Section [7.2.7; Nanoplatelet thickness
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Figure A.13: Ligand and solvent densities at the first free energy minimum for nano-
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platelets with 1.5 nm thickness, 2.2 nm thickness, and 3.0 nm thickness. The
positions of the nanoplatelets are indicated with dashed lines in the cor-
responding color. The top panel shows the ligand, the middle panel the
solvent, and the bottom panel the total densities. As depicted in the inset,
the densities at each distance z are averaged over the whole base facet area
in the corresponding xy-plane, and are time averaged. For clarity, the data
points are connected with straight lines.
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A.3 Chapter 8: Experimental validation

ya L
a) 2 " —_—24 nmzl b) 2 O O 10ps after excitation
1 O O 10 ps after excitation O O 100ps afterexcitat?on
e [0 O 100ps after excitation| O O 900ps after excitation
NE 1 O O 900ps after excitation & 14
£
3 a
2 S
o
%O-MWW % 04 aaggnﬂﬂnnnungnﬁggﬂnﬂﬂ
S : e 8
2 4 ] es o
P 88888883805000
g A et g -1+ 00 °§8
2 A T —7 T 2+ T T T T T T T T
0246 8 50 250 450 750 900 04 06 08 10 1.2 14 16 18 20
Pump-Probe delay(ps) Frequency (THz)

Figure A.14: Additional results. The base facet area is around 24 nm?, and the solvent is
n-hexane. Panel a shows the measured real and imaginary component of
the photoconductivity before and after the pump pulse (0.0 ps), and panel b
shows the frequency resolved imaginary component of the photoconductivity.
The figure originates from Shuai Chen’s dissertation and has been adapted

[130].
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Appendix B

Simulation details and benchmarks

In this part of the appendix, we present complementary simulation details and bench-
marks. We name the sections according to the complemented chapters and sections.

B.1 Chapter 6: Solvent restructuring at ligand brushes

B.1.1 Simulation details

In the Tables [B.I}B.5 we list for each simulation in Chapter [6] the number of solvent
molecules, and the side lengths of the simulation box.

The periodic simulation boxes of the simulations with the finite nanoplatelets are cubic
(x = y = z, see Section . Here, we list the averaged z-side lengths. The periodic
simulation boxes of the simulations with the infinite facets have a square base. The side
lengths of the square base do not change during a simulation (z = y = constant). The
z-side length of the simulation boxes are varied to control the pressure (see Section .
We list the constant x, y-side lengths, and the averaged z-side length.

Facet area (nm?) # of solvent molecules lezé;tyhszifn) Alzzgiie (’1‘ rsri()ie
5.9 50k 24.0
9.2 50k 24.0
13.3 50k 540
18.1 50k 211
23.7 50k 511
29.9 50k 519
37.0 50k 519
infinite facet 6k 9.7 22.4

Table B.1: Details for the simulations with different facet areas in Section m
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Facet area Ligand grafting # of solvent x, y-side Average z side

(nm?) density (ligands/nm?) | molecules | length (nm) | length (nm)

37.0 2.7 50k 34.6

37.0 3.5 50k 34.6

37.0 4.4 50k 34.7

37.0 5.4 50k 34.8
infinite facet 3.8 7k 10.2 22.4
infinite facet 4.7 6k 9.4 23.2
infinite facet 5.4 6k 9.7 224
infinite facet 6.7 6k 9.8 22.1

Table B.2: Details for the simulations with different ligand grafting densities in Sec-

tion @
Facet area # of ligand # of solvent X, y side Average z side
(nm?) beads molecules length (nm) length (nm)
18.1 8 50k 34.3
18.1 12 50k 34.3
18.1 16 50k 34.4
18.1 20 50k 34.5
infinite facet 8 6k 9.7 20.4
infinite facet 12 6k 9.7 214
infinite facet 16 6k 9.7 22.4
infinite facet 20 6k 9.7 23.4

Table B.3: Details for the simulations with different ligand lengths in Section m

XX




B.1 Chapter @: Solvent restructuring at ligand brushes

Solvent type # of solvent molecules le;(éghséifn) ﬁgiﬁghe (an:l()ie
n-hexane 2k 4.9 23.8
n-heptane 1.5k 4.9 20.7
n-octane 6k 9.7 22.4
n-nonane 1.5k 4.9 24.1
n-decane 1.5k 4.9 25.7

n-undecane 1.5k 4.9 27.4

n-dodecane 1.5k 4.9 29.1

n-tridecane 1.5k 4.9 30.8

n-tetradecane 1.5k 4.9 32.5

2-methylheptane 1.5k 4.9 22.6
3,4-dimethylhexane 1.5k 4.9 22.0
2,2 4-trimethylpentane 1.5k 4.9 22.8
1-octene 1.5k 4.9 20.5
1,7-octene 1.5k 4.9 20.1

Table B.4: Details for the simulations with different solvent types in Section m

Facet area # of solvent X, y side Average z side
(nm?) Temperature (K) molecules length (nm) length (nm)
18.1 280 50k 33.6
18.1 300 50k 34.4
18.1 320 50k 35.3
18.1 340 50k 36.3
18.1 360 50k 37.3
infinite facet 280 6k 9.7 22.0
infinite facet 300 6k 9.7 22.4
infinite facet 320 6k 9.7 22.8
infinite facet 340 6k 9.7 23.3
infinite facet 360 6k 9.7 23.8

Table B.5: Details for the simulations with different temperatures in Section m
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B.1.2 Effect of the bin size in the density calculations

We check which bin size is suitable to calculate the densities in the TraPPE-UA setup.
Our results for an infinite facet in n-hexane are shown in Figure[B.I] A bin size of 0.01 nm
is accurate enough to reproduce the important features of the densities. We use it in all
further density calculations in the TraPPE-UA setups, and in the MARTINI setups.

It is worth noting that at high accuracy (small bin size), the density of the ligand shell
oscillates. This is due to the limited flexibility of the ligand beads, especially close to
the platelet facet surface. However, at low accuracy, the mean ligand density is constant
within the ligand shell. Therefore, our results are consistent with the approximation that
the ligand density inside the shell is constant [27]:

5lig(z) = 50. (Bl)

81 ligand densities |
6 L
5 L
4 f 0.001 nm
3} “ 0.01 nm
L SANUVUVUVUVYVVYY :
> solvent densities
z 3 I\
% 1.0 —E /\\ ‘
; 2 i \\/’\.;5»'—2‘:.:
= 05 € / e
S € I/
2 /
gt L
7 L
6 L
5 L
4L
3 L
2 L
1t

averaging densities

z-distance (nm)

Figure B.1: Effect of bin size. The densities are calculated with different bin sizes:
0.001 nm, 0.0l nm, 0.1nm, and 0.25nm. The solvent is n-hexane. The top
panel shows the ligand, the middle panel the solvent, and the bottom panel
the total densities. As depicted in the inset, the densities at each distance in
the z-direction result from the averaging over the entire xy-plane, and from
time averaging. For clarity, the data points are connected with straight lines.
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B.2 Chapter 7: CdSe nanoplatelets pair interaction

B.2.1 Parameter tests free energy curves

We test different parameters that influence the calculation of the free energy curves.

B.2.1.1 WHAM parameter tests

We use the WHAM code of Daniel Bauer [124] to calculate the free energy curves in Chap-
ter [7l However, the accuracy of the free energy curves depends on the chosen parameters
in the WHAM calculation. Therefore, we perform test calculations in the MARTINI
setup for the number of bins, the tolerance, and the number of bootstrapping runs. In
the Figures|B.2 we show examples of the tests (face-to-face approach, 27.3 nm?, 100k
solvent molecules).

In Figure [B.2] we show an example of the effect of the number of bins. We find that
a too high number of bins leads to a high fluctuation, while a too low value creates a
shift in the free energy curve. We chose 305 bins/nm for all further WHAM calculations.
An example of the test of the tolerance is shown in Figure Here, we find that for
tolerances smaller than 1e-06 kJ/mol the changes in the free energy are little. Therefore,
we chose this value for all further WHAM calculations. In Figure[B.4] we show an example
for the test of different numbers of bootstrapping runs (bt). We find that the differences
in the error bars are small. We chose to use ten bootstrapping runs to evaluate the errors
in our free energy calculations.

We list the parameters we use for the calculation of the free energy curves in Table [B.6]

Number of bins Tolerance Bootstrapping steps (bt)
305 bins / nm | 1e-06 kJ/mol 10

Table B.6: WHAM parameters for the calculation of the free energy curves in Chapter EI
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952bins/nm
- 152bins/nm  ~
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Figure B.2: Comparison of free energy curves that result from WHAM calculations with
different numbers of bins [96].

H tolerance 1e-04 kJ/mol
. tolerance 1e-05 kd/mol
30 ) tolerance 1e-06 kJ/mol
I tolerance 1e-07 kd/mol
tolerance 1e-09 kJ/mol
25 | ix
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< 20 | vt %
§ H S x 7
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Figure B.3: Comparison of free energy curves that result from WHAM calculations with
different tolerances [96].
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Free energy (kBT)

B.2 Chapter m; CdSe nanoplatelets pair interaction

5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4
Center-center distance (nm)

Figure B.4: Comparison of different numbers of bootstrapping runs (bt) [96].
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B.2.1.2 Directional dependence of umbrella simulations

In Chapter [, we start the umbrella sampling calculations always from an initial con-
figuration, where the nanoplatelets have a small separation. We then move to larger
distances. We describe the procedure in Section If the outcome of Umbrella sam-
pling is affected by the initial conditions, it may indicate that the simulations are not
sufficiently converged [126]. To validate our free energy curves, we perform for selected
systems umbrella simulations with an initial configuration, where the nanoplatelets have
10nm center-center separation. In these test calculations, we move from large to small
distances. We find no significant differences (Figure [B.5).

small to large distances ——

o5 | large to small distances ——— |

sz - ]

Free energy (kBT)

5 6 7 8 9
Center-center distance (nm)

Figure B.5: Example free energy curves for the test of the directionality of the umbrella
simulations [96]. We show the result from the system with the largest facet
area (55.7nm?). The first free energy curve is calculated starting from an
initial configuration, where the nanoplatelets have a center-center separation
of 4.1nm (small to large distances). The second free energy curve is

calculated starting from an initial configuration, where the nanoplatelets have
a center-center separation of 10nm (large to small distances).
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B.2 Chapter @: CdSe nanoplatelets pair interaction

B.2.1.3 Box size

The periodic cubic simulation box must be large enough to avoid finite size effects. The
required simulation box size depends on the nanoplatelet size as well as the solvent. In
Figure , we compare the box size for a nanoplatelet with 35.6 nm? facet area, and 1.5 nm
thickness in n-octane. Here, the differences in the free energy curve are small. Therefore,
for other simulations with nanoplatelets smaller or equal to this size in n-octane, we use
100k solvent molecules. However, for larger nanoplatelets, we have to increase the box
size. In Figure[B.7] we show the dependence of the box size for the free energy calculation
with nanoplatelets with 3.0 nm thickness. Here, a too small simulation box significantly
influences the free energy curve at larger separations. In general, we use larger simulation
boxes with more solvent molecules in simulations with larger nanoplatelets, and longer
solvent molecules (see Tables in Section [B.2.2)).

100k solvent molecules, 28.6 nm box side length ——
\ 250k solvent molecules, 38.6 nm box side length ——

10 ¢

Free energy (kBT)

10 |

5 6 7 8 9
Center-center distance (nm)

Figure B.6: Test of the box size, and number of solvent molecules for a nanoplatelet with
35.6 nm? facet area. In the simulation with 100k solvent molecules, the change
in the equilibrium position between windows is AX*®f = 0.005nm, while it is
AXf = 0.0025 nm in the second system. For nanoplatelets with a thickness of
1.5nm, and a facet area of < 35.6 nm?2, 100k solvent molecules are sufficient.

For larger nanoplatelets, more solvent molecules, and larger simulation boxes
are required.
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Free energy (kgT)

250k solvent moIchIes, 38.7 nm box side Iehgth —_
350k solvent molecules, 43.2 nm box side length ——
400k solvent molecules, 45.1 nm box side length ——
15 +
10 +
5 L
i
O bemmmommee i

Surface-surface distance (nm)

Figure B.7: Box size effect for 3.0 nm thick nanoplatelets. Again, the facet area 35.6 nm?.

XXVIII

In the simulations with 250k and 350k solvent molecules, the change in the
equilibrium position between windows is AX"f = 0.005 nm, while it is AN =
0.0025nm in the system with 400k solvent molecules. For comparison, the
zero point of the free energy is placed in the 1st free energy minimum. Due
to the larger thickness, a larger simulation box with more solvent molecules
is required.



B.2 Chapter m: CdSe nanoplatelets pair interaction

B.2.1.4 Compare number of snapshots

The sampling must be sufficient in the calculation of the free energy curves with WHAM.
In Figure we compare free energy curves calculated with the MARTINI force field.
We extract the center distances from 60, 125, and 250 snapshots from the end of the
production run, and calculate with each dataset the free energy curve. The differences
are small. We choose in all free energy calculations with the MARTINI force field 250
snapshots, except the calculations with three and four solvent beads. For three and four
beads, we use the distances from 500 snapshots.

60 frames
125 frames ———
250 frames ———

20 t

Free energy (kBT)

Center-center distance (nm)

Figure B.8: Test of included number of snapshots in the WHAM free energy calculation.

The nanoplatelets have 35.6 nm? facet area, and a thickness of 1.5nm. The
solvent is n-octane.
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B.2.1.5 Convergence of the free energy curves with three and four solvent beads

The longer the n-alkane, the higher is the viscosity. In our simulations, we find that
equilibrating of the simulation windows takes longer. Since the nanoplatelets move slower,
we consider the distances from 500 snapshots from a period of 80 ns for the calculation
of the free energy curves. In Figure and [B.10] we show the convergence of the free
energy curves for the calculations with three and four solvent beads. From each set of free
energy curves, we use the most converged curves in Section (500-1000 snapshots).

20 |
_ 15 |
l_
<
>
)
= 10 |
()
o
i 0-500 —
100-600 ——
5 | 200-700
300-800 —
400-900
500-1000 —
O bememeemmemmemeemee e ettt
5 6 7 8 9

Center-center distance (nm)

Figure B.9: Convergence of the free energy curve with three solvent beads (without error
bars). The legend shows the simulation steps of the production run by which
the respective free energy curve was calculated (see Section . 500 time
steps correspond to 80 ns.
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20 | { ,
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I t ¢
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IC | 0-500 ——
1 100-600 ——
5| || 200-700 ——
| 300-800 ——
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{ ! 500-1000
[0 ] OSSR L’ ‘i ...................................... T
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Figure B.10: Convergence of the free energy curve with four solvent beads (without error
bars). The legend shows the simulation steps of the production run by which

the respective free energy curve was calculated (see Section . 500 time
steps correspond to 80ns. The first part of the curve is converged. We use
the free energy curve that includes the simulation steps 500-1000.
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B.2.2 Simulation details
In Table to [B.18] we list details for the simulations from Chapter [7] Among other

parameters, we list the base facet area, the number of solvent molecules, the average
simulation box side length, and the distance between two windows ANl of the umbrella
sampling. For free energy calculations, the size of the simulation box is determined in the
window with the largest distance between the nanoplatelets, typically at around 10nm
[96].

Base facet area (nm?) | # of solvent molecules Average s1mula‘(c;c;;1)box side length
20.0 100k 28.5
27.3 100k 28.5
35.6 100k 28.6
45.1 100k 28.6
95.7 350k 43.2

Table B.7: Details for the unconstrained simulations with two nanoplatelets in Sec-

tion @

Base facet area (nm?) | # of solvent molecules Average s1mu1a‘(c;(§11)box side length
20.0 150k 32.6
45.1 250k 38.7

Table B.8: Details for the unconstrained simulations with three nanoplatelets in Sec-

tion @

Base facet | # of solvent | Average simulation box side AN (nm)
area (nm?) molecules length (nm)
face-to-face 35.6 250k 38.6 0.0025
side-to-side 35.6 250k 38.6 0.0025
side shift 35.6 250k 38.6 0.0025

Table B.9: Simulation details for the analysis of the interaction mechanism in Sec-

tion @
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Base facet | # of solvent Average simulation AN
area (nm?) molecules box side length (nm) | (nm)
without ligand shell 35.6 100k 28.5 0.0025
with ligand shell 35.6 250k 38.6 0.0025

Table B.10: Simulation details for comparison of a nanoplatelet without and with a ligand

shell in Section |7.2.3
: . Base facet area | # of solvent | Average simulation vof
Ligand density (nm?) molecules | box side length (nm) AN (nm)
2.7 27.3 100k 28.5 0.005
3.6 27.3 100k 28.5 0.005
4.2 27.3 100k 28.5 0.005
Table B.11: Simulation details for the analysis of the effect of the ligand grafting density
in Section
: Base facet area | # of solvent | Average simulation rof
Ligand length (nm?) molecules | box side length (nm) AN (nm)
3 35.6 100k 28.5 0.005
4 35.6 250k 38.6 0.0025
5 35.6 100k 28.6 0.005

Table B.12: Simulation details for the analysis of the effect of the ligand length in Sec-

tion @]

Base facet area (nm?) | # of solvent molecules bi}iesi?igeelz;rgrtlla&il) AN (nm)
2.2 100k 28.4 0.005
5.0 100k 28.4 0.005
8.9 100k 28.4 0.005
13.9 100k 28.5 0.005
20.0 100k 28.5 0.005
27.3 100k 28.5 0.005
35.6 250k 38.6 0.0025
45.1 250k 38.6 0.0025
55.7 350k 43.2 0.0025

Table B.13: Simulation details for the analysis of the base facet area in Section .
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. Base facet of solvent | Average simulation ‘o
Thickness (nm) area (nm?) #molecules box sidge length (nm) AN (nm)
1.5 35.6 250k 38.6 0.0025
2.2 35.6 400k 45.1 0.0025
3.0 35.6 400k 45.1 0.0025

Table B.14: Simulation details for the analysis of the platelet thickness in Section

Base facet of solvent | Average simulation
Temperature (K) area (nm?) #molecules box sidge length (nm) Ax (nm)
280 35.6 250k ? 0.005
300 35.6 250k 38.6 0.0025
320 35.6 400k 45.4 0.0025
340 35.6 400k 45.7 0.0025

Table B.15: Simulation details for the analysis of the temperature dependence in the

MARTINI setup in Subsection [7.2.8.1

Base facet of solvent Average box
Temperature (K) area (nm?) #molecules side lensth (nm) Ax<t (nm)
280 18.1 100k 29.5 0.005
300 18.1 100k 30.1 0.005
340 18.1 100k 31.7 0.005

Table B.16: Simulation details for the analysis of the temperature dependence in the

TraPPE-UA setup in Subsection [7.2.8.2]

# of solvent beads | Base facet | # of solvent | Average simulation AN (nm)
in one molecule | area (nm?) | molecules | box side length (nm)
1 35.6 200k 29.6 0.0025
2 35.6 250k 38.6 0.0025
3 35.6 450k 53.0 0.0025
4 35.6 500k 60.0 0.0025
Table B.17: Simulation details for the analysis of different n-alkane solvent lengths in
Section
Base facet of solvent Average box

Solvent type area (nm?) #molecules side lenggth (nm) AN (nm)
n-octane 18.1 100k 30.1 0.005
2-methylheptane 18.1 100k 30.2 0.005
3,4-dimethylhexane 18.1 100k 29.9 0.005
2,2 4-trimethylpentane 18.1 100k 30.3 0.005

Table B.1&: Details for the simulations with different octane isomers in Section |7.2.10|
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