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Zusammenfassung

Mathematische-Naturwissenschaftliche Fakultit

"doctor rerum naturalium”
(Dr. rer. nat.)

Experimental Study of Liquid Interfaces with Compositional Gradients
Distortion & Rupture of Ultra-Thin Films and Other Effects

von Stephan Felix EICKELMANN

Der Inhalt dieser Arbeit ist die expe-
rimentelle Untersuchung von verduns-
tenen diinnen Filmen auf glatten Ober-
flachen, und die Anreicherung, das Kris-
tallwachstum so wie Marangoni-Fluss in
der Néahe der Dreiphasenlinie bei parti-
ell benetzenden Mischungen aus fltich-
tigen und nichtfltichtigen Fliissigkeiten.
Im Detail werden die Eigenschaften von
planaren Fliissigkeitsfilmen und diinnen
Fliissigkeitsabschnitten in der Nahe der
dreiphasigen Kontaktlinie behandelt. In
beiden Fallen verliert die Fliissigkeit kon-
tinuierlich eine Komponente durch Ver-
dampfung. Ein Thema ist das Entnet-
zungsveralten ultradiinner Filme aus bi-
ndren Mischungen eines fliichtigen Lo-
sungsmittels und eines nichtfliichtigen
Stoffes. Dabei wird analysiert wie die Di-
cke, bei der der Film reifst, mit der Kris-
tallisation des gelosten Stoffes an der
Grenzflache zwischen Fliissigkeit und
Substrat in Verbindung steht, sobald der
geloste Stoff seine Ubersittigung erreicht.
Die Resultate dieses Projektes zeigen ei-
ne universelle Beziehung zwischen der
Entnetzungdicke und dem Sattigungs-
verhalten . Das zweite Forschungsgebiet
sind einzelne Nanopartikel, die in mo-
lekular diinne Filme auf planaren Sub-
straten eingebettet sind. Es zeigt sich,
dass die Nanopartikel eine unerwartet

grofie Filmoberflaichenverzerrung (Me-
niskus) verursachen. Diese Verzerrung
kann durch herkémmliche Reflexionsmi-
kroskopie quantitativ gemessen werden,
obwohl die Nanopartikel viel kleiner als
die Rayleigh-Beugungsgrenze sind. Un-
tersuchungen mit bindren Mischungen
fliichtiger Losungsmittel und nichtfliich-
tiger Stoffe (Polymere) zielen auf ein bes-
seres Verstandnis/Vorhersage der fina-
len Schichtdicke, zeitaufgeldsten Verdiin-
nung, zeitaufgeldsten Verdunstung und
der Entwicklung der Konzentration des
gelosten Stoffes innerhalb des verdiin-
nenden Filmes. Eine quantitative theo-
retische Beschreibung der experimentel-
len Ergebnisse wird hergeleitet. Uner-
warteterweise zeigen die Experimente,
mit vollstandig mischbarer bindrer Mi-
schungen fliichtiger Fliissigkeiten, die
einzeln glatte Filme bilden, dass Filme
dieser Mischungen nicht notwendiger-
weise kontinuierlich und glatt sind. Viel-
mehr konnen sie Oberflaichenwellen bil-
den oder sogar aufreiflen. Dies wird mit
Oberflachen-Marangoni-Stromungen er-
klart.

Es wird eine neue Methode fiir die schnel-
le Herstellung von ultralang gericht-
etn Diphenylalanin-Einkristallen (Dip-
Casting) (mm/min) vorgestellt. Dabei



wird gezeigt, wie die spezifischen Ver- die Beschrankung innerhalb einer klei-
dunstungsbedingen an der Dreiphasenli- nen Kapillare die Peptidkristallisation be-
nie fiir einen kontrollierten Peptidkristall- einflusst, diese verstanden und verwen-
wachstumsprozess verwendet werden det werden kann.

konnen. Abschlieffend wird gezeigt, wie
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Abstract

Mathematische-Naturwissenschaftliche Fakultat

"doctor rerum naturalium”
(Dr. rer. nat.)

Experimental Study of Liquid Interfaces with Compositional Gradients
Distortion & Rupture of Ultra-Thin Films and Other Effects

by Stephan Felix EICKELMANN

The topic of this thesis is the experi-
mental investigation of evaporating thin
films on planar solid substrates and
the enrichment, the crystal growth and
Marangoni flows near the three phase
line in the case of partially wetting mix-
tures of volatile and non volatile liquids.
In short, it deals with the properties of
planar liquid films and with those of thin
liquid sections near the three phase con-
tact line. In both cases the liquid looses
continuously one component by evapo-
ration.

One topic is the rupture behavior of
ultra-thin films of binary mixtures of
a volatile solvent and a nonvolatile so-
lute. It is studied how the thickness
at which the film ruptures is related
to the solute crystallization at the lig-
uid/substrate interface as soon as the so-
lute reaches supersaturation. A univer-
sal relation between the rupture thick-
ness and the saturation behaviour is
presented. The second research subject
are individual nanoparticles embedded
in molecularly thin films at planar sub-
strates. It is found that the nanoparticles
cause an unexpectedly large film surface
distortion (meniscus). This distortion
can be measured quantitatively by con-
ventional reflective microscopy although

the nanoparticles are much smaller than
the Rayleigh diffraction limit. Investiga-
tions with binary mixtures of volatile sol-
vents and non-volatile solutes (polymers)
aim at a better understanding/prediction
of the final solute coverage, the time-
resolved film thinning, the time-resolved
solvent evaporation, and the evolution of
the solute concentration within the thin-
ning film. A quantiative theoretical de-
scription of the experimental findings is
derived. Experiments of completely mis-
cible binary mixtures of volatile liquids,
which individually form continuous pla-
nar films show unexpectedly that films of
mixtures are not necessarily continuous
and planar. Rather, they may form sur-
face undulations or even rupture. This is
explained with surface Marangoni flows.

A new method for the exceptionally
fast fabrication (mm/min) of ultralong
aligned diphenylalanin single crystals
via dip casting is presented. It is shown
how the specific evaporation conditions
at the three phase line can be used for
a controlled peptide crystal growth pro-
cess. It is further demonstrated how the
confinement inside a smalll capillary af-
fects the peptide crystallization and how
this can be understood (and used).
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Chapter 1

Introduction

1.1 Motivation & Introduction

Tears of wine[1, 2], ouzo effect[3], bubble nucleation in a pint of beer[4], the choco-
late blooming on a cake[5], and the coffee stain on the kitchen table[6], all these
phenomena have been observed by most of us. They have one thing in common:
They all are dominated by interfacial effects. Interfacial effects induce flows caused
by surface tension gradients, the non-trivial solubility of ternary systems leading to
emulsification and they affect the nucleation and growth of new phases. Of course
there are ongoing strong fundamental research activities in the field of interfacial
phenomena.

An area where interfacial phenomena are quite important are ultra (molecularly)
thin films. Thin films (coatings) are basic ingredients in many applications, such as
in electronics devices, solar cells, optical coatings. They also play an important role
in painting, window cleaning, etc. Although thin films can be found everywhere, in
many cases it is not completely understood how thin films finally form a desired
final coating/casting? Often studies only try to find the proper parameters for a
desired coating result by trial and error without aiming at a deeper understanding of
the processes. If the aim is a thin film coating with a precise thickness, or a controlled
deposition of layers of particles, the fundamental knowledge of the film forming
mechanisms can be very important. The thinner a final film becomes, the more
important become for instance the surface properties of the supporting interface.
Dewetting, film rupturing, and film deformation can be the result of the substrate
chemistry and topology. In short, to gain a desired result, we should understand the
fundamental film forming mechanism to be able to better control the outcome.

There are a number of processes to manufacture thin films and coatings. This
study will focus on film formation with the help of solvent evaporation. Two of
the most common methods for this type of thin film formation are spin casting
(spin coating) and dip casting (dip coating) from solutions with a volatile solvent.
In the case of spin casting a certain amount of solution is deposited on a rotating
substrate. The combination of radial and hydrodynamic (viscous) forces will flatten
the deposited liquid and form a planar film. Through evaporation of the solvent this
planar liquid film will continuously become thinner. With a nonvolatile component
the finally result is a dry coating of the substrate. Dip casting is the withdrawing of
a substrate from a bulk solution. At the three phase line the solvent will drain and
evaporate from the substrate. As result a dry coating remains.
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Several key questions are linked to these methods. How do these thin films evolve
until we end up with a dry coating? How does solute enrichment or even solute
precipitation affect the thinning of the film? What is the topography of a thinning
film on a substrate with small (nano-size) objects? How does the film evolve and
how can the coverage be predicted in the case of a binary mixture with a polymer
as nonvolatile solute? What ais the impacts of compositional gradients in thinning
binary mixtures? How can a self-assembly process like crystal growth be directed
and controlled if it occurs in thinning films?

High speed cameras nowadays allow optical real-time microscopy optical imaging
during the film formation process[7-9]. This gives on-line insights into processes
of the film formation, which before could only be concluded indirectly based on
phenomena observed after the film formation ([10-20]) or studied with help of
simulations[21-24]. The essential investigation technique of this work is a home
build on-line optical microscopy setup, which allows the on-line observation during
film formation via spin and dip casting with millisecond time resolution and with a
spatial resolution of pm (laterally) and nm (vertically).

Within this thesis the presentation of the results is sectioned into two parts. The
first part (Evaporating thin films on planar solid substrates) deals with continuously
evaporating planar films in a spin cast configuration. The second part (Partially
wetting mixtures of volatile and non volatile liquids: Enrichment, crystal growth and
Marangoni flows near the three phase line) focuses on (directed) crystallization processes
in the vicinity of a (moving) three phase line.

Chapter 4 investigates the rupture behavior of ultra-thin films of binary mixtures
of a volatile solvent and a nonvolatile solute. The pure solvent completely wets
the substrate. Unexpectedly, the solution films rupture at certain film thicknesses.
It is investigated how this rupture depends on the solute crystallization at the lig-
uid /substrate interface. Chapter 5 looks at individual nanoparticles embedded in
molecularly thin films at planar substrates. The focus is on the resulting film surface
distortion (meniscus) adjacent to the nanoparticles. It is shown that conventional
reflection microscopy can be used to measure and analyze the shape of the menis-
cus. In Chapter 6 binary mixtures with non-volatile solutes (polymer) are studied.
Through the polymer enrichment in the course of the evaporative thinning, the
hydrodynamic and evaporative properties of the film change drastically. It is inves-
tigated how the final solute coverage, time-resolved film thinning, time-resolved
solvent evaporation, and the evolution of the solute concentration within the thin-
ning film occurs. Chapter 7 presents experiments with completely miscible binary
mixtures of volatile liquids. Both liquids individually wet the surface completely
and form continuous thinning films until the substrate is completely dry. However,
under certain conditions mixtures of such liquids may form films, which become
unstable, form undulations and even rupture during the evaporative film thinning.

In the second part of the results section of this work different procedures for the
controlled assembly of the dipeptide diphenylalanine into aligned single crystals are
investigated. Chapter 8 describes a new method for the exceptionally fast fabrication
(mm/min) of ultralong aligned dipeptide single crystals via dip casting. The specific
evaporation conditions at the three phase line allow for a better control of the
peptide growth process. In Chapter 9 the crystallization of the dipeptide inside of
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a thin capillary is studied. The precipitation under confinement allows a certain
control of the growth of the crystals.

The final part of this thesis (Part IV Conclusion, Outlook and Ongoing Work) presents
the conclusion, outlook and ongoing work. Substantial parts of this thesis have
already been published in scientific journals. This is described in more detail at the
begnning of the respective chapters. Also, at beginning of each chapter a detailed de-
scription of the author contributions to these publications is presented. Details of the
experimental procedures are described in Chapter 3. Additional supporting informa-
tion can be found in Appendix A. The scientific concepts of interfacial interactions
relevant for the understanding of the result interpretations, such a wetting phenom-
ena, nucleation & growth, and a short introduction on hydrodynamic-evaporative
film thinning (spin casting)[25] are presented in Chapter 2.






Chapter 2

Theoretical Background

2.1 Interfacial Energies

An interface is the zone separating two immiscible, condensed phases (e.g. lig-
uid/solid, liquid /liquid or solid /solid). If one of the phases is a gas, the interfacing
region is called surface. The interface (surface) region has a finite thickness (usually
smaller than sub-microns) and composition and energy vary continuously from one
phase to the other. Unlike in the bulk, the pressure (force field) in the interfacial zone
is inhomogeneous, having a gradient perpendicular on the interface. A consequence
of this is that a net energy is required to create an interface by the reversible transi-
tion of matter from the bulk to the interfacial zone. The reversible work needed to
create a unit interface area is the interfacial tension, 7y 4p:

Fle
YAB = (a—A)T,p,n 2.1)

with G the total Gibbs free energy, A the interfacial area, T the temperature, p
pressure, and n the total number of moles of matter in the system. The expression
surface tension (force per unit length) is generally used for liquids. It is dimensionally
the same as surface energy (energy per unit area), which is commonly used for solids.

2.1.1 Van der Waals interactions

The denotation Van der Waals interactions summarizes the long ranging London-,
Kessom- and Debye-interactions. All three contributions are commonly summed up,
since they are acting on the same length dependence. These contributions account for
the material specific Hamaker coefficient. Most commonly the Lenard-Jones-potential
is used to determine the long and short ranged interactions between uncharged
molecules/atoms.[26]

In systems without charged particle all interactions are van der Waals interactions.
They originate from permanent, induced and spontaneous dipole interactions. Debye-
interactions between permanent and induced dipoles with the permanent dipole
moment of a molecule y and the polarization a:

Cind 1a
Wind<r) == ;g == (47'[60)27’6 (2.2)
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Kessom-interactions are interaction between permanent dipoles 1 and y5. The forces
are dependent on the orientation of the molecules. This varies because of thermal
movement, but can be averaged on the relative orientation with a temperature
dependent pre-factor.

C... 2,2
Worient (1) = — 0;16@”1‘ - _3(47Ti(1)§l22kar6 23)

London-interactions describe the interaction between spontaneous dipole moments
with the polarizability a1 and «>. The spontaneous polarization of molecules are
a result of electro movement in the shell. This quantum mechanic effect causes
attractive interactions:

Cdisp . 3]’11/11/2 a%)

Waisp (r) = = 16 2(vy + 12) (471€0)2r6 (2.4)

The sum of all three interactions defines the van der Waals-interactions. In literature
the constant of proportionality is summarized by C.

. Cind + Corient + Cdisp _ CvdW 1

Woaw (r) = 3 6 <6 (2.5)
2.1.2 Disjoining pressure

vapor Y , vapor
Yls I
|
|

! | .

liquid h :

FIGURE 2.1: On the left a thin, liquid film between a solid and a vapor phase vs.
the vapor directly in contact with the solid, and indication of the surface energies
corresponding to the various interfaces.

The cartoon in Figure 2.1 depicts on the left a thin, liquid film between a solid and
a vapor phase against the vapor directly in contact with the solid. The thickness of
the liquid film is /, and the various 7, describe the corresponding surface energies.
The total energy density depends on P(h) of film thickness h:

N = a0+ P(R) = Ay + P(R) 26
(With W as an Energy, and A an area) P(h) arises from the molecular interactions,
like van der Waals, electrostatic-, ionic-, and /or metallic interactions. It becomes
more important as the film thickness I approaches the length scales of the respective
interactions. If the film thickness is taken to zero, we get the energy of the bare
surface minus the surface energies of the solid /liquid and liquid /vapor interfaces:
h=0: Y8 =%+ %1 — 1o
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In the other limit where the film is extremely thick, the thickness of the film does not
matter, and the only energy will come from the interfaces: h — oo : % =Yl — YIv
The disjoining pressure (IT) describes the extra bit of pressure that results from the
molecular interactions when both interfaces come close.

_dP(h)

) = ==g~

(2.7)
This pressure may have either positive or negative values. If the disjoining pressure
is positive, the system is stable and the thin film will not de-wet. If the disjoining
pressure is negative, the system becomes unstable, and de-wetting can occur for a
thin film.

Van der Waals interactions between the two interfaces are described with the
Hamaker coefficient A;; [27]:

_ Ay
127th?

P(h) = (2.8)
Assuming only van der Waals interactions (no electrostatics etc.) this leads to a
disjoining pressure:
1 0G

For example liquids like toluene, nonane and water wet a silica surfaces completely.
They build a stable film. Precipitation of a solute or a local defect in the solid surface
can change the van der Waals interactions and induce a non-stable system, which
de-wets.

2.9)

2.1.3 Laplace-Pressure and Capillary length
Laplace-Pressure

A curved interface shows, in addition to its static pressure, an extra pressure com-
ponent, resulting from the surface tension, referred to as the Laplace-Pressure. This
pressure results from the tangential forces, which span the curved surface and are at
an angle # 0 to another. This causes a force opposite to the direction of the radius of
curvature.

For a spherical droplet in a surrounding phase with the pressure p,, the following
term is obtained for the pressure difference:

2
AP = Pin— Pout = 2.10)

7 is the surface tension, and r the radius of the droplet with the inner pressure p;;.
The Laplace-Equation for a 2-dimensional potential z(x, y) describes the equilibrium
conditions for arbitrarily curved surfaces.

d2z %z
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This leads to an universal expression for the Laplace-pressure, which describes
the change in hydrostatic pressure at the interface between two phases with the
interfacial curvature. With R; and R, as the curvatures of the interface in Figure
2.2(a).
(& + =)
Ry R
—_——
interfacel curvature

Ap=1 (2.12)
Capillary length

vapor

. marcoscopic solid
lgravny

liquid

FIGURE 2.2: Showing the characteristic length of menisci for a completely wetting
macroscopic object sticking in a liquid.

The length scale k! marks the crossover between gravitational forces and interfa-
cial forces is called Capillary length.

k1= /L (2.13)

where g is gravity, p the density of the liquid and +y its liquid /vapor surface tension.
A typical capillary length, (e.g. for water) is k! ~ 2.7 mm. All experiments in the
following chapters where far under this length. Thus, gravity can be neglected.

2.2 Wetting and Hydrodynamics

2.21 Contact angle and macroscopic wetting

@ ) - © ,
1 | vl
v g . /
j lyls [ 1 Yo v, | s
[ [

FIGURE 2.3: The contact angle 0 is a macroscopic measure of the wettability of a surface:
(a) complete wetting: 8 = 0°, (b) partially wetting 0° < 6 < 180° and non-wetting
8 = 180°

A liquid is considered (partial-)wetting, if the adhesion between liquid and solid
substrate is bigger than the cohesion inside the liquid itself. The contact angle 0
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describes the angle at the contact line between liquid, solid and vapor phase of a
droplet (Fig.2.3 & 2.4).

Complete wetting is, when a liquid wets the complete surface, shown in Figure 2.3(a).
If the contact angle is between 0° and 180° the liquid is considered partial wetting !
(Fig.2.3(b)). In case of a contact angle of 180° the solid is non-wetting (Fig.2.3(c)).

2.2.2 Young-Dupé Equation

FIGURE 2.4: The Young-Dupé Equation allows the description of partially wetting
surfaces of liquid /solid interfaces.

If partially wetting phases come into contact with a solid surface, a three phase line
will be formed (Fig.2.3). In equilibrium, the relation between the various interface
tensions and contact angle is handled by the Young-equation:

Yvs = YLs + yvL - cos(6) (2.14)

2.2.3 (De-)wetting mechanisms

Two mechanisms are known to induce de-wetting: nucleation and spinodal de-wetting
[18, 29, 30]. In the case of spinodal de-wetting, capillary waves form on the surface

(a) spinodal (b) nucleation

Ihf h, I AG
|

FIGURE 2.5: (a) Capillary waves may touch the solid interface and cause dewetting
without an energy barrier. (b) a small defect lowers locally the energy barrier of the film
and can act as a nucleation side for dewetting.

of the film. When the amplitude of these waves reaches the average film height, a
de-wetting hole may spontaneously occur (no energy barrier) shown in Fig.2.5(a). In
the nucleation and growth mechanism, an impurity in the film or on the substrate
(e.g. scratch, dust, or other imperfections) acts as a nucleation site for the growth of
a hole in the film (energy barrier) as shown in Fig.2.5(b).

n literature, it is sometimes distinguished between partially wetting 0° - 90° and partially non-
wetting 90° - 180° [28]
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2.2.4 Marangoni effect

The Marangoni effect describes a flow caused by a surface tension gradient, in vicinity
of an interface.[1, 2] A surface tension gradient can be result of a temperature gradi-
ent? or a concentration gradient3 (eg. solute, surfactant, or binary liquid mixture[31])
as illustrated in Figure 2.6.

View Marangoni flow

> yhigh

< T >

FIGURE 2.6: Schematic cartoon depicting the marangoni flow as a result of a surface
tention gradient.

Marangoni number

The marangoni number is defined by the ratio of driving force caused by surface
tension and a breaking force due to viscosity.

Ma =" (2.15)

In a binary mixture the surface tension is a function of the composition. We first have
considered a 2 dimensional problem[32]. As in Figure 2.6 shown, we can consider
a thin film of thickness h. On the lateral length, we have locally two different
compositions x; and x; with a distance L. A characteristic time scale T for this
system is defined by diffusive mass transport(D = L?/1). Thus, for the movement
of molecule/particle along this distance, we can write down the following;:

h
ar—v-r-z (2.16)

The difference of compositions between both sides (with Ax,,/w = x2 — x1):

ar oT L

Xy /w ‘ ar _ Axy /v v (2.17)

Thus the driving force follows:

Jy Xy /w ﬁ _ dy

=L Xy /v or 0T  OXy/w

“U-T - DXy (2.18)

2the phenomenon is called thermo-capillary convection also known as Behard-Marangoni convec-
tion
3Solutal Marangoni
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This will be countered by viscosity.

-0
F, = ’77 L2 (2.19)

This force is inverse proportional to the film thickness, increasing its strength in a
thinning scenario. This both forces then lead the definition for a solutal marangoni
number as followed:

E, 0y Axyw-h

f= 2= 22
M =, = 9% 4D (220

with D the diffusion coefficient, Ax,, /s, - concentration difference, y surface tension
and 7 the dynamic viscosity. *

To cause an instability, the driving force has to overcome the breaking force, thus a
Marangoni number > 1 is needed. Typically, Ma < 80 show no instabilites. However,
for a thinning film, it depends how quickly it thins. If this is a very fast process,
the marangoni flow has no time to cause an instability. But if the drying is slower,
already a small Ma ~ 40 can lead to an instability of the film.

Marangoni wavelength

[33] An fast and easy way to quantify a Marangoni instability of a planar film is to
measure the characteristic wavelength of the resulting undulations, (Fig. 2.7).

h
A =2 —Ma (2.21)
Ma
8
A
X-0X
Vhigh Marangoni flow

i T

FIGURE 2.7: Depending on the thickness h,,, convection cells with a wavelength A
appear.

2.3 Hydrodynamic-evaporative film thinning (Spin Cast-
ing)

In a spin cast configuration film thinning as well as the evolution of the solvent com-
position are meanwhile quantitatively well understood for mixtures of non-volatile

4This is analog to the typical thermal Marangoni numer: Mal = — ?T'Ty % with L as a characteristic

length scale of the system, a the thermal diffusion coefficient, AT - Temperature difference, y surface
tension and 7 the dynamic viscosity.
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L Planarization
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homogenoues completly Drying
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FIGURE 2.8: Schematic of the spin cast process for a completely drying liquid.

solutes and volatile solvents [8, 25, 34]. All thinning films were prepared and inves-
tigated under constant rotation speed. A small amount of liquid (= 200ul = "excess
volume", see [25, 34]) is deposited on the rotating planar substrate. Right after liquid
deposition the interplay of hydrodynamics and viscous forces planarizes the liquid
into a flat film [35]. With volatile liquids this planar film is continuously thinning due
to hydrodynamically driven flow as well as evaporation [36]. Whereas at the begin-
ning, with relatively thick films, the film thinning is dominated by hydrodynamics,
at later stages its thinning is dominated by evaporation. The crossover between hy-
drodynamic and evaporative film thinning occurs at the so-called transition height
htr [25 ] :

2.3.1 Pure volatile liquid

Thinning of a film on a rotating supporter was theoretical first described by Emsli et
al. [35] in 1958. The focus was on a non-volatile solvent and described the hydrody-
namic process. An ideal Newtonian viscous liquid with the typical fluid dynamic
boundary conditions was assumed — no evaporation, no slip etc. The time evolution
of the height of a uniform film on a rotation support is:

dh

- = —2Kni’ 222
7 (2.22)
The spin-off coefficient K includes the kinematic viscosity v and therefore the viscos-

ity # and density p. w is the rotational velocity (including the frequency f ):

w?  4Am?f?p
K=—=—— 2.2
3v 37 (2.23)
This is solved analytically for the film thickness evolution:
n) = " (2.24)

\/1+4Kn3 -t
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With the inital film height hy at t = 0. In the following years this approach was
extended by Acrivos [37] for non-Newtonian liquids. This approach completely
neglects evaporation.

In 1987 Meyerhofer [36] addressed evaporation. He added a constant evaporation

rate E to equation2.22:

dh 3
= = 2K’ —E (2.25)

He presented only a numerical solution for this equation. It showed that in the
beginning hydrodynamic flow dominates thinning. Later evaporation dominates the
process. Subsequently, more authors presented in more detail the relation between
film thinning and rotational speed[38], solvent evaporation[39, 40], viscosity[40—42],
heat transfer [43], molar mass[44], or initial solution concentration[45]. Despite plenty
of research activity aiming on spin casting, an analytical solution of this equation
was not presented in literature. In order to solve the equation 2.25 Kapitschka et al.
[25] wrote its fundamental form

¢ .5
=1 (2.26)

*

which is obtained by rescaling with ¢ = h/h; and T = t/t;,, the system inherent
"natural” scales:
hy = (E/2K)'/3 (2.27)

tr = (2E2K)1/3 (2.28)

hyy is the transition height when evaporation and hydrodynamic thinning are equal.
t;. represents the “reduced” process duration. This relation is monotonous and can
be inverted. This leads to an ordinary linear differential equation of zeroth order
(dlg = ﬁ), which can be solved:

(&) = ﬁ {71 + 2 arctan 1-2¢ + 1 log 1_6_(:2} (2.29)

6 V3 V3T (1+E)?
The duration of the process (starting at i — oo, ending h = 0) is: It is found that
always hydrodynamic film thinning dominates 30% of the spin cast time in the
beginning and then 70% of the film thinning is driven by evaporation.

27

— 21\—1/3 _
e = 2573 (2EK) V3 = o -

(2.30)

2.3.2 Dilute solutions

Practical application of spin casting includes the enrichment and deposition of
solute, which is caused by evaporation. Non-volatile solute will be enriched on the
vapor/liquid interface due to evaporation, which migrates through the film due to
diffusion. The spartio-temporal evolution of the solute concentration c is described
by:

0;c = Dd%c + Kz2(3h — 2)d,c (2.31)
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FIGURE 2.9: (a) shows the thickness evolution of various solvents. The solid line indi-
cates the fit of equation 2.29. (b) shows the universal thinning behavior of the same data.
Rescaled with the transition height /11, and process time ¢;..

With the boundary conditions® D,c|,—y = Ec|,—o = 0

&dz = 27tru(r,z)dz = 6nKr*z(h — z/2)dz (2.32)

This yields in combination with the continuity equation the thinning induced vertical
motion of the horizontal stream lines:

z
dz _ 1 I w2 _
= 0/ 0,®dz = —Kz*(3h — z) (2.33)

To solve equation 2.31 h(t) is required, but not known explicitly, only its inverse,
t(h) — 7({). Because it is bijectiv, the variable can be transformed to:

_dr d¢ _ 21\ 1/3 (3
de = - 77 - 9ge = —(2E°K) (& + 1)age (2.34)
In order to avoid the moving boundary, the system is rescaled (between substrate
and surface) with y = z/h € [0, 1]. Which leads to:

E)gc =

9y¢ (ey)2(3—y)
N Shtr‘fz(y? +1) {2(63 +1)— %}ayc (2.35)

2.3.3 Sherwood number

The Sherwood number S at h = hy,, parameterizes the ratio of evaporation to
diffusive mass transport on the characteristic length scale of the system, the transition
height.

Sy = (E-hy)D™1 = E¥3(2K)"1/3D 71 (2.37)

5Stefan Condition [46]
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By scaling c with the initial solute concentration cy, the inital condition is c|¢00 = 1,
the system is parameterized completely by Sh;,. With ¢ as independent variable,
equation 2.35 can be solved numerically. Together with equation 2.29 it provides T
as function of ¢ thus finally providing c(t, z).

The Sherwood number S, reveals the competition between solute enrichment
due to evaporation, solvent/solute loss due to spin-off, and diffusive dilution. In gen-
eral, larger S1;, means more produced gradients in c. If  >> hy, solute enrichment
occurs only locally near the free surface and ¢ = cg near to the substrate. If h << hy,,
¢ also increases near the substrate. Sh;, = 1 and h = h;, marks the transitions: The
solute gradient just reaches the film/substrate interface and c just begins to increase
globally.

For Shy, << 1 diffusion dominates and c is mostly homogeneous (Fig. 2.10(a)).
The final solute coverage for S1;, < 1is (in agreement with equation 2.35):

N —0
e (A) o (2.38)
(a) (®) sh, >>1
~ f @ ] T
= 10F Time E v
S st -~ . e s
<Zé o L Total Solute Amount — — - Shx102 A o . © Tt
| fm——————— Sh~210 S I e I S S s
20.0 : e W TR -
Sho025 | L. .. L. .. E—_ Foa Nl ‘?~|~
- 10.0 Surface — — - Sh=1.00
g s0f NG - \\\\ —-— Sh=4.00 ] H
20 F LT~ E
Lok S /}l \:_ — = = - . __ Shhlr<<1
. ubstrate (
R ._.© "Sh=025 1
= 100k - — — - Sh=1.00 |
% Y o _— - T~ —-— Sh=400
< N T~

FIGURE 2.10: (a) taken from (Ref. [25]). (b) shows the influence of diffusion speed on
the solute distribution inside a thinning film.

2.3.4 Concentration and crystallization scenario for planar, continuously
thinning solution films

With typical evaporation rates of E = 1.5um/s and typical spin cast parameters
of K = w?/(3v) = 5-10"mm 25! (w = 1000rpm, v = 0.65mm?/s) h, is in the
range of a few pm. Therefore, as soon as the films are thinner than ~ pm the time
evolution of the film thickness is dominated by evaporation.

If the liquid film consists of a mixture of a volatile solvent and a nonvolatile solute
the solvent will evaporate and the solute will continuously get enriched until it
remains on the substrate as a final deposit. Because the solvent evaporates from the
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FIGURE 2.11: Schematic of the film thinning behavior and the concentration evolution in

the case of a mixture of a volatile solvent and a non-volatile solute. A homogeneous ver-

tical solute distribution is assumed during solute enrichment as result of the continuous
solvent evaporation (i.e., Si; < 1, which is the case in most practical cases).

film surface the solute primarily gets enriched near the surface. However, this local
solute enrichment is counterbalanced by dilution through diffusion away from the
surface. The competition between solute enrichment through the loss of solvent via
E and solute dilution through diffusive transport quantified through its diffusion
constant D can be estimated by a Sherwood number. The Sherwood number for the
largest relevant distance, Sy, i.e., on the length scale of a film with the thickness of
the transition height h, is:

Sy = (E-hy)D71 = E¥3(2K)"1/3D 1 (2.37)

If Shy < 1, even though the solute enrichment primarily occurs near the film surface,
diffusive dilution is very efficient and effectively the vertical solute distribution
is rather homogeneous. If Si;, < 1, i.e. it is small for a film thickness of hy,, it is
even smaller for thinner films (the distribution within thinner films is even more
homogeneous [25]). Typical Sherwood numbers® S, for the various solvent/solute
systems investigated in this report are significantly smaller than 1. Therefore, it can
be assumed that the vertical distribution of the solute remains rather homogeneous
during the entire process of evaporative film thinning respectively solute enrichment.
Assuming continuous homogeneous solute enrichment Figure 2.11 depicts the
essential relations between film thinning, solute enrichment, nucleation and growth
as it occurs during spin casting of a mixture of a volatile solvent and a nonvolatile
solute. It shows the film thickness and the solute concentration as function of the time
between the transition time, t;,, and complete drying at t = t,,;. As discussed earlier,
for hy << hy the film thickness decreases due to solvent evaporation approximately

6 Sy (CygHyy /toluene) < 0.037, Sty (CyoHgy/toluene) < 0.031, Shy (CagHyy)/MCH < 0.110,
S14+(CyHyy /nonane) < 0.008 and S, (NaHCO5/H,0O) < 0.0003 [47]. Diffusion coefficients from
Stokes-Einstein-Relation [48]: D = kgT/67Rg (with Ry = v/12/12 for C5,H,, and C5cH, as cylin-
drical molecules with lengths of ~ 4.6nm and ~ 5.6nm).
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linearly with:
h(t) ~hy —E -t (2.39)

At the same time the solute concentration in the film, c¢(h), increases with (co is the
weighing in solute concentration):

c(h) ~co- (hy/h) (2.40)

This means that the solute concentration reaches its saturation value, ¢y, at a film
thickness hig,; (at a time tg,;):

hsat >~ co - (htr/csat) (2.41)

With a nucleation barrier, right after t,,, the solute concentration will temporarily
exceed csq until it overcomes the nucleation barrier and the solute starts to crystallize.
Then the solute concentration will decrease to cs;; and remain at this value until the
system gets completely dry.

2.4 Nucleation and Growth

(@) (b)

heterogeneous nucleation at the liquid/vapor interface .
Interfacial energy
homogenous nucleation in bulk

.
A K homogeneneous
,

0 uy AG

heterogeneous

Bulk energy
heterogeneous nucleation at the liquid/solid interface

FIGURE 2.12: (a) shows heterogenoues and homogeneous nucleation behaviors at
different locations. (b) shows the competition of bulk and interfacial energy, resulting
in the nucleation barrier

The nucleation process is described as a competition of bulk energy (AGy,x) and
interfacial free energies (AGipterface)- The total free energy of the system will first
increase and then decrease with the proceeding of the phase transition, and an
energy barrier keeps the supersaturated old phase metastable. The height of the
barrier can be calculated for the individual nucleation process. Depending on the
location of the nucleation, there is homogeneous nucleation and heterogeneous
nucleation.
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241 Homogeneous nucleation

Homogeneous nucleation occurs when clusters of the new phase are only in con-
tact with the old phase. Therefore only one new interface needs to be taken into
consideration. For an ideal spherical cluster of radius r, the total free energy change
is:

4
AGiot = AGyy + AGinterface = A"l/l ’ gﬂra + YaB - 47rr? (2.42)
—_—
AGpuik AGinterface

As the radius increases, the free energy AG will first rise and then decrease. The
radius at which free energy is a its maximum is called critical size. Clusters larger
than the critical size will grow unlimited into new bulk phase. The height of the
energy barrier at dAGyot /dr = 0 is:

AGE = op (2.43)

2.4.2 Heterogeneous nucleation

If nucleation takes place in the vicinity of an additional interface, it is considered
heterogeneous nucleation. In this case, this second interface has to be taken into account.
In oder to induce heterogeneous nucleation, the nucleation barrier has to be lower
compared to the homogeneous case.

For a spherical cap forming at this interface, AGy,; is

AG = f(0)AGh™ (2.44)
with .
f(6) = 1(2 +cos6)(1 — cosh)? (2.45)

Thus the critical nucleation barrier AG*"¢! follows:
47t775(2 + cos 0) (1 — cos )

A *,het —
¢ 3yp?

(2.46)

There is no energy barrier resulting in a continuous phase transition for a complete
wetting surface(6 = 0°). If the contact angle is 6 = 180°, f(6) becomes 1, resulting
in the same nucleation behavior like homogeneous nucleation. Otherwise, is AG*
always smaller than 1. This means that heterogeneous nucleation is always favored.

2.5 Interference-enhanced imaging of ultra-thin films

To resolve image thickness variations in ultra-thin layers, contrast-enhancement
was applied [49]. Using an appropriate substrate a “h.¢” is introduced, which shifts
the interference pattern [50] by fourth period length to the range of maximum
contrast-change.
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FIGURE 2.13: a) Reflection from various surfaces. b) Relative intensity depending on
film thickness. c) Contrast enhancement depending on illumination wavelength.

The silicon-oxide layer has almost the same optical properties as an organic solvent
film like toluene or n-alkene. The thickness of this oxide layer can be used to achieve
an optimum “h,¢¢”. In the system of a silicon/silica substrate and a film on top
(illustrated in Figure 2.13(a)), the reflections from the various interfaces are:

i
Dy =r1Dpe’”,

O, =t72t3Pge’™, (2.47)
@3 =t 721372t3P0e* ™, '

Where ®; is the complex amplitude, and r; and ¢; are reflectance and transmittance,
which are given by the Fresnel relations[51]:

1’11—1)2
n+1

Ny —MNiyp
ny + 1M
1—1’11
1+mn

1 :<1 - tl) = Yvapor/ film = (

r2 =(1—t2) = Tfitmysotia = ( (2.48)

rn=1-1t3) = T'film /vapor = ( )2
For a film characterized by thickness I and refractive index #, illuminated by
monochromatic light of wavelength A, the phase shift ® for normal incidences

1S:
27T21’11h

A

+ 7 (2.49)
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The sum of all reflected waves is:

D, =) P

=r1Poe T + tiratzPoe? Y (1 + rarse + (rars3(e?)* +...)) (2.50)
‘ 4 1

=r1®pe'? + t1rat3Ppe’? (———

r1Poe™ + t1ratzPoe (1 —r

Hence the reflected intensity I, is given by:

7172t3

=l = || 1o (2.51)

In the experiments for this thesis, the “substrate” is silica/silicon, with a refractive
index for silicon of ~ 3.88 and silica of ~ 1.46. The film is an organic solvent with
the refractive index of ~ 1.46. For example with green light (A = 550nm), the
L./ || @ ||* as function of film thickness  is shown in Figure 2.13(b). The goal is to
have the best contrast for small film thickness changes, thus to maximize (dI,) /dh.
The easiest way is to shift the thickness to the range around the maxima of 41, /dh,
indicated by the arrows in Figure 2.13(b). The silica layer acts as an auxiliary layer
interlaced between the film under investigation and the silicon substrate. It increases
the overall thickness to the range around the maxima of d1/dh. As a result the image
contrast for the thin films is improved (illustrated in Figure 2.13(c)). Vertically the
resolution is increased to the nano-meter scale. Thickness variations in the range of
molecular thin films (4nm per layer) can easily be distinguished.
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Chapter 3

Methods & Materials

3.1 Methods

3.1.1 Optical Microscopy for planar thinning films

All experiments were performed with a reflection microscopy setup (ZEISS Axio
Scope.Al Vario) and processed and analyzed by a homebuilt image analysis software.
Figure 3.1(a) presents a schematic overview of the experimental setup. For the spin

a),.
( ) hlgh Speed trigger signal (b)

camera Cemmsmcsscssscssoseeneey

captured frame 1 '
V.

collimator

modified ]
microscope LASER 02 liquid light guide
illumination %
g
lenses =2 445nm 6W Diode
10x - 50x i
=
aminar gas flow A rotational diffusor

(©)

sample enviroment

I IHHHHm optical decoder

Spin Coater de-speckeling

FIGURE 3.1: (a) Shematic overview of the experimental setup. (b) LASER illumination
with de-speckleing apparatus. (c) Effect of de-speckleing of an image of a clean silica
surface taken at t,y, = 20 ps with the rotational diffusion, before (left) and after (right).

cast experiments a fast CMOS camera (EoSense®CL MC1362, Mikrotron GmbH) is
used and illuminated by a LASER[7, 8]. The spin coater is mounted on a X-Y table to
simplify alignment and focusing (to align the rotational- and optical axis). Samples
are held in place with a vacuum created by a small membrane pump. An optical
encoder provides a periodic trigger at fixed orientations for 60 images per rotation.
The sample rotates in a custom build environmental chamber, which provides a
laminar and homogeneous gas flow. In post processing the frames were rotated and
appropriately shifted relative to each other to yield a rotation-free movie.
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In Figure 3.1(b) the laser illumination is shown in detail. The illumination consists
of a blue diode laser (6 W, 445 nm, LDM-445-6000, LASERTACK). In order to pro-
duce a speckle free light source the laser, a rotational diffusor running at 10000 rpm
in combination with a liquid light guide. The rotational creates a fast variation of
different speckle pattern over time, which can be averaged out even at very short
exposure times.

Fig.3.1(c) demonstrates the effect of de-speckleing on an image of a clean silica
surface. Before starting the rotation of the diffusor a typical speckle pattern is
visible, with rotation, even at very short exposure times t.,, = 20 ps, a clean and
homogeneous image is visible. Additional vibration! of the liquid light guide assist
this effect[52, 53].

The bright illumination allows for very short exposure times (< 80 ps), to avoid
motion blur. With 1000 fps, the time between two acquired frames is 1 ms. Typi-
cal thinning rates are around pm/s which results in a height resolution of nm. In
combination with high working distance lenses, typical microscopic lateral reso-
lutions 0.27 um/px were possible. This leads to typical fields of view (FOV) of
250 pm x 250 pm.

Height reconstruction by interference pattern

1
w

brightness [a.u.]

1
~

~~~~~~~~~
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FIGURE 3.2: Time resolved imaging data and corresponding time dependent film
thickness curve measured from the hydrodynamic-evaporative thinning of toluene
on a rotating SiO, substrate (w = 1000rpm). The transition height h;, characterizes
the transition between the early (hydrodynamic) stage of film thinning controlled by
viscous forces, and the later stage determined by liquid evaporation. Experiments for
this report focus on the very late stages of film thinning with film heights, /¢, smaller
than 100nm. In this case (hy << hy) film thinning is dominated by evaporation.

With Figure 3.2 as an exemplary measurement the height reconstruction is shown.
The variation of the gray level during the film thinning allows precise height re-
constructions with an resolution of nm?. Choosing a homogeneously drying area

leven the normal thermal vibration at room temperature

2like in reflectometry [54, 55]
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in the measurement the change in intensity is analyzed. The resulting intensity
(interference) curve is shown in the inset of Figure 3.2.

According to the Bragg equation® for perpendicular incidence every peak in the
curve corresponds to a certain interference maximum or minimum. The thickness
change between two extrema is:

A= —
4 - Niiguia

(3.1)
To reconstruct the absolute thickness change, a reference point is needed*. When the
film is completely dry, the absolute thickness is known (zero), and a value can be
assigned to every interference mini- and maximum. Additionally, the contribution
of the auxiliary silicon oxide layer has to be taken into account:

ng;j
™ dgion (3.2)

h =
off Niquid

With this, the absolute film thickness can be reconstructed.
hi =Ah-i— hofs (3.3)

with thickness h; at peak i. Additional data can be gained by linear extrapolation
between the fringes.

Height reconstruction from the gray variation
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FIGURE 3.3: (a) shows the thickness depending reflective signal for water and toluene

on a 48 nm silica oxide. (b) shows the brightness (blue) measured over time of a thinning

toluene film. The thickness (red) is reconstructed by using the method described under
chapter 3.1.1.

3Bragg relation equation iA = 2d sin 9[56]
4 A Point of reference can be the complete drying (only substrate), the last maxi, or minimum, or
the thickness of a planar and homogeneous final deposit (e.g. polymer film).
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For a more precise analysis of thickness (also of static films) the gray variation
between interference fringes is analyzed. This is a similar to white light interferome-
try[57].

The reflectivity response of a thin film system can be calculated with the help
of the fresnel equations. To solve these relations, calculations where done, using
the Mathematica version of the program code® by Steve Byrnes[59]. This method
requires the knowledge about the refractive indices of the system. Figure 3.3(a)
shows the reflectivity signal as function of the liquid thickness for water and toluene
on 48 nm silica oxide. (Parameter for this calculation are shown in the appendix
All)

The absolute brightness measured by the camera under fixed illumination condi-
tions can be calibrated via a homogeneous thinning liquid film (as shown in Figure
3.3(b)), assuming a linear evaporation in the last steps of drying, ergo a constant
change of thickness. The gray value of each individual pixel can be translated into
thickness. This can be done both by hand and by applying a polynomial fit to the
thickness/reflective data® to automatically translate the gray value of each pixel into
thickness.

3.1.2 Setup for Dip Casting
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FIGURE 3.4: Shematic of the experimental setup for dip casting. A horizontal position

microscope, directed at the three phase line on a substrate withdrawing from solution.

The illumination was achieved by a high power LED (Luminus SST-90 green, 30 W,

527 nm), with an additional bandpass filter(527 nm, 22 nm FWHM (Edmund optics)),
to sharpen the wavelength of the emitted light.

The in-situ visualization of crystal growth in a dip-cast configuration was achieved
with the reflective microscope (ZEISS Axio Scope.Al Vario). The microscope (ZEISS
Axio Scope.Al Vario) was tilted into a horizontal position (as demonstrated in
Figure 3.4), to investigation the behavior of the three phase line during dip-casting.
A high resolution monochromatic CMOS-camera (xiQ-series, MQ042MG-CM, Ximea
GmbH) was used to recored images during the substrate withdrawal from aqueous

5The program is available at his website[58].
®between the Bragg reflections i and i + 1 order
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solution (typical speeds of 0.5 — 10 pm/s). The dip casting was done under a laminar
gas flow on a vibration damping table.

3.1.3 Setup for droplet experiments

top view ‘:I

macro lens
mmme bandpass filter

top illumination

beam splitter m

telecentric lens pin hole illumination

i —

side view bandpass filter

laminar gas flow
& controlled humidity

FIGURE 3.5: Schematic view of the droplet & contact angle setup. The macroscopic
top view images the lateral footprint of small sessile drops. The side view depicts the
contour of a droplet for contact angle measurements.

Figure 3.5 presents the experimental setup to investigate the behavior of evapo-
rating sessile droplets (a detailed description can be found in following references
[31, 60]). It consists of a macroscopic top view, which is homogeneous illuminated
with an green LED, and an telecentric side view. An environmental chamber al-
lows to control the vapor saturation of up to 3 components. This makes it possible
to measure the apparent contact angle (6,,,) as function of various solvent vapor
saturations/humidities.

Contact angle measurements

Contact angle measurements where performed in the setup described above. Sample
and drop were observed simultaneously from the top and the side. The top view
was used to observe the circularity of the drop footprint and overall contact line
motion during the experiment”’.

The telecentric side view images the cross section of the droplet and gives a
distortion-free depiction of the droplet contour. To determine the contact angle,
this contour could be extracted and fitted with a spherical cap(with a home build
software). Typical drop sizes were below the capillary length, thus gravity could be
neglected. The contact angle can be determined with a typical error of ~ £0.1 °[60].
To minimize evaporation effects, the duration of the experiments was kept as short
as possible (typically < 20 s from placing the drops till the end of the observation).

7indicating pinning and wetting defects that possibly influence the measurement, or drastically
composition changes during precipitation and nucleation events inside the droplet
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3.1.4 Dry sample analysis

Atomic force microscopy
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FIGURE 3.6: Schematic illustration of an atomic force microscope. The substrate topogra-
phy influences the response of the cantilever which is detected by the LASER reflection
on a Photodiode (PSD)

To study the topography and coverage of the samples atomic force microscopy
[61] was used. This method provides a three-dimensional representation of the
surface topography on a sub-nanometer length scale. To investigate the surfaces
“tapping mode” is selected. Figure 3.6 shows the schematic setup of an AFM. For
the measurements, the atomic force microscope “JPK Nanowizard” was used. Can-
tilevers with a tip radius of ~ 10 nm, with a force constant Kr ~ 50 N/m and a
resonance frequency in the range~ 200 — 300 kHz were used.

Ellipsometry

The thicknesses, hy, of the dry polymer films (equivalent: coverages I') were de-
termined by ellipsometry for thickness up to 150 nm®, with a Multiskope setup’
(HeNe-Laser @632.8 nm) in null- ellipsometry mode. The index of refraction of
the uncoated silicon substrate was measured as 3.86 (silicon), the one of the silica
layer as 1.46. The index of refraction for PMMA was assumed as 1.49 [62]. The
index of refraction of PS was assumed 1.58 [63] and 1.56 for the block copolymer.
These indices were derived from comparisons of the film thicknesses respectively
coverages measured by AFM and ellipsometry in the range between 20 — 100 nm.

3.1.5 Liquid analysis
Surface tension measurements

Surface tensions for binary mixtures were measured at 20C via Wilhelmy-Method'°.
In order to avoid solute precipitating on the Wilhelmy-Plate (for high concentrated

8above 150 nm it was determined by measuring the depth of a scratch by AFM
9Oprel GbR, Sinzing, Germany
10K11 tensiometer, Kriiss GmbH, Hamburg, Germany
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solution), the measurement time was reduced. The reproducibility of the measure-
ments was +0.5mN/m.

Solubility

Solubility of FF in aqueous NH,OH solution was measured by a weighing method.
Saturated solutions where prepared by addition of excess quantities of FF into
NH,OH solution of different concentrations (from 0.01% to 28%). The samples were
centrifuged after standing for 24 h and the supernatant solutions were taken for
analysis. The supernatant solution was placed on microscope slides and weighed.
Then, samples were heated at 100 °C until dry and the residue was weighed. The
solubility (S) was calculated by the following formula:

(m2 =m0) P 1559 (3.4)

§=~2 "W E
(THz—ml)-M

where m is the weight of the microscope slide, and m; the weight of the microscope
slide with supernatant solution, and m, the weight of the microscope slide with the
FF residue, respectively. M is the molar mass of FF. p is the density of the aqueous
NH,OH solutions.

Evaporation rate at zero velocity

The evaporation rate at zero velocity was derived from the evaporative loss of
weight per time for a petri dish (d = 33 mm diameter, about 5 mm deep) filled
with solution in a non-convective ambient air environment. Using a high precision
balance (OHaus Adventure AX), the weight loss over time was measured. Knowing
the diameter of the petri dish, and the density of the liquid the Evaporation rate
could easily be calculated with following formula:

Am

X 7'[_1d_2 — Ew:O rpm (35)
pliquid

3.2 Experimental procedures

3.2.1 Spin casting

For all spin cast experiments an excess volume of liquid was drop on an already
rotating substrate. Typically, at a speed of 1000 rpm. The thinning was then recorded
until the film became completely dry.

3.2.2 Dip casting

Aligned Growth of Single Crystals.— FF powders were dissolved in aqueous NH,OH
(FF concentration: 0.026 g/L). A 2 mL solution was added in a Teflon container,
and a silicon wafer was put into the solution with the scratch near the air-liquid
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interface and fixed by a clamp to the dip casting machine. The temperature was
controlled by heating the container by an oil bath. After several minutes, the silicon
wafer was withdrawn out of the solution by the pulling device with a constant
speed, whereupon white assemblages formed on the silicon wafer. The aligned
crystals formed on the silicon wafer. Formation of “Gradient-Aligned Single Crystals”
on a Silicon Wafer.— In the experiment, the withdrawal speed of the silicon wafer was
set at 2.0 pm/s at first for several minutes. Then the speed was raised to 4.6 um/s,
resulting in the formation of fewer but longer fibers. The speed was then reduced to
2.0 pm/s for the growth of larger numbers of fibers. Finally, when the speed was
increased to 4.6 ym/s, fewer linear fibers were obtained on the silicon wafer.

3.2.3 Crystallization in a capillary

Growth of FF Single Crystals in a Capillary.— FF powders (3 mg) were dissolved in
a HFP /water (110 ul/40 pl) solution. This solution was inserted into a capillary
by capillary pressure. One end of the capillary was sealed by nail polish, and the
other end was kept open. The capillary was placed under atmospheric pressure or
lower pressure for growth of the long FF fiber. The aligned crystals formed inside
the capillary. Disassembly of FF Single Crystals in a Capillary.— A HFP/water (5 : 1,
v/v) solution was injected into a capillary with an ultralong FF single crystal formed
in the oriented growth process. Then two ends of the capillary were sealed by nail
polish. The capillary was held at room temperature, and the disassembly of the long
FF fiber was observed by optical microscopy (described above).

3.3 Materials

3.3.1 Solvents and Solutions

For the preparation of solutions of hexatriacontane n-alkane (C; Hy, high purity
99.99%, Sigma-Aldrich) and triacontane n-alkane (CzyHg,high purity 99.99%, Sigma-
Aldrich), high purity toluene (C;Hg Chromasolv Plus for HPLC, 99.9+%), methyl-
cyclohexane (MCH C;H; high purity 99.5%, Sigma-Aldrich) and n-nonane (CgH,,
high purity 99.8%, Sigma-Aldrich) were used. NaHCO; (99.7+%) was diluted in
MilliQ.

3.3.2 Substrates

As substrates, different types of polished silicon wafers were used: substrates with a
natural oxide layer (Si(100), p, d = 30 cm) double sided polished silicon wafers!!
with an artificial oxide layer of 1000A grown by wet oxidation (Si(100), p, d = 30 cm).
single sided polished silicon wafers 2 were used with an artificial oxide layer of
5004, grown by wet oxidation (5i(100), p, d = 20 cm). The wafers were broken into

111 am Research AG, Villach, Austria
12Siegert Wafer, Aachen, Germany
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pices of roughly 1 x 1 cm. Great care was taken to prevent dust contamination of
the samples.

Cleaning and Preparation

After cutting, the substrates were sonicated in a low power supersonic bath 4 — 5 min
sequentially in MilliQ , ethanol , acetone, ethanol, and MilliQ. Then the samples
were cleaned with piranha (3:1 - H,SO,/H,0,) for approximately 30 min at 70 °C
to remove organic contaminations. After flushing with copious amounts of water,
the samples were sonicated again in MilliQ water for about 10 min to remove traces
of the acid. After cleaning they were stored under MilliQ in a closed beaker for a
maximum of 6h. Directly before use they were rinsed again with fresh MilliQ and
dry-blown with clean nitrogen (purity 5.0).
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Chapter 4

Rupture of ultrathin solution films
on planar solid substrates induced
by solute crystallization

The Chapter is reprinted and adapted from: [8] Stephan Eickelmann and Hans
Riegler. “Rupture of ultrathin solution films on planar solid substrates induced by
solute crystallization”. In: Journal of Colloid and Interface Science 528 (2018), pp. 63—69.

S. Eickelmann designed the study in consultation with H. Riegler. S. Eickelmann
planned and build the experimental setup used for the on-line imaging of planar
thinning films (Chapter 3.1.1), conducted, analyzed and evaluated all the experimen-
tal data, drafted the first few versions of the manuscript, and designed the figures. J.
Danglad-Flores helped to measure the two AFM measurements shown in Fig. 4.2&4.3.
The manuscript was then revised by H. Riegler.

4.1 Abstract

Microscope

0 - - .
\.I * ¥
L ’ il
h;=100 nm h=50 nm h=0nm

dissolved solutc rupture holes solute crystals
_ * * —

FIGURE 4.1

A liquid deposited on a solid surface may wet the surface completely or only
partially. As a result it may form a planar closed film or rupture and form a film with
holes, or even rearrange into individual droplets. The wetting and rupture behavior
of thin films on planar solid substrates is a permanent research topic[29, 64—67] not
the least because it is of eminent practical relevance [68-73]. For liquid films thinner
than millimeters gravitational forces can be neglected. Their wetting behavior is
determined by the interactions between the substrate and the film [74-77]. With
smooth substrate surfaces the interactions depend on the composition and state of
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the film (e.g. its temperature). It depends also on the film thickness and of the bulk
properties of the substrate (e.g. with VAW interactions the disjoining pressure and
its sign).

4.2 Introduction

For liquid films thinner than millimeters gravitational forces can be neglected. Their
wetting behavior is determined by the interactions between the substrate and the film
[74-77]. With smooth substrate surfaces the interactions depend on the composition
and state of the film (e.g. its temperature). It depends also on the film thickness and
of the bulk properties of the substrate (e.g. with VAW interactions the disjoining
pressure and its sign).

Typical wetting studies address the relation between all these parameters and
the wetting and film rupture behavior. There have been experimental studies on
the rupture of liquid films [10-14], as well as thin polymer or thin metal films[15-
20]. The film rupture has also been investigated theoretically[21-24]. In most cases
investigated up to now the composition of the liquid film was kept fixed.

However, in most naturally occurring and industrially applied cases, in particular
with volatile liquid components, the composition of the liquid changes with time
and film thickness[78]. Aside from the film thickness this constitutional change can
have a very strong impact on the interactions determining the wetting and rupture
behavior. The change in film composition, for instance, may switch its behaviour
from inherently wetting to non-wetting and thus lead to film rupture.

For experimental investigations addressing the impact of the (changing) film
composition on the rupture behaviour the composition has to be (continuously)
controlled and known while the wetting and rupture behavior is monitored. In
the following we will present studies on the wetting/rupture behavior of contin-
uously thinning liquid planar films consisting of binary solvent/solute mixtures
deposited on smooth planar substrates. The wetting/rupture properties are investi-
gated by continuously imaging a small area of the liquid film with reflection optical
microscopy, while the film is continuously thinning due to the evaporation of the
volatile liquid component. At the same time the nonvolatile solute gets continuously
enriched in the thinning film. Practically the experiments are performed in a spin
cast configuration, where the thinning of the film and the evolution of its compo-
sition is well known [25, 34]. The investigations show that the film composition
affects the wetting and rupture behavior. The local crystallization of the solute at the
interface leads the formation of holes at these locations if the film is thin enough so
that film rupture is energetically favorable.

4.3 Film rupture heights for mixtures of toluene/C; H.,

In Figure 4.2, the rupture (hole formation) behavior of planar thinning film of a
solution of C3,Hy, in toluene is shown. The optical image sequence illustrates that
shortly after the liquid deposition on the rotating substrate, a homogeneously planar
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FIGURE 4.2: Rupture behavior of films of mixtures of toluene/C;.H,,. The top rows
show examples of images recorded as the films become thinner due to solvent evapora-
tion (cg = 2.6 - 10~*M). The cartoons depict the corresponding cross sections through
the films indicating the crystallization of the solute at the substrate/film interface and
the hole formation at this location. The plots shows the film heights, /i,y pture, at which
hole formation is observed /commences as function of the weighing in concentration
of the solute, cy. Also shown are AFM images of the dry solute on the substrates after
complete solvent evaporation.

film is formed (for all weighing in solute concentrations, cy, all solutions first form a
closed). During the evaporating thinning, all liquid films remain closed and planar,
as long as they are thicker than about 50 nm. Pure solvent films remain whole during
the entire film thinning until all liquid has completely dried.

The plot in Figure 4.2 shows the rupture thickness /,ypsure as function of the in
weight concentration cp. With thinner than iy = 50 nm films, the wetting behavior
(planarity of the film) depended on the solute concentration. Films of solutions form
holes and rupture as soon as they become thinner than a specific film thickness,
hrupture- This hyyprure depends on the solution composition, in particular on the solute
concentration. If the weighing in solute concentration, ¢, is very low, hpypture is
rather small. /1;ypsure increases linearly with cp until it reaches a maximum rupture
thickness of hyypture &~ 50nm. Upon increasing cq further, /1;ypsure remains constant at
~ 50nm.

The optical investigations during and after the film thinning as well as AFM (one
explanatory measurement shown in Figure 4.2) studies on the dry samples show
that the hole formation starts at spots, where the solute crystallizes at the interface
between substrate and liquid film. C34H, forms the typical dendritic 2-dimensional
mono- or multilayer aggregates that are described already in the literature elsewhere.
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FIGURE 4.3: Rupture behavior of films of H,O/NaHCO;. The top rows show examples
of images recorded as the films become thinner due to solvent evaporation(cy = 1.4M).
The cartoons depict the corresponding cross sections through the films indicating the
crystallization of the solute at the substrate/film interface and the hole formation at
this location. The plots shows the film heights, li;ypture, at which hole formation is
observed /commences as function of the weighing in concentration of the solute, ¢.
Also shown are AFM images of the dry solute on the substrates after complete solvent
evaporation.

4.4 Film rupture heights for mixtures of H,O/NaHCO,

Figure 4.3 presents the hole formation (rupture) behavior of planar films of solutions
of NaHCO; in water. The optical imaging shows that after liquid deposition on the
rotating substrate, in both cases and for all weighing in solute concentrations, co,
all solutions first form a closed, homogeneously planar film. During evaporative
thinning all liquid films remain closed as long as they are thicker than about 50 nm.
With thinner films the wetting behavior depends on the solute concentration. Pure
solvent films remain closed during the entire film thinning until all the liquid has
evaporated. Films of solutions form holes and rupture as soon as they become
thinner than a specific film thickness, ,pture. This hyypiure depends on the solution
composition, in particular on the solute concentration. If the weighing in solute
concentration, ¢, is very low, fiy,pture is rather small. hyypure increases linearly with
co until it reaches a maximum rupture thickness of /e =~ 50nm. Upon increasing
co further, 1;ypture remains constant at ~ 50nm.

The optical investigations during and after the film thinning as well as AFM
studies on the dry samples show that the hole formation starts at spots, where
the solute crystallizes at the interface between substrate and liquid film. NaHCO;
forms! small crystals with the typical monoclinic structure [81].

IThe crystallization of anorganic salts from evaporating aqueous solutions is described elsewhere
[79, 80].



4.5. Film rupture thicknesses for various different binary mixtures 41

4.5 Film rupture thicknesses for various different binary

mixtures
]03: LR | LA | T """;I’ T T T ,
max /I /I
102k rupture //I //I i
g | VI 1. 25 2
= e s ST\
5 i LT
? / I/
< % ,/ %
10° _ % i ,’I o C,H, /toluene
i % I C,H,/MCH
K , C,H, /monane
L )/ l C, H,/toluene | |
) ) A NaHCO /water
100 lu Ll Ll L |v|’||||| Ll Ll IR ETIT]
10° 103 10 103 102 107! 10°
¢, [M]

FIGURE 4.4: Film rupture (hole formation) thicknesses, l1ypture, as function of the weigh-

ing in solute concentrations, cg, for various solutions: C3;H;, /toluene (csot = 1.8 -

1073M, hyy =~ 5um), C3gHy,/MCH (csat = 1.4-1072M, hyy =~ 7um), C3H,, /nonane

(csat = 2.5-1072M, hyy = 3um), C3oHg,/toluene (csqr = 5.5-1072M, hyy ~ 5Sum),

NaHCO;/water (csqt = 1.1M, hyy ~ 3um). The dashed lines show hgy, the film thick-
nesses, where the solute concentration reaches its saturation.

Figure 4.4 presents the hole formation behavior i.e., the film rupture thicknesses,
hrupture, of five different solutions as a function of the solute concentration. All pure
solvents wet the substrate completely. As already presented for two solutions in
Figure 4.2 & 4.3 , in all cases lyypture increases linearly with the solute concentration,
co. As soon as hmptm reaches fff’pxtm ~ 50 nm, it remains constant, even as cg is
increased further. The solubilities of the solutes in the different solvents vary consid-
erably. Accordingly, the transition from the increasing /.yt to the plateau with
hipiure ~ 50 nm is orders of magnitude different for different solutions. Figure 4.5
shows the same data in a plot of /1y pture VS. hsqr- The dashed line shows hyyprure = hsat.
With this rescaling all data collapse into one universal behaviour. /e increases
linearly with fiss; up to a maximum value of 7, and then remains at this value,
even if hi5, increases further. Optical imaging reveals that the holes in the film al-
ways develop where solute crystals start to grow at the substrate/liquid interface
for the the case when hsar < hyip,,pe- FOT Bisar < Iy, solute crystals probably grow

rupture

already as soon ¢ > ¢ for films thicker than K7, In this case hole formation

commences as soon as hsq < i, at locations with solute crystals at the interface
between film and substrate. These scenarios are depicted in the cartoons of Figure
4.5.



42 Chapter 4. Rupture of ultrathin solution films

103: L] I ELLLLAL B AL SRS |

~
N 4
PR

max ’ ’
rupture ’ 4

10°F . . T ’

11l

L

h

rupture [nm]
P
HH
o5
—EEH
HH
S )
a2
! H
=, i
: =
|
D>
#Elg \\
r—}[z—ip_
—+
'_

10'5- %%I b ,’/l o C, H. /toluene

36 74

I C.H /MCH |]
|

36" 74
o C,H,,/nonane
| C, H,,/toluene |
p l p A NaHCO,/water
] 0 i 1l r 1l 1 vaaul ol Lol Lo
010'6 1073 104 10-3 102 10! 10°

¢, [M]

10°

max

102 F rupture.\
S .
=,
é" _) i
=4 H
= =.
1 H
10 3 %V
10()/ L MR R A | L MR R R | L I S S T R A
10° 10! 102 103

h_, [nm]
FIGURE 4.5: Plot of hyypture as function of hsyt. The dashed line shows hyypture = hsat-
The cartoons show how for hsyr < hyy,,, solute crystallization and hole formation
occurs approximately simultaneously, whereas for hs,; > I}l ., solute precipitation

rupture
occurs before film rupture.
4.6 Discussion

Figure 4.4 shows that for small solute weighing in concentrations, co, the rupture
film thicknesses, hypture, increase proportional to co. As soon as hyypture =~ 50 nm,
it remains constant at this value hy;7}, ., (independent of co). The linear increase of
hyupture With ¢ and the limit with rmu‘;j;ure ~ 50 nm is observed for all the various
combinations of solutes and solvents investigated although the transition between

the linear increase and the plateau behavior occurs with cyg, which are different by
orders of magnitude.
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The key to understanding this behavior is the solute enrichment during the evap-
orative film thinning in a spin cast configuration, which has recently been analyzed
quantitatively[25, 34]. Figure 2.11 (in Chapter 2.3.4) shows qualitatively the increase
of the solute concentration as the film becomes thinner due to the solvent evapora-
tion. With the setup shown and described in Chapter 3.1.1 (figure 3.1) the evaporation
rates, E, of the various solutions can be measured (Equation 2.39). Thus, the increase
of the solute concentration can be determined (Equation 2.40) and h,; can be calcu-
lated. The measurements show that the transition between the range with a linear
increase of l;ypture  co and the plateau behaviour with hyyptyre = const = h;’{fp’;m oc-
curs in all cases when the solute concentration within the film reaches its saturation
value, cq, at film thickness of h £~ 50 nm. Taking this into account the rupturing
behaviors of all the different solutions can be rescaled and plotted universally as
depicted in Figure 4.4.

The time-resolved optical imaging of the films during the film thinning and
rupturing reveals the possible reason for the hole formation. It appears as if film
rupturing always occurs at locations, where the solute is forming (or has already
formed) crystals at the interface between substrate and liquid film. This indicates
the following film rupture scenario: As soon as the solute becomes sufficiently
supersaturated (i.e., ¢ = csqt + ¢, where dc accounts for the extra concentration to
overcome the nucleation barrier) it starts to crystallize. Basically, nucleation and
crystal growth might occur at three different locations: 1.) at the substrate surface,
2.) within the solution, or 3.) at the film surface. During nucleation and early crystal
growth the crystals are very small and they are not directly visible with optical
microscopy. As soon as they grow to micron size they may become optically visible
and their location at this stage indicates where their nucleation and early growth
may have occurred.

Alkanes form quasi-2-D mono- or multilayer domains, which indeed can be im-
aged by optical microscopy [82, 83]. For the alkane solutions investigated for this
report, with initial alkane concentrations substantially lower than the saturation
concentration (co < 0.1csqt), we do not observe any alkane domains before the film
ruptures (neither within the solution nor at the substrate/film or the film/air inter-
face). On the other hand, we find that the film always ruptures and forms a hole
at a spot, where an alkane domain is attached to the substrate. These domains can
be seen either already during the widening of the hole or later on the dry substrate.
This is the scenario depicted in Fig. 4.2. It is corroborated by experiments with films
of very high initial alkane concentrations (cop > 0.1cs;), which are not the subject
matter of this chapter, because their thinning behavior is fundamentally different to
the case described in this report/chapter (shown in a later part of this thesis under
Outlook 10.1.1).

As in the case of the alkane solutions, with solutions of NaHCO; /water we also
never see crystals before film rupture. And, as in the case of the alkanes, the film
always ruptures and forms a hole at a spot, where we always find (later) optically
(or by AFM) a crystal of NaHCO; (see for example Fig. 4.3). This crystal is usually
larger than the other crystals in its vicinity (which result from the receding three
phase contact line). With NaHCO; also the three nucleation and growth scenarios
at the three different locations are conceivable, as discussed above for the alkanes.
However, with NaHCO; these cases cannot be distinguished by optical microscopy
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in a way as described for the alkanes, because NaHCO; forms 3-D crystals. Therefore,
as soon as the crystals are large enough to be optically observable, they already are
larger (higher) than the thickness of the film in which they grow.

It should be mentioned that the results of a few selective experiments with aqueous
solutions of NaCl agree with the findings obtained with NaHCO; and with the
alkanes. By and large, the observation with the alkane domains agrees with the
expectation that the crystallization preferentially commences at the film/substrate
interface, because heterogeneous nucleation at this interface is more favorable than
homogeneous nucleation within the film or heterogeneous nucleation at the film/air
interface [84].

The observations indicate that, if the film is sufficiently thin (a few tens of nm),
film rupture is initiated at a spot, where the interface between film and substrate
is locally modified by a crystal. The local growth of a crystal effectively changes
a) the local wetting properties and b) it reduces locally the film thickness. In the
case of long chain alkanes, the local crystal is a flat mono- or multilayer domain,
typically only a few nm thick. Therefore, the local film is not much thinner (on
the scale of 7y 1, ,.) than the film on the substrate without the alkane domain and
the locally different wetting properties might be more important than the locally
thinner film. It is known that surfaces of solid long chain alkanes are not wetted
by liquid short chain alkanes, such as nonane ([82, 85-87]). It can be assumed that
they are also not wetted completely by other hydrophobic liquids, such as toluene or
methylcyclohexane. Very little is known about the wettability of anorganic crystals
(NaHCO;) by anorganic solute/solvent mixtures (NaHCO; /water), with the solute
and the crystals being identical substances. The observed rapidly retreating contact
line of the NaHCOj3 /water solutions as soon as the film is thinner than 7%, and
has ruptured indicates that the NaHCO;/water solutions do not wet completely
substrate surfaces that are (partially) covered by NaHCO; crystals. In any case,
with a globally continuously thinning film, the local non-wetting properties in
combination with the locally thinner film eventually will lead to film rupture either
by a spinodal [14, 88] or a nucleated process [18, 30].

The wetting behavior of films is affected by VAW interactions and in the non-
wetting case film rupture driven by VdW-interactions typically occurs for film
thicknesses of a few tens of nanometers. This is what we observe (7). This
is also in agreement with the cases of low solute concentrations, when the films
rupture instantaneously as soon as the substrate (locally) switches from wetting to
non-wetting due to the local growth of a crystal at the interface between film and

substrate (hy < Iy, for low co).

Based on the assumption that VdW-interactions drive the film rupture we per-
formed experiments with different Hamaker constants. We used substrates with
oxide layers of different thicknesses (natural oxide layers of only ~ 1.5 nm thickness,
artificial oxide layers 50 nm and 100 nm thick). These variations are part of the data
presented in Figures 4.2,4.3, 4.4, and 4.5. They are not indicated individually, because
there is no systematic correlation between the variations and the observed behaviour.
Aside from modifications of the substrate surface, the VdW-interactions of systems
with water as solvent should be different to those with toluene (the refractive indices
and thus the Hamaker constants of both systems are significantly different). Figure
4.5 shows that within the errors the results are not sensitive to these variations.
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The results with different substrates and solvents do neither support nor exclude
VdW-interactions as main cause for the film rupture, because the errors for hy,7%,,.
are quite large. Even if differences in the VdW-interactions had an impact on h]!}%;

rupture’
this hardly could be derived from the data.

4.7 Summary

A setup has been designed and implemented to optically image time-resolved the
thinning and rupture behavior of thin planar films of binary mixtures of a volatile
solvent and a non-volatile solute on planar substrates in a spin cast configuration.
The solutes form crystals as soon as the concentration exceeds a know saturation
value. The focus is on the wetting /rupturing behavior of very thin films. The thin-
ning behavior and time-dependent variation of the film composition in the applied
spin cast configuration has been studied and is well-known. At the very late stages
of the spin cast process, hydrodynamic flow can be neglected. The system is es-
sentially a planar liquid film, which is thinning due to a constant evaporation rate.
It is observed that depending on the type of solvent/solute mixture and solute
concentration the films rupture at certain film thicknesses. This behavior is analyzed
and discussed in some detail.

4.8 Conclusion

In conclusion, the experimental results and their analysis reveal three significant,
important, and hitherto unknown findings: 1.) the films rupture if a.) the solute
concentration reaches its saturation value and if b.) the film is as thick or thinner than
a certain film thickness, b}, 2.) The rupture behavior is remarkably universal in
view of the really very large variation of initial solute concentrations and different
combinations of solute/solvent, 3.) In all cases h;7,,. has a value somewhere be-
tween more than 10 nm and less than 100 nm. Supposedly the crystallization of the
solute at the film/substrate interface alters locally the wetting properties. This leads
to the film rupture at this location. The value of i/, is an indication and consistent
with VdW-interactions as main reason for the film rupture. It can be assumed that
such a film rupture behavior occurs very often. For instance, most natural aqueous
solutions contain non-volatile, precipitating/crystallizing components such as salts.
Regarding application, the findings can also be used to tailor-make solutions to
trigger the rupture of evaporating films at specified thicknesses with specific hole
formation scenarios (e.g. by adjusting how the solute crystallization/precipitation

occurs).
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Chapter 5

Meniscus shape around
nanoparticles embedded in
molecularly thin liquid films

The chapter is based on a manuscript currently under evaluation at Science Ad-
vances: [89] Stephan Eickelmann, José Danglad-Flores, Gouxiang Chen, Markus S.
Miettinen, and Hans Riegler. “Meniscus shape around nanoparticles embedded in
molecularly thin liquid films”. 2018.

S. Eickelmann build the microscopy setup used for the experiments, conducted
the optical imaging on evaporative thinning- and dry solid- films, evaluated the
optical data, and developed a protocol to translated them into topological data
(see Chapter 3.1.1, leading to Figure 5.2, 5.3, 5.4, 5.5, and 5.8), wrote the first few
versions of the manuscript and designed the Figure s. ]. Danglad-Flores performed
the AFM measurements and did the analysis/fitting of the meniscus data obtained
by AFM and optical microscopy (presented in Figure 5.5, 5.6, and 5.7), and wrote
the supplement material. G. Chen also performed some of the optical microscopy
experiments (for Figure 5.3) and synthesized and characterized the nanoparticles.
M. Miettinen help with the theoretical understanding of the meniscus shape which
was wrote down by J. Danglad-Flores (presented in the Appendix A.2). The study
was designed in close collaboration of S. Eickelmann, |. Danglad-Flores, and G. Chen
and supervised by H. Riegler. The manuscript was revised by H. Riegler. All authors
discussed the results and commented on the manuscript.

5.1 Abstract

Individual nanoparticles embedded in molecularly thin films at planar substrates
and the resulting film surface distortion (meniscus) adjacent to the nanoparticles
are investigated by conventional optical reflection microscopy. Even for nanoparti-
cles much smaller than the Rayleigh diffraction limit the meniscus creates such a
pronounced optical footprint that the location of the nanoparticles can be identifed.
This is because the decay length (lateral extension) of the meniscus exceeds the size
of the nanoparticle by orders of magnitude. Therefore, for the first time, the exact
shape of the meniscus of the liquid adjacent to a nano-size object could be measured
and analyzed. The meniscus has a zero curvature shape (cosine hyperbolic). The
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FIGURE 5.1

liquid in the meniscus is in pressure equilibrium with the far-field planar film. The
decay length decreases with decreasing nanoparticle size. But it is independent from
the far-field film thickness. Supposedly the decay length is determined by Van der
Waals interactions (VdW) although it is unknown what determines its (unexpectedly
large) absolute value. The presented technical approach may be used to investigate
biological systems (for instance surface distortions in supported membranes caused
by proteins or protein aggregates).

5.2 Introduction

Small objects embedded in thin films are ubiquitous in nature [90-95]. They are a
topic in basic research [96-101] and proposed as well as used for applications [102—
106]. If the particles are larger than the film thickness, they "stick out". Therefore
they will distort the adjacent film surface (cause a "meniscus"). The geometry of this
meniscus is of interest in applied and fundamental science, because it reflects the
interactions between the particle and its environment and is a measure/cause for
the interaction between neighboring particles. Therefore the meniscus geometry is
an important system parameter.

For micrometer-sized and larger systems meniscus shapes have been investigated
experimentally and theoretically [107-110]. For smaller i.e., truly nanometer-size
systems, with particle diameters and really thin films (thicknesses < 1 um), menis-
cus geometries have been studied experimentally up to now only for solid systems.
For instance, systems with particles embedded in polymeric films were imaged by
atomic force microscope (AFM)[111-114], scanning electron microscopy (SEM)[111,
115] or with confocal optical methods[116-122]. In these cases the meniscus geome-
tries were affected by the solidification process. They may not reflect the equilibrium
situation of the particles embedded in the mobile/liquid film. This case, meniscus
shapes in the vicinity of nano-size particles embedded in very thin liquid (mobile)
films, has not been investigated up to now. The shape of the meniscus of a liquid film
adjacent to a nanoparticle (NP) is still unknown. It is still unknown how it depends
on particle size, on film thickness, on film properties (surface tension), on substrate
properties, etc.
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If the size of NPs is well below the resolution limit for visible light (Rayleigh
limit [123]), their imaging is impossible with conventional optical microscopy. It has
been shown however, that it is possible to identify the location of nano size objects
with conventional optical microscopy through their refraction/diffraction signature
e.g., by the "caustics" caused by surface distortions [124]. The optical diffraction
signature is usually weak but it can be enhanced by sophisticated image processing
(oversampling, background subtraction, contrast enhancement, etc. [125]). Slight
defocussing along the optical axis[126-129] may also enhance the diffraction signal
in particular with particles embedded in thin films[124, 130].

In the following we present a new approach to determine the location of NPs
embedded in a molecularly thin liquid film and to quantitatively measure the adjacent
meniscus shape. We use a special setup of interference enhanced optical reflection
microscopy. We determine the location of even very small NPs (diameters < 100 nm)
embedded in liquid films. We measurer the meniscus shape as well as the far-field
liquid film thickness with nm precision. We find that in comparison to the vertical
scale the lateral scale of distortion reaches out further by orders of magnitude more.

5.3 Optical footprints of NPs and their menisci in liquid
films of various thicknesses

Figure 5.2(a) presents a sequence of interference microscopy snapshots, which were
recorded during the evaporative thinning (see Methods section) of a toluene film on
a planar silicon wafer substrate. Figure 5.2(b) shows the time-dependent variation
of the "Brightness" (gray level) as it is measured from a surface area with a planar
film of uniform thickness (i.e., an area without NP). This signal is translated into a
momentary "far-field" toluene film thickness, h i.e., a film thickness undisturbed
by NPs (see Methods section).

The samples were prepared by first depositing a mixture of Platinum-
Nanoparticles (NPs) with diameters dyp of ~ 25,50, 100 and 200 nm onto a planar
silicon wafer sample via spin casting from an aqueous solution. The process condi-
tions and NP-concentrations were adjusted[8, 25, 34] such that the average distance
between individual NPs was in the range of several tens of pm. The data presented
in Figure 5.2 were obtained during the evaporative thinning of a film of pure toluene
i.e., during the spin casting of pure toluene onto the substrates with the NPs already
deposited.

The snapshots of Figure 5.2(a) reveal that at certain locations spots of locally
different gray levels appear as soon as the film thickness has decreased to a certain
value. The gray levels of the spots change as the film gets thinner. The spots remain
and disappear only when the toluene has evaporated completely !. AFM and optical
investigations on the lateral arrangements and the surface coverage of the NPs
on the dry samples prove that individual NPs are the origin of the spots i.e., the

ISpots from the largest NPs with diameters of 200nm are still faintly visible even with completely
dry substrates
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FIGURE 5.2: Snapshots of optical footprints of NPs embedded in a thinning toluene film.

Attached to the substrate surface are individual NPs with diameters of dyp = 25,50, 100

and 200 nm. The NPs are randomly distributed and laterally several tens of um apart.

(a) Images recorded at various far-field toluene film thicknesses, o, and cartoons of

the corresponding vertical film cross sections (not to scale laterally). (b) In red the

brightness variation of far-field (planar) film sections with time (due to evaporation)
and in blue their corresponding film thickness, /oo.
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observed local gray level variations. The cartoons next to each microscopy image
suggest the vertical cross-sections through the liquid films including the NPs 2.

5.4 Occurrence of optical footprints as a function of the far-
field film thickness for different liquids
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FIGURE 5.3: Region where NP footprints are not observed ('not visible") and where

footprints are detected ("visible") as function of the NP size dyp and of the far-field film

thickness he, for various liquids (toluene, water and nonane). The dashed line marks
heo = dnp. The Pt-NPs had diameters of 25,50, 70,100,120, 170 and 200 nm.

Figure 5.3 presents results from optical imaging of substrates during the evapo-
rative thinning of films of various liquids (toluene, water, and nonane) that were
deposited on substrates with individual NPs of different diameters dyp attached
to them. The data are based on measurements analoguous to those presented in
Figure 5.2. The Figure shows the range where local optical footprints caused by NPs
are observed as a function of the NP size, dyp, and of the far-field film thickness,
he. The Figure shows that optical footprints of the NPs are only visible if there is a
liquid film with 0 <he < dyp. For dry samples and for ho, > dyp optical footprints
such as those presented in Figure 5.2 are not observed.

5.5 Meniscus profiles derived from the local gray levels

Figure 5.4 presents the translation of the optical footprint (locally varying gray
levels) caused by a NP into the geometry of the surrounding meniscus. The NP
with a diameter of 200 nm is embedded in toluene films with far-field thicknesses of
he = 150, 90, 50, and 20 nm. The column on the left shows the optical images. The
column in the middle presents the gray level variations on a line through the center of
the location of the NP. The right column depicts the meniscus geometry as it has been
derived from the gray level variations. For the derivation of the meniscus profiles it
is assumed that the imaged gray level can directly be translated into the local film
thickness of the imaged spot (see Figure 5.2(b) and Methods section). Even though
the diameter of the NP is much less than 1 pm, the meniscus profiles extend up to

ZPlease note that in the cartoons of Figure 5.2(a) the lateral and vertical scales are different by about
a factor of 100 to enable a reasonable visualizaton of the NPs and their environment.
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FIGURE 5.4: Translation of optical footprint data into meniscus geometries. Depicted is

the case of an individual NP (dyp = 200 nm) embedded in toluene films of different

thicknesses. Left column: Optical reflection images at film thicknesses h. = 150,90, 50,

and 20nm. Middle column: Gray level variations along lines through the center of the

NP. Right column: Translation of the gray levels of individual camera pixels into the

local film thickness. Assumed is the same relation between gray level and film thickness
as for planar film sections.

~ 10 um away from the location of the NP (the lateral and the vertical scales of the
plots of Figure 5.4 are different by about two orders of magnitude). The plots show
that the optically measured height in the center at x = 0 does not match the (known)
height of the NP. It is different for different h, decreasing from about 180 nm for
he = 150 nm to about 120 nm for he = 20 nm. This is an optical artifact. The lateral
extension of the NP is smaller than the diffraction limit. The data indicate that a
one-to-one translation of the gray levels of individual pixels into a corresponding
local film thickness is a crude approximation, which may be quantitatively wrong.
Therefore the validity of such an analysis has to be investigated. This is done in the
following section by a comparison between optical and AFM data.
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5.6 NPs embedded in solid polymer films: Meniscus pro-
files derived from AFM and optical microscopy
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FIGURE 5.5: Comparison between the optical and the AFM signatures of NPs embedded

in PS films with a) a NP of 170 nm in diameter (1, = 100 nm) and b) of 50 nm diameter

(he = 15nm).c) the 70nm NPs embedded in a PS film (ke = 12nm) were removed

before AFM investigation. The gray ellipsoid represents the spherical NPs. The optical

signatures (blue data points) were derived from the gray levels in a zero-order approach

(see main text). The blue dashed line is a guide to the eye. The AFM signature (in red)
was obtained by tapping mode.

Figure 5.5 presents a comparison between AFM and optical microscopy data of
the same sample location with NPs embedded in solid polymer films. Individual
NPs were first deposited on a planar silica/silicon substrate. Then thin polystyrene
(PS) films were spin cast onto these samples from a polystyrene/toluene solution.
The optical and the AFM investigations were performed after complete evaporation
of the solvent. Cases (a) and (b) show NPs that are embedded in the PS film. In case
(c) the NP embedded in a PS film was removed before the investigation. The Figure
shows the AFM data (false colour images and height profiles) and optical imaging
data (gray level images and interferometrically derived height profiles (see Figures
5.3 and 5.4)). The lateral scale is so small that individual camera pixels of uniform
gray levels can be identified in the optical images. Nevertheless, the lateral scaling
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is still much larger (pm) than the vertical one (10nm), so that the spherical NPs
(or their outline as in (c)) indicated in the Figure by the gray area appear strongly
elliptically distorted.

The data show that by and large the meniscus profiles measured by AFM and by
optical interferometry match. Significant differences between the "true" (expected)
and the measured profiles appear only within 200nm from the NP (or from the
center of its former location, as in case (c)). Most likely these differences around
x = 0 are due to diffraction effects in the case of the optical imaging. Very close to
the NPs the AFM data may also not reflect the true shape of the surface topography
due to the conical shape of the AFM tip (tip convolution effect). In the case of Figure
5.5(c) a NP of 70 nm diameter was removed after the polymer film formation. This
can clearly be seen from the AFM data, whereas the optical data do not reveal the
crater-like shape of the surface.

The data depicted in Figure 5.5 reveal two important features: 1.) For comparable
NP sizes and far-field film thicknesses the lateral range of the meniscus distortion
is significantly smaller for the solid polymer films than for liquid films of pure
solvents (see Figure 5.4). This indicates that polymer enrichment in the course of
the solvent evaporation during film formation affects the final meniscus shape.
2.) The geometrical meniscus profiles measured by AFM and by optical reflection
microscopy are virtually identical within the measurement errors (except for the
center region very close to the NP). This means meniscus geometries derived from
optical reflection microscopy images are quantiatively correct except for a region of
about 0.5 pm around the location of the NP.

5.7 Meniscus geometries

Figure 5.6(a) presents experimental data of the geometry of the meniscus profiles
in the vicinity of a NP with a diameter of dyp = 120 nm. For a better visualization
of the meniscus distortion the linear scalings of the horizontal and the vertical axes
differ by a factor of 80 (the spherical NPs are plotted in scale and therefore appear
distorted). The NI was embedded in toluene films with three different far-field
liquid film heights, he =29, 42, and 71 nm (indicated by the dashed blue lines). The
two data sets depicted represent the profiles from either sides of the NP. According
to the data the meniscus reaches out as far as ~ 5 um away on both sides from the
NP. Figure 5.6(b) shows the same data in a lin-log plot. The linear behaviour reveals
a logarithmic meniscus profile within most of the meniscus range.

Figure 5.6(c) shows a schematic of the cross section through the NP and the
film /meniscus in the vicinity of the NP. It presents the definitions of the various
parameters that are used to fit the experimental data. It turns out that all menis-
cus shapes can be fitted quite well by a combination of a logarithmic (hyperbolic
cosine)[131] and an exponential decay:3

2 r—T
z(r) = ho—hoo—ro-ln<r+ <r) —1>]6'L°+hoo- 1)

o o

3detailed calculations are shown in the Appendix A.2
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FIGURE 5.6: Meniscus geometries derived from optical reflection microscopy. (a) Lin-

lin-plot of the meniscus profiles around a NP with dyp = 120nm, embedded in toluene

films of heo = 29nm,42nm, and 71 nm as indicated by the blue dashed lines. Each

curve consists of two sets of data points (from both sides of the NP) The red dashed

lines show a hyperbolic cosine fit of the data points. The vertical and horizontal scales

are different by about a factor of 80. (b) Lin-log-plot of the data shown in (a). (c) Cartoon
of the assumed meniscus profiles and definition of the various parameters.

According to this equation the logarithmic contribution dominates for » < L i.e,,
in the meniscus region up to where the meniscus phases out into the planar film.
In this transient region away from the NP, close to r = L, the exponential contri-
bution provides a smooth transition between the essentially logarithmic meniscus
shape and the flat film. It should be noted that the profile of Equation 5.1 formally
describes a meniscus shape with its left vertex contacting an (imaginary) vertical
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round cylinder of radius r = r( at a height z = hy with a contact angle of oY )
Mathematically this profile is identical to a meniscus, which intersects a NP with
radius R at = r. and at a height z = h. with a contact angle @ between the liquid
and the NP surface (for details see Appendix A.2).

Figures 5.6(a) and (b) demonstrate that the experimental data can nicely be fit-
ted (red dashed curves) with the profile described by Equation 5.1. The linear-
logarithmic plot Figure 5.6(b) shows a linear behaviour in virtually the entire menis-
cus range between the contact with the NP and the transition to the planar far field
film surface. Practically, for fitting the experimental data, the exponential contribu-
tion of Equation 5.1 is rather negligible. It is only necessary to formally provide a
smooth connection between the logarithmic meniscus profile and the planar far-field
film surface. Figure 5.6 (b) also shows that fits of the experimental data with menis-
cus profiles according to Equation 5.1 yield rather well-defined distortion lengths
L. Regarding interfacial physics, the logarithmic meniscus shape means that the
liquid surface on the meniscus has nowhere a net local curvature. Hence there is
no capillary pressure difference between the liquid in the meniscus section and the
liquid within the surrounding planar film.

5.8 Universal meniscus profile and distortion length L
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FIGURE 5.7: Meniscus geometries as measured for different NP radii, R, and film
thicknesses, h. The data are fitted according to the profile presented in Figure A.1 and
plotted in a universal way by rescaling the x-axis (lateral distance from the center of
the NP, r) with the distortion length, L, and the y-axis (net vertical meniscus elevation,
Z — heo) with the net distance between the film surface and the contact with the particle
at i, — he. Singled out by colour are those data points, where the interference conditions
lead to a rather weak thickness contrast (orange data points in (a) and blue data points
in (b)). Although technically this leads to rather large systematic error bars, the data
still reflect the general behaviour quite well.

All the individually measured experimental meniscus profiles can be fitted quite
well with the profile described by Equation 5.1, yielding different L, @, h, r., as
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well as hy and r( for the different known/measurable R and .. Because all menisci
can universally described by Equation 5.1 they also can be plotted in a universal
way with proper axis scaling. This is demonstrated by Figure 5.7 presenting a large
number of experimental data from different sized NPs embedded in films of different
thicknesses. The films consisted of (a) toluene and (b) water. All the fits indicate for
both liquids the same contact angle with the NPs of ®, ~ 50 £ 10°.
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FIGURE 5.8: (a) Distortion length L vs NP radius R as derived from the fits of the
experimental data. The open circles/squares at the origin indicate the data that are
expected at this point. (b) Optical imaging raw data and corresponding cartoons of the
derived meniscus shapes for the combination of dyp = 200nm, /1., = 90nm (top) and
dnp = 50nm, he = 12nm (bottom). The lateral and the vertical scales are different by
nearly two orders of magnitude (the NPs appear as very elongated red ellipses).

Figure 5.8(a) shows a plot of the distortion lengths L vs the NP radii R. L is
derived from fits of the experimental measured meniscus profiles. It can be seen that
L increases with R in a slightly non-linear fashion (assuming that the origin is a data
point). It is also observed that L of water is always slightly larger than L of toluene.
Quite remarkable, L is independent from /.

Figure 5.8(b) illustrates the findings presented in Figure 5.8 through a combina-
tion of raw imaging data from real experiments and schematics, which show the
corresponding cross sections of the liquid film plus NP in the same lateral scale.
Depicted are the cases of dyp = 200nm and /1, = 90 nm as well as the combination
of dyp = 50nm and e, = 12nm. The lateral scales of all microscope images and car-
toons are the same. The vertical scales in both cartoons are the same but different to
the corresponding lateral scales (hence the strongly distorted shape of the spherical
NPs).

5.9 Discussion

We demonstrate that it is relatively easy to locate with conventional optical reflection
microscopy small, individual NPs, if they are embedded in films about as thick or
thinner than their diameter. Their location can be detected by conventional optical
microscopy although they are much smaller than the Rayleigh diffraction limit. This



58 Chapter 5. Meniscus shape around nanoparticles

is because NPs embedded in a film distort the adjacent film surface and it turns out
that this surface distortion ("meniscus") reaches out laterally orders of magnitude
further than the size/diameter of the NPs. This unexpectedly large meniscus region
creates a rather pronounced optical "footprint" and thus enables the tracking of the
NP location.

The configuration of individual NPs attached to a planar surface and embedded in
a film of a thickness similar to the diameter of the NP or less is investigated in detail.
To this end planar substrates with attached individual NPs are coated by evaporative
spin casting with continuously thinning planar liquid films. During film thinning the
substrate surface is investigated with reflection optical microscopy. A combination of
interferometry and optical imaging provides the local film thickness with nanometer
(vertically) and micrometer (laterally) resolution, respectively. Because the lateral
extend of menisci caused by even rather small NPs exceeds micrometers, their
geometry can be measured optically. This is tested and confirmed by calibration
experiments with AFM for the case of solid polymer films.

The meniscus shapes are measured and analyzed as a function of 1.) the diameter
of the NPs, 2.) the far-field thickness of the surrounding films, 3.) the composition
(surface tension) of the films, and 4.) the state (solid vs liquid) of the films. It turns
out that the decay length L of the menisci depends on the size of the NPs, dyp[110]. L
increases non-linearly with the NP size, from a few pm for NPs with 25 nm diameter
to about 10 pm for NPs with 200 nm diameter. L is independent from the far field
film thickness /. In general L is slighty higher for water films compared to toluene
films. For solid polymer films L is substantially smaller than for the liquid films. This
may be attributed to polymer enrichment processes in the late stages of film drying,
because L of the liquid polymer/solvent solutions during solvent evaporation is
similar to the one of the pure solvent (toluene). Even in the cases of the system with
pure solvents evaporation may influence the meniscus shape (and vice versa) e.g.,
through a locally varying evaporative flux because of the meniscus shape ("coffee
ring effect"[132]). However, this appears unlikely, because in real scale the menisci
are nearly flat and the net meniscus curvature is zero.

All menisci can be fitted with a cosine hyperbolic profile (except for the region at
the transition to the planar film, which can be fitted with a decaying exponential).
The cosine hyperbolic profile means that there is no net curvature in the meniscus
region. Therefore there is no capillary pressure i.e., the liquid in the meniscus region
is in pressure equilibrium with the liquid of the far-field planar film.

An unexpected result is the magnitude of L. In macroscopic systems, where
gravitation plays a role, the capillary length (typically millimeters) is a measure
for L. On the other hand, if the size of the particle causing a surface distortion
becomes vanishingly small, it can be assumed that L also becomes vanishingly
small. For the intermediate range, with nanosize objects distorting the film surface,
gravitation can safely be neglected. L has never been measured up to now in this
range and it is not clear what governs its size [110]. It can be assumed that in cases
with uncharged, organic liquids (toluene) VAW interactions (disjoining pressure)
determine the meniscus shape. Yet the disjoining pressure changes non-linearly
with film thickness. Therefore one would expect that the far-field thickness /o has a
significant influence on L. However, this is not the case. In addition, there is also no
difference in L for substrates with thin silica layers (1.5 nm, natural oxide layer) and
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those with artificially grown thick (50 nm) silica layers, although this should make a
difference in the Hamaker constant. On the other hand, L is significantly different
for water and toluene.

The shape of the meniscus and its decay length L is scientifically of great interest.
It reflects and thus reveals the force (energy) conditions in the vicinity of the NPs. Be-
yond that, it is important because of the capillary interactions between neighboring
NPs through the interference between neighboring menisci. For instance, if L is in
the range of ym even for NPs as small as only several tens of nm, then neighboring
NPs of this size will interact with each other over a distance orders of magnitude
larger than their own size and far beyond the range of direct VAW interactions.

The investigated model system of individual spherical NPs attached to planar
surfaces coated with liquid films of well defined thicknesses might at first sight
appear quite irrelevant for "real" systems. However, it refers to configurations oc-
curring very often in nature as well as in applications. Ubiquitous examples are
(thinning) liquid films close to the perimeter of drying drops or at the perimeter
of retreating (evaporating) flat films. Also, the investigations presented here bear
some relevance for biological systems. Molecularly thin liquid films distorted by
embedded NPs are similar to (supported) biological membranes that are locally
"distorted" by embedded "particles" such as proteins or protein aggregates. Both,
the sizes of the film/membrane thicknesses as well as the sizes of the causes of the
distortion can be comparable. Thus it is conveivable, that based on the approach
presented here, one might directly be able to measure the lateral extension of the
membrane thickness distortions caused by individual proteins or protein aggregates.

5.10 Conclusion

In conclusion, we show how to image with optical reflection microscopy the location
of individual NPs attached to planar substrates embedded in liquid films as thin
or thinner than the size of the NPs. The NPs are much smaller than the Rayleigh
diffraction limit. Nevertheless, they can be detected optically, because they create
a distortion of the adjacent film surface (meniscus), which extends laterally over
orders of magnitude further than the size of the NPs. Therefore the meniscus shape
can even be measured by optical interferometry. The meniscus has cosine hyperbolic
(zero net curvature) shape. There is no (capillary) pressure difference between the
liquid of the far field planar film and the liquid in the meniscus region. It is unknown
what determines the decay length of the meniscus. The decay length is independent
from the thickness of the far field planar film. It decreases with decreasing size of
the NP. The observation and measurement technique reveals the meniscus shapes
of films of nanometer thickness caused by embedded nano size object. Therefore
it might be useful for the investigation of biological (supported) membranes with
proteins (protein aggregates) as distortion sources.
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Chapter 6

Deposition of polymer films by
spin casting: A quantitative
analysis

The Chapter is reprinted and adapted from:

[34] Jose Danglad-Flores, Stephan Eickelmann, and Hans Riegler. “Deposition
of polymer films by spin casting: A quantitative analysis”. In: Chemical Engineering
Science 179 (2018), pp. 257 —264. 1SSN: 0009-2509.

S. Eickelmann build the experimental setup for the on-line imaging of planar
thinning films (Chapter 3.1.1), measured the thinning curves in collaboration with
J. Danglad-Flores evaluated the thinning data, and wrote the first version of the
experimental part of the manuscript. J. Danglad-Flores analyzed the data, developed
the theoretical description, and wrote the first versions of the manuscript. J. Danglad-
Flores designed the study under supervision from H. Riegler. The manuscript was
then revised by H. Riegler. All authors provided critical feedback and helped shape
the research, analysis and manuscript.

6.1 Abstract

Microscope
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FIGURE 6.1
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Spin casting of mixtures of nonvolatile polymeric solutes dissolved in volatile
solvents is studied experimentally and theoretically. The final solute coverage, time-
resolved film thinning, time-resolved solvent evaporation, and evolution of the
solute concentration within the thinning film is investigated for various combina-
tions of different polymers (PMMA, PS, PS-b-PMMA) and different solvents (toluene,
ethyl-acetate) for a wide range of polymer concentrations and spin cast conditions.
The comprehensive data unveil a clear picture of the spin cast process. The findings
are translated into a concise theoretical description. Easily available bulk properties
of the solvent/solute mixture plus a single "calibration" experiment are sufficient
for a quantitative description of the spin cast process including a prediction of the
final solute coverage. This and the well-specified boundary conditions render the
approach useful for practical applications.

6.2 Introduction

Spin casting (spin coating) is a widely used technique to deposit films of uniform
thickness on planar solid substrates[133-135]. In this process a liquid melt or solution
is deposited on a rotating substrate. During a transient period the combination of
radial and hydrodynamic (viscous) forces will flatten the deposited liquid bulk into
a planar film. With on-going rotation this planar film will continuously become
thinner [35, 37]. If the liquid film consists of a nonvolatile solute and a volatile
solvent, film thinning also occurs due to solvent evaporation in addition to the
hydrodynamic thinning. In the beginning, with thicker films, film thinning will be
dominated by hydrodynamics. With thin films evaporation will dominate the film
thinning process. Hence, to a first approximation spin casting of volatile liquids can
be considered as a sequence of hydrodynamic planar film formation and thinning
followed by evaporative thinning/drying of this film [36]. If the liquid consists of a
mixture of a nonvolatile solute and a volatile solvent, the solvent evaporation causes
a continuous enrichment of the nonvolatile solution components. In the end, the
solute will be deposited as a dry film.

Even when assuming an idealized hydrodynamic and evaporative behavior film
thinning and simultaneously solute enrichment is rather complicated. As a result of
the solute enrichment, hydrodynamic and evaporative properties of the film change.
This means that viscosity and evaporation behavior change continuously during
film thinning. Additionally, since evaporation occurs on the liquid /vapor interface
the vertical solute distribution profile changes with time as well, possibly leading to
a higher solute enrichment close to the surface ("skin formation" [136], "crust" effect
[137]). There are a number of theoretical and experimental studies investigating the
combined process of hydrodynamic and evaporative film thinning [36, 38—40, 43, 45,
138-142].

The requirement for a practically useful theoretical description of the
hydrodynamic-evaporative spin cast process is that it is describing quantativatviley
how the film thickness and its composition is evolving with time, under the inital
process parameters (rotation, evaporation rate, liquid viscosity, etc.). In particular, it
has to predict the final solute coverage. This has been done by Karpitschka et al.[25]
in a "zero-order" approach (described in Chapter 2.3). In this approach assumes that
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the viscosity and the evaporation rate of the solution remains constant throughout
the entire process of hydrodynamic-evaporative thinning. Meaning that viscosity
and evaporation rate are assumed identical to those of the pure solvent. Based on
easily measurable quantities this rather simple approach predicts the final solute
coverage (solute film thickness) with remarkable quantitative precision for low
solute concentrations (i.e., for final solute film thicknesses of up to several tens of
nanometers).

The following chapter is investigating at which solute concentration this "zero-
order" approach starts to fail quantitatively, as well as it can be extended in a simple
and practically feasible way into a "first-order" approach for higher solute concentra-
tions i.e., higher final film thickness. In order to investigate this, the hydrodynamic-
evaporative thinning of solution films and the final solute coverages is measure
and analyze in detail as a function of the solute concentrations for various solutes
and solvents. The limits of the "zero-order" approach is revealed with respect to
the significant deviation of the final coverage, solute concentrations, and the thin-
ning behavior. Based on these results a "first-order" description of the spin cast
process is presented. The findings offer a rather simple and practically applicable
recipe to quantitatively predict final solute film thickness of up to micrometer film
thicknesses.

Polymers (PS, PMMA and PS-PMMA Block) dissolved in typical organic solvents
toluene (tol) and ethyl-acetate (EA)

6.3 "Zero-order" approach

The "zero-order" approach is described in detail in chapter 2.3. For better readability
the important key aspects are summarized in the following.

The thinning of a Newtonian, volatile liquid film of thickness / on a rotating
support is described by [36]:

dh

— = —2KW —E 2.2
7t h (2.25)
E and K also determine the “transition height” h;,, which identifies the film thickness
of the transition from film thinning dominated by hydrodynamics to thinning
dominated by evaporation:

hy = (E/2K)5. (2.27)

Because at thicknesses of less than /i, film thinning is mostly due to evaporation,
most of the solute, which is contained in the film of thickness h;, (with a solute
concentration approximately equal to the weighing in concentration xp), is finally
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deposited on the substrate. This leads to the final film thickness of the solute !:

3Ev

1/3 .
2w2> ~ 0.8x (K/E)73. (6.1)

hf = Xo &htr = Xp <
Ps

6.4 Shortcomings of the zero-order approach

For Equations 2.27 and 6.1 it is assumed that K and E are constant up to a film
thickness of hy,. For Equation 2.28 it is assumed that K and E are constant during
the whole spin cast process. These assumptions are never perfectly correct, because
K and E depend on the solute concentration x (which increases continuously due
to the solvent evaporation). But for small initial xy the absolute increase of solute
during film thinning is small even for films much thinner than /. Thus Equations
2.27 and 6.1 are pretty accurate and even Equation 2.28 is quite exact.

In the following we will explore what means "small" initial xo with respect to
Equations 2.28, 2.27 and 6.1 i.e., for which xp and at which film thicknesses do
film thinning behavior k(t) and final thickness ki significantly deviate from the
"zero-order" scenario [25]. We will also explore the reason of the deviation from
the "zero-order" scenario and show how it can be modified in a most simple and
practical way, so that quantitative predictions on /¢, on the film thinning behavior
h(t), and on the behavior of the solute concentration can be made with a minimum
of practical effort based on easily measurable system parameters.

It should be noted that for the zero-order analysis as well as for the first-order
approach discussed in the following it is assumed that during the spin cast process
the deposited liquid forms a film of uniform thickness, whose thinning is dominated
by hydrodynamic flattening in the beginning of the process. The analysis will not
be applicable if evaporation changes the solution composition markedly already
during the initial transient process when the solution is deposited on the rotating
substrate, flattening and forming a planar film. In view of the properties of the
solution this means that evaporation rate and viscosity have to be sufficiently low.
In view of the spin cast process this means that the deposited amount of liquid
has to be sufficiently large, because the evaporative losses of the initially deposited
liquid drop scale approximately with its linear dimension i.e., with radius r [132,
143, 144], whereas the time for the liquid flattening scales approximately with the
inverse of the linear dimension i.e., with 1/7% (see Emslie [35]). It turns out that
typical liquids applied in spin casting, such as toluene or water, deposited in typical
quantities (drops of 100u/ and more) on samples of typically a few cm? easily meet
these conditions as can easily be estimated 2.

IThe change in the total volume from the /i, to the dry film is proportional to the solute volume
fraction; because the area is constant this proportionality can be translated to the film height; it is
practical in most of the cases assume that the volume fraction is equal to the mass (xp) when solution
and solute density are approximately the same pr ~ pg

2 A rather crude estimation (derived from Fig. 2 of the paper of Emslie [35]) shows that 200 pl of
toluene deposited as a sessile drop with a Gaussian contour on a substrate rotating at 1000 rpm(i.e.,
K =~ 6 -10% s/m?) will theoretically become a flat pancake of uniform thickness within t = 1/ (Kr?) ~
10 ps. On a planar substrate of about 1 cm? area this planar film is about 100 pm thick. The evaporation
rate of toluene for a planar film rotating at 1000 rpm is about 1 um/s. In this case the evaporative
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6.5 Thinning Behavior of Concentrate Polymer Solutions
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FIGURE 6.2: hif as Final film thicknesses was measured by ellipsometry and AFM for

System A: PS-b-PMMA (Mn x 103= 55-b-22, B: PS (Mn x 103= 25), C: PS (Mn x 103=

50), D: PS (Mn x 103=195), and E: PMMA (Mn x 10°= 996) deposited from solutions in

toluene (tol) and ethylacetate (EA) with various concentrations x( (a) shows that for low

polymer concentrations up to xp ~ 0.02 film thickness and x are linearly proportional

in agreement with the "zero-order" model (Eq. 6.1). (b)For xo > 0.02 (i.e., h > 50 nm) h i
is increasingly much thicker than predicted in the zero-order calculation.

Fig. 6.2 shows the thicknesses h¢* of various polymer films deposited from poly-
mer/solvent solutions with various different initial (in weight polymer concen-
trations xg and different solvents (toluene and EA). For low concentrations up to
about xo ~ 0.02 film thicknesses h and the initial polymer concentrations xg are
linearly proportional in agreement with Eq. 6.1 (left panel (a)). For higher polymer
concentrations the final film thickness is much higher than predicted (for xo = 0.15
by more than a factor of 3) as depicted in the right panel (b). The dashed line in
panel (b) shows the predicted coverage according to Eq. 6.1 of the "zero order"
approximation. Measurements with other solute/solvent combinations yield similar
results (see below). Fig. 6.3 depicts the experimentally measured thinning curves
(Method description in 3.1.1) for pure toluene and various solutions of PS-b-PMMA
in toluene the inset shows separately a measurement with a rather high polymer
concentration of 0.15 (w/w). The thinning curves presented in this figure originate
from the same experiments that lead to the film thicknesses depicted in Fig. 6.2.
The various curves are plotted with different offsets in time (shifted laterally) to
enable their presentation within the same figure without overlapping. The solid
(fitting) lines are the theoretically predicted thinning curves based on the first-order
spin cast scenario presented below. In all cases the thinning occurs in the beginning

losses within the flattening time of 10 pm will lead to a loss of about 1 nm toluene film, which will

reduce the film thickness by a factor of only 10~° (=1nm /100pm). In reality the time from a round drop

touching the rotating substrate to a planar film through a sessile drop will last longer than only 10 um.

But by and large this crude estimation shows that for the given conditions (toluene, drop volume,

sample size) evaporation can be neglected during the initial flattening process and the zero-order

approximation of the spin cast process can be applied (which is confirmed by experiments[25]).
3final coverage = final thickness, p = p
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FIGURE 6.3: Experimentally measured thinning curves of pure toluene and various

solutions of PS-b-PMMA (MW:55k-b-22k) in toluene. For better visualization the curves

are shifted laterally to each other on the time axis. Indicated for the pure toluene is also

the transition height as they can be derived from fitting the thinning curve. The solid

lines are the theoretical thinning curves according to the first-order model (see main
text).

rather rapidly, slows down, proceeds then linearly for some time until it slows down
rather rapidly to end upon reaching the final height of the deposited polymer layer.
For the lowest polymer concentrations the final thickness of the deposited film is
barely visible with the scaling applied in Fig. 6.3. With the weighing in polymer
concentrations exceeding about 1% the finally deposited polymer film clearly shows
up in the curves. For xo = 0.15 initial polymer concentration the deposited polymer
film is about 2.5 um thick (see inset).

For polymer concentrations of up to about xy = 0.02 the crossover between the
regime of steep and nonlinear hydrodynamic thinning and the linear regime of
evaporative film thinning is clearly discernible. This transition range reveals /4,
(the hy indicated in the figure is the result of a fit of the thinning curve based
on the first-order spin cast theory as presented below). With pure toluene hy, is
about 5.2um. The transition height increases with increasing polymer concentration.
With sufficient precision h can be derived quantitatively from fitting the experi-
mentally measured thinning curves only for small xo. With larger x( the crossover
between hydrodynamic and evaporative thinning is getting too close to the early
transient film formation process when the liquid undergoes the transition from a
drop to a film. Therefore, in this case ;. cannot be derived with reasonable accuracy
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from the experimentally measured thinning curves. On the other hand, all thinning
curves presented in Fig. 6.3 display a rather wide range of a rather linear thickness
decrease before the film thinning decreases rapidly due to the final polymer deposi-
tion/drying process. Presumably this linear range reflects film thinning dominated
by evaporation.
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FIGURE 6.4: Slopes of the thinning curves as function of the time. The time is rescaled
by the total process time t;.. The polymer concentrations, x, are the initial weighing in
values. The solvent is toluene, the polymer is PS-b-PMMA (MW:55k-b-22k)

Figure 6.4 presents the slopes, dh/dt, of the experimentally measured film thinning
curves (Fig. 6.3) as a function of the time and the polymer concentrations. The
indicated polymer concentrations, xo, are the original weighing in values. The time
is scaled with the process time, t;c (which is derived /defined with the first-order
approach as discussed below). Scaling the time with ts. allows for a convenient
presentation of all data in a single plot without too much stretching of the time
axis (with increasing xo film thinning takes increasingly longer, as demonstrated
in particular by the data presented in the inset of Fig. 6.3). Figure 6.4 reveals for
all thinning curves a regime of film thinning with a constant slope, intermediate
between the early nonlinear hydrodynamic film thinning and the nonlinear drying
behaviour at the end of the spin cast process. Except for the experiments with the
highest initial polymer concentration (xo = 0.15), the range of constant slope as well
as the slopes therein are nearly identical for all polymer concentrations. For xy = 0.15
the range of constant slope is shifted to relatively earlier times, but the slope therein
is still quite similar to the cases of lower polymer concentration. According to the
film thinning scenario (Eq. 2.22) this (constant) slope identifies the evaporation rate
E of the liquid film after the film thinning ceases to be dominated by hydrodynamic
forces.

At the end of a range with approximately constant slope dh/dt (i.e., constant E),
dh/dt abruptly decreases. This sudden decrease of E is quite pronounced for the
higher polymer concentrations. For low x( the sudden decrease occurs at rather thin
films and only within a rather short time. Supposedly this late and rather slowly
proceeding film thinning after the range with dh/dt can be attributed to the final
drying of a thin, polymer-rich film.
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6.6 Evaporation and Spin-Off
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FIGURE 6.5: Evaporation rates E derived from the slopes dh/dt of the experimentally

measured thinning curves of film thicknesses below #;, as function of the polymer

concentration. Because i < hy, evaporative thinning dominates and dh/dt = E . x is the

polymer concentration within the film corresponding to the measured E. It is derived

from the original weighing in value, x¢, by taking into account the loss of solvent due
to evaporation. The data were recorded at w= 1000 rpm.

Figure 6.5 depicts the experimentally derived evaporation rates, E, as function of
the actual polymer concentration x (for PS-b-PMMA, MW=55k-b-22k, dissolved in
toluene). The data are extracted from the results depicted in Figure 6.4. To this end it
is assumed that film thinning at thicknesses below h;, is dominated by evaporation
and accordingly the polymer concentration is given by:

x(h) = %xo. (6.2)

Figure 6.5 reveals that up to a polymer concentration of about x = 0.05 the evapora-
tion rate remains identical to the one of pure toluene. Furthermore, even up to about
x = 0.5 the evaporation rate decreases only by about 25%.

Figure 6.6 presents the spin cast parameters, K, as function of x¢. The inset presents
the bulk viscosities of the polymer solutions as function of xo measured by a rheome-
ter. The "Experimental K" values are calculated from the experimentally measured
viscosities via Equation 2.23. The "Fitted K" values are derived from best fits of
the experimentally measured thinning curves assuming that they are following
Equation 2.22. For the fits/simulations it is assumed that the evaporation rate is
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FIGURE 6.6: Spin cast parameters K plotted as a function of x(, the weighing in polymer
concentration (MW:55k-b-22k, dissolved in toluene). The full black squares present
K derived from best fits of the experimentally measured thinning curves according
to Equation 2.22 and assuming (constant) evaporation rates E as derived from the
intermediate, constant slope of the thinning curve (For the fits the thinning behavior
(Fig. 6.5) during the initial transient transformation from a drop to a film of uniform
thickness as well as the thinning during the final film draying is neglected). The full red
circles in the main frame depict K calculated with Equation 2.23 from the viscosities
obtained by the bulk measurements (see inset). The inset shows the dynamic bulk
viscosities from bulk solutions at different concentrations and shear speeds (measured
with a rheometer Anton Paar MCR 301). Also shown are fits of the bulk viscosity data
(dashed: polynomial; dotted: exponential; see also main text).

constant and identical to the value revealed by the intermediate, constant slope of
the corresponding thinning curve as depicted in Figure 6.5 (i.e., essentially assuming
in all cases the same E of ~ 1.8um /s except for xo = 0.15 with E = 1.5um/s). Figure
6.3 shows some examples of such fits together with the corresponding experimental
data 4.

The inset of Figure 6.6 shows that the viscosities of the polymer solution changes
by about 2 orders of magnitude if the polymer concentration increases from x = 0
to x = 0.15. The solutions were investigated at three different speeds. As can be
seen they behave like a Newtonian fluid. The experimental data could be fitted
quite nicely with a polynomial of third order (v = 10°0~1(13.3x> — 0.29x% + 0.035x +
0.0006)) following ref. [145] as well as exponentially (v = 700p~exp(28.5x)) ac-
cording to refs. [146, 147]; the density of the solution was taken as mass fraction
proportionality from the density of each component (see Material and Method).

The change of two orders of magnitude in v is reflected in the decrease of K, which
decreases by nearly two orders of magnitude when the polymer concentration
increases from xg = 0 to xg = 0.15. Figure 6.6 reveals that K derived from fitting

“4The fits assume that the thinning curves start at infinite thickness and end at zero thickness without
any polymer/solute deposition i.e., a pure solvent with the E and K of the real polymer solution. It
therefore focuses only on the experimental data in the range (1) after the transient film formation at the
beginning of the spin cast process and (2) before the thinning curve shows the deposition of a polymer
film at the end of the process. The deviations of the real thinning curve from an idealized thinning
curve at the beginning and at the end of the real spin cast process are quite obvious so that the upper
and lower cutoff for the fitting range is quite unambiguous.
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the thinning curves and K derived from bulk viscosity data agree quite well within
the entire range of polymer concentrations. This means that the experimentally
measured thinning curves up to xo = 0.1 can be described by Equation 2.22 with
a constant E identical to the one of the pure solvent and K values based on the
viscosity of the bulk solutions with the weighing polymer concentrations xo.
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FIGURE 6.7: Time evolution of the polymer concentration x during film thinning for
different initial x(. The time is scaled with an empirical process time ¢} (t5, = tsc +4a
with 4 = an additional time taking into account complete solute drying as derived from
the empirical thinning curves (i.e., when dh/dt = 0)). The concentration evolution is
derived from the empirical thinning curves with x = xg * h /h. The black solid lines
are derived from fits to the experimentally observed thinning curves assuming ideal
thinning behavior according to Eq. 2.22 with a fixed E of the pure solvent and a fixed K
based on the bulk viscosities of the initial solution as shown in Figure 6.9.

Fig. 6.7 supports this assumption by presenting the time evolution of the polymer
concentration x as derived according to Equation 6.2 as a function of time. The time
is scaled with an empirical process time t;., which is a combination of the t;. plus
the additional time for complete solute drying (i.e., when dh/dt = 0) as derived
from the empirical thinning curves. The black solid lines are derived from fits to
the experimentally observed thinning behavior assuming the thinning behavior
according to Eq. 2.23 with a constant E (of the pure solvent) and constant K based on
the bulk viscosities of the initial solution as shown in Figure 6.6. The experimental
data agree with the theoretical curves up to concentrations of about x ~ 0.65 or even
higher (for the lower initial xp). At concentrations higher than x ~ 0.65 the polymer
enrichment slows down (as can also be seen in Figure 6.5).

6.7 Speed depended Evaporation

Figure 6.8 presents the evaporation rates as function of the square root of the sample
angular speed, w1/2[36,136,148]. For w = 0 the evaporation rates were derived from
the loss of weight per time for a petri dish (5 cm diameter, about 0.5 cm deep) filled
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FIGURE 6.8: Experimentally measured evaporation rates, E, for various polymer con-

centrations xg as function of the sample rotation rates w (PS-PMMA, MW:55k-b-22k,

dissolved in toluene). The inset shows the static evaporation rate (w = 0) as measured
from the evaporative weight loss of the solution in a petri dish in still air.

with solutions in an non-convective ambient air environment °. The evaporation
rates for the range of 500rpm < w < 4000rpm were derived from the linear sections
of the thinning curves. Figure 6.8 shows that the data can empirically be described
by:

E(w) = ey +evw (6.3)

An excellent approximation for Equation 6.8 for the case of spin casting (i.e. w >
1rps) is:
E(w) ~ evw (6.4)

Figure 6.9 presents the experimentally measured final polymer film thicknesses,
hy, as function of the initial weighing in polymer concentrations xo. The final film
thicknesses are scaled by the transition heights, h;,, of the corresponding systems.
The data are from different polymers, different solvents, and different speeds of
rotation. They agree very well with a linear behavior between the final film thickness
of the deposited non-volatile solute, h iz and the initial (weighing in) concentration,
xo, of the solute according to Eq 6.1, where E (=E(w)) has been replaced by e
according to Eq 6.3:

3evg 1/3 3eno 1/3 12
he = — = — .
F=Xo (2 3/2> Xo 200 w , (6.5)

5Surface curvature, convection and side walls influence the static evaporation rate and have to
be minimized for its experimental determination. Petri dishes with several centimeters in diameter
filled to the rim and placed in the nearly completely closed compartment of a precision scale are a
reasonably optimized compromise of an experimental setup.Convection is suppressed, the surface is
mostly planar, the liquid volume is relatively small and the loss of weight can be measured with high
sensitivity / precision.
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FIGURE 6.9: (a)Final film thicknesses, h¢, as function of the initial weighing in polymer
concentrations x(. Data are shown for various combinations of polymers, solvents and
rotational speeds. /i¢ is scaled by ((3evp)/ (2w3/2))1/3 assuming constant evaporation

rates e of the corresponding solvent (180 nm /s!/2 for tol and 610 nm/s'/? for EA) and
the bulk kinematic viscosities vy of the solutions with concentration xo. (b) shows h for
polymer A dissolved in TO as function of the initial weighing in polymer concentration
xo. The dotted line shows /¢ predicted according to the zero order approach (see Fig.
6.2). The solid line shows /¢ according to the first order approach resulting from Eq. 6.5
with constant e and bulk viscosity properties 1. The red dashed line shows hf predicted
according to the zero order approach (see also Fig.6.2). The black dashed line shows hf
according to the first order approach from Eq. 6.5 with constant e and bulk viscosity
properties vy as presented in Fig. 6.6 and fitted by an polynomial rheological behaviour.
The blue dotted line shows the exponential fit of the bulk rheological behaviour

or, assuming that the (weighing in) density of the solution, py is independent for the
polymer concentration:

with

1/3

hy=c-xo <Zg> w12 (6.6)
1/3

c= <326> , (6.7)

as an instrument and solvent-specific constant, c, reflecting the evaporative condi-
tions of the used solvent in the applied spin cast setup®. We developed Equations 6.5,

6.

6 and 6.7 to predict the final solute film thickness, h f,asa function of the four

main process parameters, xo, w, 170/ po and e for a given instrument. All parameters
(instrument- or process-specific) are easily measurable. They are either (1) weighing-
in properties (170, po), easily accessible by bulk measurements, (2) at hand, adjustable
process parameters (xg, w), or (3) parameters accessible with one single experiment
(e from the measurement of /¢ for a given set of 7y, po, X0, and w).

bthe evaporative conditions are quite similar for different spin cast instruments, as long as the

ambient vapor phase is not coming close to becoming saturated with the solvent vapor. The main
parameter affecting the evaporation is the rotation.
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6.8 Discussion

In this chapter we analyze the deposition of polymer films onto planar substrates by
spin casting polymer solutions with volatile solvents. Our focus is on measuring
and understanding in detail how the hydrodynamically flattened solution film gets
thinner due to hydrodynamics and evaporation, and finally forms a dry polymer
film. We are interested in particular on the behavior of solutions with a relatively
high polymer concentration, which lead to final dry polymer film thicknesses of
up to several micrometers. In this case the simple zero-order approach that was
presented earlier[25], which essentially neglects the impact of the dissolved solute
on the spin cast process, is quantitatively not correct any more. Figure 6.2 reveals
experimentally above which weighing in solute concentrations, xo, the zero order ap-
proach fails quantitatively with respect of the predicted final film thickness. Details
on the film thinning behavior for different polymer concentrations are presented
in Figure 6.3. Its analysis (Figure 6.4) reveals the "real" evaporation rates during
film thinning (Figure 6.5) i.e., the evaporation rates for films of an actual polymer
concentration x that results from the polymer enrichment due to the solvent evap-
oration. It is found that the evaporation rates are barely affected by the polymer
concentration up to x ~ 0.5. This can be understood because 1.) of the relatively
low molar solute concentration even for large x and 2.) there is barely any relative
enrichment of polymer close to the film surface. The solute enrichment close to the
surface can be estimated as follows: The vertical solute distribution is determined
by the competition between the solute enrichment close to the film/air interface due
to the solvent evaporation and the solute dilution due to diffusion away from the
film/air interface. The relative strength of these antagonistic effects is characterized
by the Sherwood number[25] (Peclet number, mass transfer Nusselt number). With
diffusion coefficients D of typically > 10~'m? /s for the polymers used, Shy, , the
Sherwood number at hy,, is smaller than 1. This small Sherwood number means
that the vertical solute distribution within the thinning film is rather uniform at /;,.
It also means, to a first approximation, that the solute composition is even more

uniform as the film is getting thinner than &, due to evaporation”.

The data of Figure 6.4 show that the evaporation rates are essentially those of the
pure solvent for up to x ~ 0.5. E decreases only significantly for x > 0.5, indicating
a drying process of the polymer-rich solution at these polymer concentrations [149].
Still, even with x > 0.5 a pronounced polymer enrichment at the film surface ("crust"
or "skin" formation) is not likely, because in this case the evaporation rate would
decrease much steeper than observed [150]. Due to the rather constant evaporation
rates (Figure 6.5) for films much thinner than h; even for x > 0.02, E can be ex-
cluded as main reason for the deviation between the measured final film thicknesses
and the ones predicted by the zero order analysis. Instead, as main cause for this
discrepancy we identify the substantial increase in viscosity with increasing polymer
concentration as depicted in Figure 6.6. Most remarkable, Ky i.e., the weighing in
kinematic viscosity vy is the key parameter, which determines the final film thickness
hy. Its impact on the final film thickness results from its impact on the transition

7Sh = (Eh)/D with E = evaporation rate, /i = characteristic length (in this case the film thickness),
and D = diffusion coefficient. Sh is largest for the largest I i.e., for h = hy,
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height, h;.. With decreasing K the transition between hydrodynamic and evapora-
tive thinning is shifted to larger film thicknesses, resulting in thicker final solute
film thicknesses, hi;. The variation of K respectively v during film thinning has no
influence on ¢, because this variation occurs essentially during evaporative film
thinning. In this case the amount of solute per film area i.e., h £, remains constant.
Figure 6.8 presents experimental data on the evaporation rates as function of the
rotation speed including the case of w = 0. The findings confirm the square root
dependency that has been discussed already in the literature [36, 136, 148].

Figure 6.9 presents in a universal plot the relation between the final thicknesses,
hs, and the initial polymer concentration, xo, for different polymers, solvents and
rotation speeds. The final film thickness is normalized with the transition heights
of each experiment based on solvent-specific and instrument-specific evaporation
rates ¢, as well as 1, the measured weighing in kinematic viscosity of the solutions.
The excellent agreement between the measured data and the data calculated with
Equation 6.6 demonstrates the validity of the first-order approach leading to Equa-
tion 6.6. It is an astonishingly simple correction to the zero-order approach. One
has just to replace the viscosity of the pure solvent by the viscosity of the solution.
Equation 6.6 is very useful for practical spin cast applications because 77y and pg are
easily measurable bulk properties. Also accessible right away is w. And the solvent-
and instrument-specific value for e can be determined with just one experimental
measurement of /1y through Equation 6.6.

We are fully aware that there can be found in the literature quite a number of
experimental and theoretical studies addressing similar topics as analyzed in this
chapter [134]. However, what has been published before is often patchwork, present-
ing bits and pieces of different aspects of spin casting. The experimental findings
are often confusing, presenting a plethora of data without clear dependencies on
parameters and without well-defined boundary conditions.

In particular the relation between the final solute film thickness and whatever is
considered as relevant spin cast parameters is addressed in several previous pub-
lications. Indeed data similar to Figure 6.2 can be found in the literature [36, 151,
152]. On-line thinning curves similar to those of Figure 6.3 have also been published
before [153-158] . However, these data were never analyzed in detail theoretically
in respect to a simple, transparent spin cast scenario without a guesswork of ad-
justable parameters. For instance, experimental findings have been explained with
evaporation rates and/or viscosities, which (supposedly) continuously vary during
the spin cast process due to the solute enrichment. Thus, based on suitably selected
adjustable parameters these models explain the experimental findings. But these ear-
lier models fail to predict the result of a spin cast process quantitatively, in particular
on a more general, universal scope, because the models are based only partially
on solid experimental data. Up to now nobody has actually measured in vivo the
evaporation rates during the film thinning and solute enrichment. Data as presented
in Figures 6.4, 6.5 and 6.7 are not available in the literature. The result of these new
experimental insights is a rather universal, concise theory, which (1.) accurately
predicts the final film thickness for a wide range of thicknesses (Figure 6.9), (2.) is
based on only a few measurable (bulk) quantities (Equation 6.6), (3.) is supported by
experimental data (in particular Figure 6.4) and, (4.) is based on a simple, transparent
physics approach.
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6.9 Conclusion

In conclusion, we present here for those who want to apply evaporative spin casting
(a solution of a nonvolatile solute and a volatile solvent) a lucid and well-defined
"recipe" to achieve a specific solute coverage. In particular, based on detailed ex-
perimental investigations, we reveal and discuss in a transparent approach how
we extract our final "master” formula (Eq. 6.6). Step-by-step we explicitly relate the
theoretical description to the experimental observations and specify the boundary
conditions of its validity. It turns out that the spin cast process is rather straightfor-
ward even for relatively high solute concentrations. Only a few easily measurable
bulk system parameters (70, po, w) and one "calibration" experiment (determination
of "e") are sufficient to describe the process and to predict its main result, the final
solute coverage. Beyond that, the data and analysis presented in this chapter disclose
a transparent picture on the physics occuring during evaporative spin casting, such
as the thinning behavior, the evaporation behavior, and the evolution of the solute
concentration.
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Chapter 7

Thin Films with Lateral Surface
Tension Gradients

The following deals with the evolution of the surface topography of films of binary
mixtures of volatile liquids during evaporative thinning. What is the film topography
during thinning? Remain the films flat or becomes the surface undulated? Does the
film even rupture, and if it does so, at which film thickness? It will be shown that
even with liquids, which mix ideally and completely wet the substrate surface, the
answers to these questions are not obvious and the findings are unexpected.

7.1 Materials and Methods

The film thinning of mixtures of two volatile liquids is investigated. The liquids
are completely miscible. Individually the liquids wet the substrate (silica) com-
pletely. In the applied spin cast configuration the pure liquids individually are
thinning continuously by evaporation and retain a continuous planar film until
complete evaporation (dry surface). The liquids have different evaporation rates E
and different surface tensions . Liquid A is the one with the higher evaporation
rate E¢ ("f" for faster). Liquid B has the lower evaporation rate E; ("s" for slower).
The corresponding surface tensions are y* and 2. This defines a surface tension
difference:

AyP P = qf —oP (7.1)

For instance, toluene has a surface tension of vy;,;, = 28.5 mN/m and nonane of
Ynon = 22.8 mN/m. Thus A’ytOL non = 5.7 mN/m. The combination of heptane
(Yhep = 20.1 mN/m) and nonane yields Ayhepmon — 2 7 mN/m. Toluene has
an evaporation rate of E;,; = 1800 nm/s, heptane Ej,, = 3000 nm/s and nonane
Eyuon = 600 nm/s (all at w = 1000 rpm). All these liquids are miscible without
a miscibility gap and combinations with various ratios of E as well as positive
and negative Ay* B can be investigated. The mixing ratios x are the initial ratios
(weighing in) prior to liquid deposition and film formation.



78 Chapter 7. Thin Films with Lateral Surface Tension Gradients

7.2 Results

Figure 7.1(a) shows a sequence of microscopy images recorded during the film
thinning of a mixture of 10% nonane and 90% toluene. Under each frame cartoons of
the suggested film topography are presented. In the beginning at t=0.604 s the liquid
mixture is virtually planar (the gray level variations indicate a vertical roughness
variation of only ~ 100 nm on a lateral distance of mm). At 1.257 s the films starts
to become wavy. This feature becomes more pronounced (1.648 s) and eventually
pronounced undulations are formed (1.950 s). At this stage the vertical roughness is
in the range of micrometers, comparable to the (average) film thickness. The holes
of the undulations finally come into contact with the substrate. The film ruptures
and splits into individual drops (2.003 s). These drops continuously become smaller
through evaporation and after some time the substrate is completely dry.

(a)

Toluene/Nonane 10%

Heptane/Toluene 10%

FEENEE

0.579 1.235 1.552 1.828 2.000 2.026

FIGURE 7.1: (a) Time sequence of optical microscopy imaging of a binary mixture of

10% nonane and 90%toluene (Ay ™" Nor — 1.5 7mN/m). Below each frame, a proposed

cross section of the film topography is shown. (b) dito with 10% toluene in 90% heptane
(AyNon Hepp — 8 4AmN/m).

Figure 7.1(b) shows the evaporative film thinning behaviour of a mixture of 10%
toluene and 90% heptane. In contrast to the nonane/toluene mixture the film remains
rather flat during its evaporation/thinning (it is not perfectly flat as in particular the
image taken at time 2.000 s reveals. But it is flat in comparison to the case (a)).



7.2. Results 79
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FIGURE 7.2: Overview with many mixtures. These remain either flat during the entire
film thinning process ("stable") or develop an undulated surface topography and even
rupture ("unstable") during the evaporative film thinning.
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7.2.1 Film topography evolution of many different binary mixtures with
component ratios of 90% to 10%

Figure 7.2 shows at the top as example two different liquid combinations, were
the films remain planar (10% toluene and 90% heptane as well as 10% toluene and
90% ethylacetate (EA)). With the two mixtures on the bottom (10% nonane and 90%
toluene, 10% decane and 90% toluene) the film is planar in the beginning, then it
starts to become wavy, forms undulations, and finally ruptures and forms drops.
The center shows an overview over all the liquid combinations (with 10% slow evap-
oration component and 90% fast evaporating component) that were investigated.
The vertical axis of this "phase diagram" denotes the ratio of the evaporation rates
E¢/Es. The horizontal axis denotes the surface tension difference Ay B. The plot
reveals that 10/90 mixtures with Ay > 0 result in unstable films, whereas mixtures
with Ay < 0 remain stable and planar during the entire evaporative film thinning.

7.2.2 Film topography of mixtures with Ay > 0 as a function of the mix-
ing ratio

e stable
o s o
= g ]
o Q
05 [ 2.0 2 2 s
o = =] < g © - o
R T s 5 133 = 2
—_ g g g o o g 2
2 100 TS > £ 5 T = g 5
= = 2 g O ] o £ : =
B Q 9 2 = g Cm 8
[t} 102 = '8 15 5
S E E S$°Za
= = S m
10° 2 S e
_— Q
E E
10* e

stable

6 8

E/E, [(ms’l)/(?rls’l)] Ay [rr?N/m]

FIGURE 7.3: a) Stable (red data points) and unstable (black data points) regions as
function of the composition and of the ratio of the evaporation rates. (b) ditto as
function of the surface tension differences A+y.

Figure 7.3(a) shows a phase diagram (stability diagram) for various mixing ratios
xo as function of the ratio of the evaporation rates E¢/ E;. Figure 7.3 (b) shows the
same data with xg vs. Ay.

Figure 7.4 shows yet another plot of the experimental data with x( as a function
of Ay - E¢/Es. This plot organizes the data in a more simple way. It shows that if xo
and A7y are very small, the films are stable. On the other hand, if x is larger than
80%, then the films also remain planar.

7.2.3 Evolution of the undulation wavelength as function of the ratio x

Figure 7.5 presents the time evolution of the undulation topographies for three
different weighing in ratios of mixtures of nonane/toluene (10/90, 1.00/99.0, and
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FIGURE 7.4: Stable (red data points) and unstable (black data points) regions as function
of the composition and of the ratio of the evaporation rates times the surface tension
difference.
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Py
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ol

FIGURE 7.5: Evolution of the undulations with film thinning (proceeding time) for
different nonane/toluene mixtures(10%, 1%, and 0.1%).

0.10/99.1). One can see how the wavelengths and their time evolution is different
for different inweight mixing ratios. With the higher toluene concentrations the
undulations appear earlier and the wavelength is larger.

Figure 7.6 presents the inital wavelengths of the undulations as function of the
square root of the inweight ratios /xg for toluene/nonane mixtures.
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FIGURE 7.6: Inital undulation wavelengths A as function of the square root of the initial
mixing ratio /xg for toluene/nonane mixtures

7.24 Evolution of undulation wavelength during film thinning as a func-
tion of time (thickness)

Figure 7.7 presents (a) an image (time) sequence of a thinning film of a 1.00/99.0
nonane/toluene mixture with (b) the corresponding cartoons indicating the topog-
raphy (and the definition of the wavelength). In the beginning (i.) the film is planar.
At (ii.) the surface starts to undulate. With time the undulations become more pro-
nounced, but also the wavelength gets shorter (iii.-iv.) as presented in Figure 7.7(c).

(@) ) B 1% toluene/nonane . . . . .
1. 11.
' | ii.
rd
"
(b) 2 /iii.
—————— A 1000 iv.
L A AN A — 4 4&» §E/
"""" ia
& N N |

05 10 15 20 25 30 35

FIGURE 7.7: (a) Frame sequence of the film thinning of a 1.00/99.0 nonane/toluene
mixture with corresponding cartoons(b). (c) Plots of the wavelength of the undulations
as a function of time.

7.3 Discussion

7.3.1 Destabilization mechanism

The results from Figure 7.2 show that in general mixtures with a negative surface
tension difference (A > 0) form stable films (planar film surface), whereas mixtures
with Ay < 0 tend to destabilize during evaporative film thinning. It can be assumed
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that the surface tension difference plays an important role in the stability behaviour
of evaporative thinning films.

(@) E+3E, E+3E, (b)
E-3E,
Ay<0 Ay>0
hl 4
¢ "
S ~ « <« Marangoniflow _— > ‘wa = 7
<« local lateral enrichment
X o0X, X +OX, Xpf0X; X, +OX,
g 5 2

I I

FIGURE 7.8: Proposed mechanism for the stabilization/destabilization of evaporative
thinning films.

Figure 7.8 presents a possible mechanism for the destabilization of evaporative
thinning films of binary mixtures of volatile components with different evaporation
rates and surface tensions. It can be assumed that occasionally small local inhomo-
geneities in the local evaporation behaviour may occur. These will result in a small
local enrichment of one component. If the result of this local enrichment is a surface
tension gradient, it may cause a Marangoni flow. If this flow acts against the local
enrichment both, the enrichment and thus the flow will dissappear. The film remains
stable. If the surface tension gradient leads to a Marangoni flow, which increases the
local enrichment, this enrichment may get enhanced. In this case the film surface be-
comes wavy, undulated and eventually may even rupture. This mechanism explains
at least qualitatively the main experimental findings. A more detailed analysis is
currently in progress.

7.4 Conclusion

It is found that 1.) Films of binary mixtures of volatile liquids with a Ay < 0 remain
flat and stable during evaporative thinning. 2) With Ay > 0, the thinning films may
or may not remain flat/stable. This depends on the composition xq. The ratio of
the evaporation rates E¢/E; also plays a role. 3.) For very small or big x¢ thinning
films may remain stable, even if Ay > 0. 4.) In the case of destabilizing films, the
undulation wavelength A depends on xp. A decreases with decreasing xp. 5.) The
appearance of undulations and their wavelength depends on time (and thus also on
the film thickness). In general, A decreases with time (with decreasing film thickness).
6.) A lateral Marangoni flow originating from small local fluctuations of the liquid
composition as a result of a small fluctuation of the local evaporation may be the
main cause of the film destabilisation.
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Chapter 8

Self-assembly of ultralong aligned
dipeptid single crystals

Reprinted and adapted with permission from:

[159] Bingbing Sun, Qi Li, Hans Riegler, Stephan Eickelmann, Luru Dai, Yang
Yang, Rodrigo Perez-Garcia, Yi Jia, Guoxiang Chen, Jinbo Fei, Krister Holmberg, and
Junbai Li. “Self-Assembly of Ultralong Aligned Dipeptide Single Crystals”. In: ACS
nano 11.10 (2017), pp. 10489-10494. Copyright 2017 American Chemical Society.

S. Eickelmann build the experimental setup used for the dip casting (see Chapter
3.1.2), supervised and performed dip cast experiments in collaboration with B.
Sun (leading to Figure 8.3, 8.9, and A.3), conducted the polarization measurements
(shown in 8.7), and analyzed the solubility behavior (Fig. 8.8) together with B. Sun.
S. Eickelmann developed the proposed mechanism together with H. Riegler depicted
in Figure 8.10 and 8.11. G. Chen provided the SEM measurements (Fig. 8.5). R. Perez-
Gracia conducted AFM measuremnts leadig to Fig. 8.4. B. Sun wrote the first version
of the manuscript and provided experimental data and results from a complementary
approach. The study was designed and supervised by H. Riegler in collaboration
with J. Li. The manuscript was then revised by H. Riegler and . Li.

8.1 Abstract

Aligned dipeptide single crystals

FIGURE 8.1: (left) white light microscopic image inset: SEM image (right) microscopic
polarization images

Oriented arrangement of single crystals plays a key role in improving the perfor-
mance of their functional devices. Herein we describe a method for the exceptionally
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fast fabrication (mm/min) of ultralong aligned dipeptide single crystals (several
centimeters). It combines an induced nucleation step with a continuous withdrawal
of substrate, leading to specific evaporation/composition conditions at a three-phase
contact line, which makes the growth process controllable. These aligned dipeptide
fibers possess a uniform cross section with active optical waveguiding properties
that can be used as waveguiding materials. The approach provides guidance for
the controlled arrangement of organic single crystals, a family of materials with
considerable potential applications in large-scale functional devices.

8.2 Introduction

a

b Substrate
lsolublllty Substrate  (Withdrawal) i
““o\" o : > &

(slauonary) =
[
= %, w®  Scrath | FF-Fibers |
Deprotonatlon =t e
\
Supersaturation
' j FF-Solution

Uniaxial growth of fiber Hexagonal packingof FF 1) Initiation Stage 2.) Continous Fiber Growth
Fiber seeds

FF=e

FIGURE 8.2: (a) Schematic of the self-assembly of FF crystals from molecules in NH,OH
solution. FF is negatively charged due to deprotonation of the ammonium group in
NH,OH solution. With the evaporation of solvent, the pH of the solution changes and
the solubility of FF decreases, leading to supersaturation of FF in solution. Six dipeptide
molecules constitute the circumference of a hydrophilic region and create each channel,
which further spontaneously organize into fiber seeds. The seeds are uniaxially oriented
along the longitudinal z axis and form fibers. (b) Schematic of the aligned growth of FF
single crystals. The initiation stage (left plot) with the substrate stationary creates a band
of fibers. In the following continuous fiber growth process (right plot), the substrate is
withdrawn.

Formation of single crystals is ubiquitous in nature, and the crystals may be either
organic or inorganic.[160-163] The crystallization processes are usually slow and ex-
tremely reproducible, endowing materials with a very high degree of precision.[164,
165] There are numerous examples of how highly organized crystalline structures
form spontaneously.[166, 167] Especially, single crystals of organic materials have
received widespread attention for extensive applications, due to their advantages
over inorganic counterparts.[168] The oriented arrangement of organic single crys-
tals is crucial in their applications.[169, 170] For instance, the patterning of organic
single crystals is essential for high-performance large-area field-effect transistors.

Self-assembly of small building blocks is an attractive way to fabricate highly
ordered architectural materials.[171-181] The intermolecular interactions are non-
covalent, and the crystallization process usually occurs from a dilute solution of
the building block, which is initiated by a specific nucleation process.[182, 183] One
example of such a process is the crystallization of dipeptides.[184, 185] As a dipep-
tide building block, diphenylalanine (FF) has been widely reported, partly because
the fibrous materials of FF are of interest as functional materials and for applica-
tions in the biomedical field, partly because networks of FF are associated with the
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pathogenic process that leads to Alzheimer’s disease.[186] FF single crystals possess
several properties that might be used as optical waveguiding or semiconducting
materials.[187, 188] At present, aligned FF nanotubes can be fabricated by a vapor
deposition approach.[189] However, because of the strong self-organizing tendency
of the deposited materials, the production of a highly controllable arrangement of
FF single crystals still faces many challenges, which surely limit their applications.

Here, we describe a procedure for the fast growth of ultralong aligned FF single
crystals (Figure8.2). A binary solvent system is introduced in the self-assembly
process. The evaporation/composition of solution conditions lead to controllable
nucleation, and a substrate withdrawal system allows the continuously oriented
growth of uniform single crystals. This up-scaling of the procedure is controllable,
reproducible, and relatively straightforward, which might be scaled up into an
industrial process for large-scale devices of organic single crystals.

8.3 Results and discussion

FIGURE 8.3: FF single crystals formed at different withdrawal speeds. (a), Bright field

image and (b) SEM image of FF single crystals at a low withdrawal speed of 2.0 um/ sec.

(c) Bright field image and (d) SEM image of FF single crystals at a low withdrawal speed
of 4.6 ym/ sec. ¢g = 0.026 mol/L, 0.059 mol/L NH,OH, 38 °C.

As shown in Figure 8.3, a horizontally aligned array of FF crystals was fabricated.
These aligned crystals with different structures can be obtained by our controlled
fabrication approach. A large number of crystals (Figure 8.3a,c) and fewer individual
crystals were formed on the substrate (Figure 8.3b,d).

In Figure 8.4a, it can be observed that the obtained FF fibers are ultralong and
can grow up to several centimeters. The SEM images show that aligned FF fibers
are approximately 1.5 pm in width with cross sections typically in the range of a
few hundred nm to a few pm (Figure 8.3 and Figure 8.5). They are not strongly
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FIGURE 8.4: Characterization of the FF fibers. (a) Image of FF single crystals on a silicon
wafer. (b) 3D-AFM image of FF single crystals deposited on a silica surface. The step
heights of the terraces are 2 — 3 nm. (c) SAED pattern of a FF single crystal.

FIGURE 8.5: SEM image of a broken end of FF fibers.

attached to the substrate surface, inferring that the fibers should be deposited onto
the substrate after growth (Movie S1). The 3D-AFM image shows that the composed
fiber is about 1 uym wide and only at most 40 nm high, which is consistent with the
cross sections observed by SEM (Figure 8.4b). The image also reveals the surface
of the fibers is smooth down to the nm scale with a pronounced terrace topology,
with a height of the terrace steps of about 2 — 3 nm. The regular spot pattern of a
representative single FF fiber in the SAED pattern indicates that the fiber possesses a
single-crystal structure (Figure 8.4c). The XRD and FTIR analyses, depicted in Figure
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8.6, confirm the highly crystalline structure and p-sheet secondary structure of the
FF fibers. The fiber is also illuminated with linearly polarized light and imaged
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FIGURE 8.6: a) XRD and b) FTIR of powder of FF fibers.

in reflection with an analyzer rotated at 90 deg. Rotation around the optical axis
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FIGURE 8.7: FF single crystal imaged in reflection with crossed polarizers. Consecutive
frames are rotated around the microscopy axis in steps of 46 deg as indicated in the
frames.
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reveals four bright/extinction positions, rotated at 90 deg to each other (Figure
8.7), indicating FF molecules are uniaxially oriented along their long axis in the
fiber, leading to strong anisotropy of the refractive index. To achieve the controlled
formation of aligned FF single crystals, two stages of a so-called “free-meniscus
coating” process, a vertical withdrawal of a planar solid substrate from a solution,
are applied (Figure 8.2).[190] In the first stage (“initiation stage”), we provide the
silicon wafer with a long horizontal scratch to overcome the nucleation barrier to
initiate the crystallization at a certain substrate location (left plot in Figure 8.2b).[191]
The silicon wafer is submerged into the FF solution and kept stationary to let the
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scratch in close proximity to the three-phase contact line and in contact with the
solution. As the solvent evaporates, the FF concentration will eventually exceed
its solubility limit and induce nucleation on the scratch in the vicinity of the three-
phase contact line. Some small FF fibers will start to grow from the region of the
scratch preferentially in the direction toward the bulk liquid reservoir. In the second
process stage, the substrate is withdrawn continuously at constant velocity (right
plot in Figure 8.2b). A few fibers out of the rather large number that have grown
in the initiation step would serve as “seeds” for further growth.[192] Subsequently,
ultralong aligned FF fibers would form on the silicon wafer and grow linearly with
the withdrawal of the substrate (Movie A.3 in the Appendix A.3).
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FIGURE 8.8: Induced fast growth of aligned FF single crystals. (a) Solubility of FF
(upper plot) and pH (lower plot) as a function of concentration of NH,OH. (b) Change
of concentration of FF (crr) in the NH,OH solution as NH; and H,O evaporate.

A special solvent system was introduced in this self-assembly process, making
the system controllable. FF possesses one terminal amino group and one terminal
carboxyl group (Figure 8.2a). It forms an inner salt around its isoelectric point
(pI = 5.3), where its solubility is very low. The solubility can be greatly enhanced
in either acidic or basic environment. We use ammonium hydroxide (NH,OH), an
alkaline environment, to vary the charge and thus the solubility of FF. Figure 8.8a
shows the solubility of FF in NH,OH with different concentrations of ammonia
(the curve is the critical concentration of FF). The solubility increases steeply with
increasing hydroxide concentration up to 2.89 mol/L (pH ~ 12.4), as a result of
increasing degree of deprotonation of the ammonium group. Then it reachs a peak
at about 2.89 mol/L NH,OH because of the fully charged of FF and decreases with
increasing concentration of NH,OH, due to the common salt effect.

As a binary solvent system, H,O and NHj; are volatile compounds in NH,OH
solution, determining the solvent condition for the FF as a nonvolatile compound.
As displayed in Figure 8.8b, we suppose if only H,O evaporates from solution, both
the concentration of FF (crr) and the pH would increase (arrow 1). If only NHj
evaporates, the crr would be approximately constant and the pH would decrease
(arrow 2). Indeed, with both H20 and NH3 evaporating, the net effect will be that the
pH decreases and crr increases (arrow 3), while the change of FF solubility mainly
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depends on the initial pH of solution (the initial NH,OH concentration). With high
NH,OH concentration, the solubility would increase first and then decrease with
the evaporation of the solvent, while when the NH,OH concentration is lower
than 2.89 mol/L, the solubility of FF decreases in the whole evaporation process,
which is conducive to the supersaturation of FF (Figure 8.2a). When the solution
is supersaturated, six FF molecules constitute the circumference of a hydrophilic
region and create each channel, which further spontaneously organize into FF fiber
seeds. The seeds would be uniaxially oriented along the longitudinal axis and form
FF fibers.37,38 To facilitate the nucleation for crystals, we select a low initial NH,OH
concentration (0.059 mol/L), around the “linear part”, and a crr (2.89 g/L) a little
below the solubility limit (Figure 8.8b) for the experiments.

The structure of these growing fibers (separation, thickness, orientation, etc.) can
be controlled by the process parameters of the second stage (such as the concen-
tration of initial NH,OH and temperature) (Figure A.2), which is discussed in the
Supporting Information. Interestingly, the structures of aligned FF fibers on a sub-
strate can also be controlled precisely by the withdrawal speed of the substrate
(Figure 8.3). After nucleation, the fibers grow with a constant withdrawal speed in
the withdrawal direction and with constant thickness (Figure 8.3a,b). Even with
the rather crude control of the process parameters applied in our test setup, very
long and individual fiber crystals can be grown. When we increase the withdrawal
speed, fewer individual fibers form on the substrate (Figure 8.3c,d). This might be
attributed to the difference between the withdrawal speed of the substrate and the
enrichment rate of FF. When the withdrawal speed is faster, the enrichment of FF
at the growth zone can not support enough required molecules for further growth
for all crystal seeds; as a result, fewer fibers grow continuously. Furthermore, at
sufficiently high withdrawal speed, the continuous growth of long fibers will cease
completely, which is attributed to the crystallization and liquid drainage process
becoming unstable; that is, regimes of rapid crystallization and movement of the
three-phase line downward alternate with regimes of barely any fiber crystallization.

Siliconwafer | er fipers

T

Nucleation

Low

:*]
/\/-\ 5
@ H

4

A
o

FIGURE 8.9: The “gradient single crystals” at a silicon wafer (positions 1,2,3,4) obtained

by four steps with different withdrawal speeds. a) The schematic of the formation. The

withdrawal speed at step 1,2,3,4 is b) 2.0 ym/ sec, c) 4.6 nm/ sec, d) 2.0 pm/ sec, e) 4.6
pm/ sec, respectively. The scale bar is 100 yum.

Based on this principle, the “gradient-aligned single crystals”, which possess
“more-less-more-less” numbers of aligned fibers on different positions of one sub-
strate, can be achieved by just varying the withdrawal speed during the growth
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process (Figure 8.9). When the silicon wafer was initially withdrawn at a low speed
(step 1 shown in Figure 8.9), the FF solution was supersaturated. As the withdrawal
speed was increased (step 2), fewer single crystals grow at the silicon wafer. When the
withdrawal speed was reduced (step 3), more molecules in this supersaturated solu-
tion would be deposited in this region to create new crystal nuclei. As a consequence,
the number of FF fibers increases again in this area without a horizontal scratch.
When the withdrawal speed was increased again (step 4), fewer fibers formed. Such
a precisely controllable arrangement of ultralong single crystals by this method
makes it promising in the fabrication of large arrays of high-performance devices
for further applications.[169]
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FIGURE 8.10: Proposed mechanism and optical waveguide properties of aligned FF
single crystals. (a) Proposed mechanism of aligned FF single crystals. Enrichment of
FF at the end of the meniscus due to evaporation of water leads to a surface tension
gradient. This gradient induces a Marangoni flow. (b) Field image and PL images
of a single FF-RhB fiber when the excitation spot was translated along the fiber. The
excitation wavenumber is 488 nm; scale bar, 10 pm. (c) Excitation distance-dependent
PL intensity at each end point; the distance denotes the length between left end point
and excitation spot.

Based on the above results, the growth scenario and the underlying mechanisms
regarding flows and component distribution are proposed and depicted in Figure
8.10a. Because of the singularity of the diffusion-controlled evaporation (environ-
ment: ambient air) in this region, the evaporation is strongest in the vicinity of the
three-phase line (the contact angle is about 10 °).[193] The closer the location to the
three-phase line, the higher the FF concentration (H,O evaporation) and the lower
its solubility (NH; evaporation). In the case of a stationary substrate, these gradients
will increase with time due to the ongoing evaporation. The local change in pH
and FF concentration due to the local evaporation will to some degree, but not com-
pletely, be balanced by diffusive transport of FF and protons toward the bulk liquid
reservoir. Eventually, the FF concentration will sufficiently exceed the saturation
limit to start nucleation at the scratch and subsequent growth of FF crystals (Figure
8.11).
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FIGURE 8.11: Schematic of proposed assembly mechanism of the aligned FF single
crystal growth process. a) Macroscopic scratch provides a nucleation side. b) FF fibers
(coffee-stain) act as “crystal seed”. c) Dip-coating starts to withdraw FF fibers.

When the substrate is withdrawn, the drainage of the liquid from the meniscus,
the evaporation, and the incorporation of the solubilized FF into the growing crystals
will establish a quasi-stationary concentration profile, which favors the growth in
the liquid phase in the vicinity of the threephase line. The growth direction will
preferentially be normal to the three-phase contact line, toward the bulk solution
bath. The substrate is much wider than the capillary length; thus, edge effects at the
substrate ends can be neglected to a first approximation.

As discussed above, the number of fibers per area can be controlled by the with-
drawal speed. Faster speed means a lower number of fibers. At first, a simplified
scenario is applied as a first approximation, ignoring the impact of the local FF
enrichment on the hydrodynamics and on the evaporation rates. It assumed that
the amount of deposited FF (the number of fibers per area) is determined by the net
amount of solution, which is continuously taken out of the bulk reservoir and evap-
orating during the course of the substrate withdrawal, leaving behind dry FF. The
withdrawal of the substrate leads to a viscous boundary layer, which is divided at a
stagnation line. The liquid section close to the substrate is on its way to be deposited
on the substrate, and the liquid flowing on the opposite side of the stagnation line
returns to the bath. For low capillary numbers (our case) the thickness H of the
deposited film is

(
H~ (Mv)zj(lp/i) 1/2) (8.1)

with p being dynamic viscosity, p liquid density, v surface tension, g the gravita-
tional constant, and v withdrawal speed.[194] According to this approach H should
increase with speed (v?/3). Hence, the amount of deposited liquid solution and the
number of crystals per area should increase with the increased withdrawal speed.

However, we observe the opposite: that higher withdrawal speed leads to fewer
crystals per area. So, an additional process, modifying the proton and FF concen-
tration profiles in the vicinity of the three-phase line, is taken into account. The



98 Chapter 8. Self-assembly of ultralong aligned single crystals

contribution is proposed to be a Marangoni flow, which can be caused by the local
enrichment of FF close to the three-phase line as a result of water evaporation.[132]
With the substrate moving upward at constant speed, the system will establish a
stationary state in the frame of the three-phase line and the substrate coordinates
after a transient time. There will be a certain stationary profile of the pH and FF
concentrations as well as a stationary flow profile. The flow profile consists of a
Marangoni component and a component originating from viscous drag balanced
by gravitation. Both components induce a downward flow close to the liquid /air
interface and an upward flow close to the substrate surface, i.e., effectively a convec-
tive transport of “fresh” solution from the bath into the meniscus region, where the
insoluble component is enriched due to the solvent evaporation. The viscous flow
depends mainly on the withdrawal speed. It is independent of the local composition
of the solution, but has an influence on the composition through the convective
transport. On the other hand, the Marangoni depends mainly on the local composi-
tion of the solution. There may well be a feedback between all these contributions
such that upon increasing the withdrawal speed the amount of solute that finally is
deposited after solvent evaporation is decreasing with increasing withdrawal speed,
as it is observed experimentally.

These FF single crystals were confirmed to possess active optical waveguiding
properties. Rhodamine B (RhB) was doped into the self-assembly of the FF fibers.
The XRD pattern after doping implies that the addition of RhB does not change the
molecular arrangement of the FF fibers (Figure 8.12). As shown in Figure 8.10b, when
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FIGURE 8.12: XRD pattern of the FE-RhB fibers. 0.006 mol/L NH,OH at 38 °C, with-
drawal speed, 2 pm/ sec.

the excitation light is focused on the body of the fiber, bright photoluminescence
(PL) spots are obtained at both ends, with the body emitting nearly no PL. The
outcoupling of light at the end is a typical waveguide behavior. In Figure 8.10c,
the distance-dependent PL intensity at each end of the FF-RhB fiber shows that the
light of the out-coupled spot decreases almost exponentially with the increase in
propagation distance with an attenuation length of about 40 pm, confirming the FF
fiber can act as an optical waveguiding material for further applications.[195]
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8.4 Conclusion

In conclusion, we have developed a controllable approach for the aligned arrange-
ment of dipeptide single crystals. The induced nucleation and a substrate with-
drawal system allow the continuously oriented growth of uniform size crystals
from solution with a technically unlimited length. Structures of growing crystals
can be controlled by the process parameters. These aligned ultralong single crystals
with active optical waveguiding property might have a bright prospect in optical
applications, and these findings will be useful for the controlled arrangement of
aligned materials, which are essential for largescale functional devices.
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Chapter 9

Directed self-assembly of
dipeptide single crystal in a
capillary
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Capillary”. In: ACS nano (2018). Copyright 2018 American Chemical Society.

B. Sun conducted the experiments wrote the first version of the manuscript. S.
Eickelmann conducted and analyzed some experiments providing Figure 9.2 and
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9.1 Abstract

Capillary

FIGURE 9.1: Photograph of a single FF crystal waveguide eigenschaften bla bla

Controlled growth of one-dimensional nanostructures is playing a key role in
creating types of materials for functional devices. Here, we report procedures for
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controlled assembly of the dipeptide diphenylalanine (FF) into aligned and ultralong
single crystals in a capillary. With the evaporation of solvent, nucleation of the crystal
occurred in the confined region, and the crystal grew continuously with a supply of
molecules from the concentration gradient system inside the capillary. Based on the
“Knudsen regime”, an ultralong aligned individual FF single crystal possessing an
active optical waveguide property at macroscopic length scale could be obtained.
Moreover, capillary is also an effective microdevice to investigate the disassembly
process of the FF single crystals. This strategy has potentials to broaden the range of
applications of aligned organic nanomaterials.

9.2 Introduction

One-dimensional (1D) micro- and nanostructures of organic materials have attracted
extensive attention due to their promising applications in high-performance func-
tional devices.[197-200] This is especially true for 1D organic single-crystal nano-
materials because they have no defects, which is essential for the manufacture of
this type of advanced material.[160, 161, 201, 202] Controlling the growth and as-
sembly of organic single crystals is important for improving and optimizing the
performance of functional devices.

Self-assembled organic crystalline nanomaterials are flexible building blocks em-
ployable in functional optical and electronic nanoscale circuits.[203-206] Much
attention has been directed toward diphenylalanine (FF), a dipeptide which is the
core recognition motif of the Alzheimer’s B-amyloid polypeptide.[186, 188, 207] FF
is attractive as a molecular building block because of its biocompatibility, biodegrad-
ability, and functional flexibility.[208-210] Different routes have been published for
fabrication of FF single crystals. Our group has obtained the FF single-crystalline
dipeptide structure by introducing an aldehyde into the fibrous networks.[195]

As a small molecule with two aromatic rings, FF easily self-assembles to single-
crystal nanostructures either from solution or by vapor deposition methods. How-
ever, these crystals generally have a disordered manner, giving macroscopic as-
semblies with random position and orientation.[166, 211] Such an uncontrolled
self-assembly process limits the usefulness of the FF single crystals because many
applications require unidirectional single crystals. Recently, a time-programmed
control of the self-assembly and subsequent growth of nanostructures has been de-
veloped.[212, 213] The crystal growth mechanism consists of three steps: nucleation,
adsorption, and diffusion and growth.[214] Both thermodynamic and kinetic factors
have been found to be essential in the self-assembly process.[215-217] Based on
this mechanism, we propose that a confined nucleation and a continuous supply of
molecules are prerequisites for a controlled fabrication of FF single crystals.

In this work, we report a method for a controlled directed growth of ultralong
FF single crystals in capillaries (Figure 9.2). Capillaries have been used to control
evaporation of nanotube aqueous dispersion to prepare a patterned surface.[218]
We used a capillary to provide a confined space, controlling the growth direction of
the single crystals. The evaporation of solvent from capillary gives the concentration
gradient of FF that is required to limit the number of nucleation sites. The loss of
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FIGURE 9.2: Growth of an individual FF fiber inside a capillary starts within a few

minutes after the beginning of the evaporation at room temperature. (a) Bright-field

images of a single FF fiber at different times. The inner diameter of the capillary is
50 pm. (b) Schematic of the FF fiber growth process in a capillary.

solvent triggers the growth of the FF crystals inside the capillary, resulting in a
theoretically unlimited length of the single crystal.

9.3 Results and Discussion

FF was dissolved in a mixture of HFP (1,1,1,3,3,3-hexafluor-2-propanol) and water,
and this solution was soaked into a capillary by capillary pressure. Then, one end
of the capillary was sealed and the other end kept open. Bright-field microscopy
images of this process at two different times are shown in Figure 9.2, together with a
schematic of the process. As the solvent evaporates, the meniscus recedes further
into the capillary. At one point, FF crystals start to form inside the capillary. With
the continuous evaporation of the solvent, a long FF fiber is generated (Movie A.5
in the Appendix A.4). The crystallization of FF was significantly influenced by the
diameter of the capillary. Figure 9.3¢,f,i shows that only one individual FF microwire
was formed inside a capillary with an inner diameter of 50 um. For a capillary with
an inner diameter of 100 um, several microwires were obtained (Figure 9.3b,e h). For
the 200 ym capillary, the number of microwires was even larger (Figure 9.3a,d,g).
The SEM images reveal that the microwires have a kind of trapezoid cross-sectional
shape with lateral dimensions of about 5 um, corresponding to cross-sectional areas
of about 20 pm? (Figure 9.3d-f). The uniform brightness in the polarized optical
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FIGURE 9.3: Morphological characterization of FF single crystals inside capillaries with

different inner diameter. Capillary with a diameter of a,d,g) 200 pm; b,e,h) 100 pm,

and ¢ f,i) 50 pm. Upper row: optical microscopy images ; middle row: SEM; lower row:
polarized microscopy.

microscopy (Figure 9.3g—i) indicates that the single fiber in the case of the smallest
capillary (inner diameter of 50 nm) is a single crystal. The microwire bundles that
form in the case of the capillaries with larger diameters seem to consist of sections
of single crystals.

The following scenario is proposed for formation of FF fibers in capillaries with
different diameters. It is assumed that the density of the dipeptide is approximately
the same as that of the solution in weight (co, in relative volume content of FF
per solvent volume). With a single fiber with a fixed cross section of a, material
conservation for each capillary cross section, a,, all the FF in solution per capillary
inner diameter, cg * a., becomes crystalline with a total FF crystal cross section of
ag - n, with n being the number of fibers:

CO . ac
af

Co-dc=df-n,0r n= 9.1)

Based on this scenario, when cj is constant, 7 mainly depends on the cross section
of the capillary. If only one fiber forms inside a capillary of 50; pm inner diameter,
the number of fibers formed inside capillaries of 100 and 200 pm inner diameter
should be 4 and 16, respectively. The number of fibers seen in Figure 9.3 corresponds
closely to these theoretical values, demonstrating that the number of fibers obtained
with our procedure is controllable.

The obtained FF fiber was analyzed with X-ray diffraction (XRD) to investigate the
crystal pattern. Figure 9.4a shows the results of three different positions on the FF
fiber formed inside a long capillary (Figure 9.5). These three XRD patterns are similar
and show hexagonal structures, as has been determined for FF single crystals. The
results indicate that the degree of crystallinity is high and uniform along the long FF
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FIGURE 9.4: Characterization of the FF single crystals and the growth process. (a) XRD
patterns at three positions (P1, P2, P3) of a FF single crystal residing inside a long
capillary. The three positions are shown in Figure S1. (b) Electron diffraction pattern of a
FF single crystal. The scale bar is 1 pm. (c) Analysis of the FF fiber by single-crystal X-ray
diffractometry. The red circle shows the region at which the X-ray focused. The scale
bar is 100 pm. (d) Evaporation rate of solvent vs length of the capillary. (e) “Knudsen
regime” in capillary. (f) Ultralong FF single crystal in a capillary. Rectangles 1, 2, and
3 represent three positions on the capillary, and optical images are shown at these
positions. The vapor pressure is 85 kPa

fiber.[187] The FFF fiber was also investigated by single-crystal X-ray diffractometry.

As shown in Figure 9.4c, the X-ray was focused on the fiber and not on the whole
capillary to avoid interference from the capillary walls. The experimental conditions
and the structural XRD parameters are shown in Table S1. The experiment confirmed
a hexagonal lattice of the FF single crystal.[219] Selected area electron diffraction
pattern (Figure 9.4b, inset) also suggests a single-crystalline structure of the FF fiber.

Movie A.5 shows the growth of the FF fibers in the smallest capillary (50 pm)
at different times. At the beginning, the meniscus inside capillary recedes rather
fast (> 1 pm/ sec). The generated FF fiber remains as a deposit at the dry capillary
side wall, while the meniscus recedes. At this early stage, no growth of the FF fiber
within the solution can be detected within the resolution of the microscope (pm).
At later stages, the meniscus recedes much slower than in the beginning due to the
reduced evaporation rate. Then the FF fiber grows in the solution at some distance
(> 100 pm) “ahead” of the meniscus.



106 Chapter 9. Directed self-assembly of single crystal in a capillary

Capillary

FIGURE 9.5: Three positions (P1, P2, P3) on a capillary measured by XRD. The diameter
of the capillary is 50 pm. The scale bar is 1 cm.

We assume a typical nucleation and growth scenario for this system. The fiber
starts to grow when FF concentration exceeds the (equilibrium) saturation concen-
tration. The growth rate and direction are determined by the supply of FF from the
surrounding solution. We neglect that the evaporation and solubility properties of
the solution depend on the solvent composition (i.e., on the relative amounts of
water and HFP). It is simply assumed that the evaporation drives the concentration
of FF closer to the saturation limit. We also neglect gravity effects (the bond number
< 1) and convective flows (Marangoni flows) due to the locally changing compo-
sition of the solvent.[132] Then the only transport mechanism for FF in solution is
diffusion. Typically, the diffusion-controlled evaporation rate will dominate when
the meniscus has receded further than the diameter of the capillary. The evaporation
process driven by diffusion is quasistatic.

If the solvent vapor behaves as an ideal gas, the length of the dry capillary (distance
to the opening), x, increases with time, ¢, according to x 95 The speed at which
the meniscus recedes, v, decreases continuously as v o t~05, Because the initial
concentration of FF is substantially lower than the concentration at supersaturation
(which is required for the nucleation of FF crystals), the crystallization and growth of
the fiber occur when the solvent evaporation is diffusion-limited. With the meniscus
continuously receding in the capillary, the evaporation rate of the solvent decreases
(Figure 9.4d). This leads to a slower increase of the length of the FF fiber (Figure
9.5). Higher temperatures (60 and 100 °C) were tried to increase the evaporation
speed. However, continuous fibers were then not obtained (Figure 9.7). The solvent
evaporation rate can also be increased through a transition from diffusion-controlled
evaporation to the “Knudsen regime” when the meniscus is deeper inside the
capillary.[220, 221] In this situation, the mean free path (I) is the average distance
traveled by a moving particle between successive collisions. When gas molecules
diffuse through capillary pores with a diameter (d) smaller than the mean free path of
the diffusing gas molecule and when the density of the gas is low, the gas molecules
collide with the pore walls more frequently than with each other. In the Knudsen
diffusion regime, the molecules move in straight lines between points on the pore
channel surface. This phenomenon would favor evaporation of solvent vapor from
a capillary (Figure 9.4e). A longer mean free path can be achieved by lowering the
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FIGURE 9.6: Optical waveguiding of the ultralong FF single crystal inside a capillary.

(a) Schematic of the optical waveguiding. A laser microscope provides an exciting light

for the RhB-doped FF single crystal. (b) Optical field image of the excited end of the FF

single crystal. The circle represents the region of exciting light with a wavelength of
488 nm. Pictures of the capillary were taken in white light and in the dark.

FIGURE 9.7: SEM images of a FF fiber inside a capillary at 60 °C and 100 °C. The inner
diameter of the capillary is 50 pm.

vapor pressure.[222] We performed the crystal growth experiments in a low vapor
pressure environment, and one ultralong FF fiber formed inside the capillary (Figure
9.4f). The length of the FF fiber was up to 4 cm. The polarizing microscope images of
three parts of the fiber in the capillary showed a uniformly aligned single-crystalline
structure of the fiber (Figure 9.8).

The optical waveguiding properties of the ultralong FF single crystal were con-
firmed by a confocal laser scanning microscopy. The self-assembly of the dipeptide
was doped with a dye Rhodamine B (RhB), giving the fiber outstanding photonic
properties. Two ends of the capillary were broken, allowing release of the fiber from
capillary (Figure 9.6a). As noted in Figure 9.6a,b, when one end of the fiber was
excited by a laser (488 nm), a weak light was observed at the other end of the fiber.
This outcoupling effect is typical for waveguiding, indicating that the FF fiber allows
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FIGURE 9.8: Polarized microscopy images of the ultralong FF single crystal at three
positions of the capillary, a-c). The three positions on the capillary are shown in Figure
9.4f.

for propagation of light emission along the long axis.[159, 223] It is noteworthy that
the FF fiber is very long, up to several centimeters (4 cm). This microscale dipeptide
single crystal is proved to have the optical waveguiding properties at a macroscopic
length scale, indicating that the long single crystal can be used as an optical fiber.

It has been reported that FF is the core molecular recognition motif of f-amyloid
polypeptide and the smallest unit that undergoes self-assembly into ordered struc-
tures.[187, 209, 224] FF fibers are similar to native amyloids with respect to the
assembly mechanism as well as to the chemical, physical, and biological character-
istics. The disassembly of FF fibers could be considered as a model for inhibition
of the amyloid systems. We investigated the disassembly of the FF single crystal
inside the capillary by adding a solvent. An optical microscope was used to visualize
the apex of the crystal inside the capillary in real time. A HFP/water (5 : 1, v/0v)
solution was injected into the capillary, and the two ends of the capillary were then
sealed. The disassembly process started at around 3 min after injection of the solvent
into the capillary. As shown in Figure 9.9, the shape of the apex became sharper
and narrower and the crystal length decreased, indicating that the disassembly of
the structure starts from the apex of the crystal and progresses toward its body (as
shown in Figure 9.10 and Movie A.6(in the Appendix A.4)). The crystal disappeared
within 2 min.

9.4 Conclusion

In conclusion, the directed self-assembly of FF single crystals was well-controlled
in capillaries. Ultralong individual FF single crystals could be obtained under the
provided conditions such as capillary diameter, solvent composition, and solvent
evaporation rate. The number of crystals formed in one capillary and the evaporation
of the solvent in the capillary proceeded theoretically, which makes the formation
of crystals controllable. The possibility to prepare very long single crystals of FF
implies that the procedure is of interest for fabrication of optical fibers for biomedical
applications. Moreover, the disassembly of the FF single crystal is also controllable in
the capillary. These findings should be useful in the future development of controlled
self-assembly of building blocks to form ultralong single crystals and also to provide
a platform for investigating the disassembly of f-amyloid polypeptides.
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3 min 30

FIGURE 9.9: Disassembly of a FF single crystal in a capillary through addition of a
solvent. Bright-field images of a FF fiber in contact with a 5 : 1 HFP/water solution in a
sealed capillary with a diameter of 50 um, taken at 3 min, 3 min 30 sec, and 4 min. The

scale bar of the inset image is 10 um.
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FIGURE 9.10: Schematic of the disassembly process of a FF single crystal in a capillary.
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Chapter 10

Outlook

10.1 Film rupture for (less-)ideal mixtures

10.1.1 Behavior for very high concentrations 0.1cs,; < cg < 0.9¢s,¢

As in Chapter 4 discussion, the precipitation of solute from diluted solutions is a
self-induced change in wettability (Fig. 10.2). Surface modifications are pre-defined
modulations of the wettability. The air/liquid interface communicates via vdW-
interactions. At a maximum thickness of 30 — 50 nm. However, with high initial
alkane concentrations the liquid film surface becomes undulated, and felled out of
the scope of this chapter, but is now show here.

h ~ 5000 nm h ~ 500 nm h ~ 300 nm h ~200 nm h~0nm

FIGURE 10.1: shows an example mesaurement of an high inital concentration. The , tick”
film starts to be inhomogeneous in morphology (undulations), and opens earlier. at a
global film thickness of around 300 nm, "snap-in" events are visible.

Figure 10.1 follows the thinning and drying of na alkane solution with "high"
initial concentration. The Film is planar around its transition height. Thinning
further, localized undulations start to appear. Around a Thickness of approx 300 nm,
"snap-in" events appear inside of the undulations. For both cases, the rheology and
the spin-off hydrodynamics of the solvent film do not induce the rupture because
the observed processes occur on a very small length scale (far below the transition
height). However, in high concentration experiments, the Film opens earlier. vdW
is not efficient on this length scale anymore. Due to a gradient in surface tension a
Marangoni flow is induced. This flow destabilizes the “thick” film (inset Fig. 10.2).
The cartoon shows a proposed mechanism, similar to the in Chapter 7 discussed
Marangoni effect destabilizing the liquid.

Defining a global rupture thickness /1. starts to become obsolete, since the
behavior becomes more and more heterogeneous. A high concentrated solution
film is more sensitive. Undulations driven by solute marangoni flows caused by
a lateral inhomogeneity in evaporation, dominate the topology of the liquid film.
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FIGURE 10.2: (a) an expanded plot of /iy pture as function of hsyt. The dashed line shows

hyupture = hsqt- For concentrations hs,r smaller than um, the behavior follows the in

Chapter 4 presented mechanism. The dashed circle indicates even higher concentrations,
which dont flow the vdW-rupture scenario anymore.

Theses films are not planar anymore. Nevertheless, films with very high initial
alkane concentrations (0.1cssr < cg < 0.9cs4¢) show the following relevant behavior:

Occasionally alkane multi-layer domains are observed, which are attached to
the substrate and underneath (i.e., covered by) a rather thick (>> 100 nm), whole
(unruptured) alkane/solvent film. As soon as the film on top of the multilayer
domains becomes sufficiently thin (= 50 nm), it ruptures at the location of these
domains. Shown in Figure 10.3.

Repeatedly alkane domains are observed, which are attached to the film/air
interface of a rather thick (>> 100 nm) alkane/solvent film. The location of these
domains can be identified, because a) they are moving laterally relative to the
substrate surface (floating) and b) they visibly distort the film surface in their vicinity.
Again, the film ruptures preferentially at the location of these floating domain as
soon as it is thin enough (~ 50 nm). Shown in Figure 10.4.

Very rarely alkane domains are observed, which float within a thick (>> 100 nm)
film. These domains move laterally relative to the substrate surface without causing
a film surface distortion. This case is so rare that we do not have conclusive exper-
imental data on how these domains influence film rupture. It appears as if these
floating domains attach to one of the interfaces during film thinning and eventually
the film ruptures as described in the two cases with the domains attached to the
interfaces. Shown in Figure 10.5.
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h =704 nm Ah = 350 nm Ah =490 nm Ah =700 nm

Multilayer domain of C, H_,
FIGURE 10.3: The top row shows images only 1 ms apart with the corresponding
cartoons underneath. 1.An alkane multilayer domain is visible through a solution film.
The liquid film slightly indented. Using the interference fringes, the film has an indent
of Ah ~ 350 nm 2. The liquid film comes into contact with the underlying domain,
visible due to the sharper interference fringes. The thickness difference to the planar
film is now Ah ~ 490 nm. 3. The liquid film slips down on the sides of the multilayer
domain. The thickness difference is now Ah ~ 700 nm. 4. On the level of the solid
substrate, the film continues to dewet on presumably a last mono-layer of the alkane.
Compared to the picture before, the Al doe not seen to change anymore.

—
Hipgy T

FIGURE 10.4: Alkane Domain swimming on the surface of a liquid film

10.2 Meniscus shape around nanoparticle

10.2.1 Reversible switching between different menisci

The NPs are embedded in this film and they distort the film surface in their vicinity
just as show in Chapter 5 in the case of the thinning liquid film (Figure 5.3) or in
the case of the solid PS-film (Figure 5.5). This meniscus formation in the case of
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FIGURE 10.5: Image sequence of an alkane domain float within a thick film and eventu-
ally snapping to the vapor interface. (As a point of reference, an multilayer domain on
the solid is also depicted in the cartoon.)

the co-deposited n-alkane film can be inferred from the strongly enhanced optical
visualization of the NP locations.

Figure 10.6 demonstrates how the imaging contrast can be switched on and off by
changing the distortion of the surface adjacent to the NP. This has been achieved
by switching between the solid and the liquid state of a thin film of a long chain
n-alkane (C3yHy,) that is deposited on the substrate surface in addition to the NPs.
Below their melting temperature (T, = 67°C) the alkanes form areas with solid
planar mono- and multilayers of uniform thickness (each layer is as thick as the
length of one molecule [82, 85-87, 225]. In the solid state the planar alkane film
morphology is not affected by the NPs. This is verified by the AFM imaging and the
corresponding height profile. Above their melting point the alkanes form a closed
liquid film on the substrate.
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FIGURE 10.6: Optical microscopy imaging (top row), schematics (middle row), and
AFM imaging (lower row) of NPs deposited on a planar silica surface together with a
thin layer of a long chain n-alkane (C5,Hg,). At temperatures below its melting point
(Tin = 67°C) the alkane forms areas with planar films consisting of mono- and/or
multilayers with layers of uniform thickness (= the length of the alkane molecules). The
NPs do not deform these solid alkane films. At temperatures above its melting point,
the molten alkane forms a liquid film. This film completely wets the substrate surface
and (presumably) forms a liquid meniscus around the NPs. This can be inferred from
the strongly enhanced optical visibility of the location of the NPs in this case.
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Chapter 11

Conclusion

The first part of the experimental results presented in is thesis deal with the evolution
of planar evaporating liquid films of mixtures on planar solid substrates. If pure
liquids, or (near-) ideal solutions, are continuously thinning, 1) they eventually become
thin enough to notice even small changes in surface topology (defects, dust, or
intended structures) or surface chemistry (wettability). 2) And for binary mixtures on
the other hand, will in case of two volatile components eventually dry completely, but
they dynamics will differ substantially. Their composition is changing continuously,
drastically changing the physical properties of thous mixtures. During film thinning,
hydrodynamic effects like marangoni flow will dominate the surface topology, and
destabilize the planar film thinning.

Chapter 4 deals with the evaporative film thinning behavour of a mixture of a
volatile solvent and a nonvolatile (precipitating/crystallizing) solute. The experi-
mental results and their analysis reveal three significant and important findings:
1.) the films ruptures if a.) the solute concentration reaches its saturation value
and b.) the film is as thick or thinner than a certain film thickness, h%‘;ﬁwe, 2.) The
rupture behavior is universal in view of the really very large variation of initial
solute concentrations and different combinations of solute/solvent, 3.) In all cases
hipture has a value somewhere between more than 10 nm and less than 100 nm.
It is suggested that the crystallization of the solute at the film/substrate interface
alters locally the wetting properties. This leads to the film rupture at this location.
The value of 174, is an indication and consistent with VdW-interactions as main
reason for the film rupture. It can be assumed that such a film rupture mechanism is
rather widespread. For instance, most natural aqueous solutions contain non-volatile,

precipitating / crystallizing components such as salts.

Chapter 5 presents how to localize and analyze the environment of individual NPs
attached to planar substrates embedded in liquid films as thin or thinner than the
nanoparticle size. Although the NPs are much smaller than the Rayleigh diffraction
limit they can be investigated with optical reflection microscopy. This can be done,
because the NPs create a distortion of the surrounding film surface (meniscus),
which expands laterally over orders of magnitude further than the size of the NPs.
Therefore the meniscus shape can even be measured by optical interferometry. The
meniscus has cosine hyperbolic (zero net curvature) shape. Therefor there is no
(capillary) pressure difference between the liquid of the far field planar film and the
liquid in the meniscus region. It is unknown what determines the decay length of
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the meniscus. The decay length is independent from the thickness of the far field
planar film. It decreases with smaller sizes of the NP.

Chapter 6 presents a "recipe" for those who want to apply evaporative spin casting
to achieve a specific solute coverage, more specifically, a polymer coating with a
certain pre-determined thickness. Based on detailed experimental investigations,
it is discussed in a transparent approach how a final "master” formula is extracted
to predict the final polymer coverage from the process parameters (Eq. 6.6). Only
a few easily measurable bulk system parameters (179, po, w) and one "calibration"
experiment (determination of "e") are necessary and sufficient to describe the process
and to predict the final solute coverage. Beyond that, the data and analysis presented
disclose a transparent picture on the physics occurring during evaporative spin
casting, such as the thinning behavior, the evaporation behavior, and the evolution
of the solute concentration.

Chapter 7 investigates the temporal and spacial evolution of binary mixtures of
volatile liquids. Both liquids individually wet the substrate completely and form
planar continuous films during their evaporative film thining. The experimental
and their analysis reveal the following: 1) binary mixtures of volatile liquids with a
A7y < 0build planar, continuous (stable) films during their evaporative thinning. 2)
thinnign films from mixtures with Ay > 0 can be stable or may form undulating
or even rupturing (unstable) films. The stability in the case of Ay > 0 depends
on the composition xg, and/or on the ratio of evaporation rates E f/ Es. For very
small or very big x¢ films remain stable, despite Ay > 0. 3) unstable mixtures show
undulation with wavelengths A, which depend on xj. 4) during film thinning of
unstable films the wavelength decreases with time (respectively film thickness).
A basic mechanism is proposed assuming that a Marangoni flow iniated by ran-
dom fluctuations of the local evaporation rate can enhance or suppress a further
destabilization of the film surface.

The second part of this thesis studies the sequential film formation/deposition
with a (moving) three phase line and crystallization processes in the vicinity of
the contact line. One aim of these investigations was the controlled growth of
diphenylalanine crystals/fibers. Chapter 8 presents dip casting as a new controllable
approach for the aligned arrangement of dipeptide single crystals. The induced
nucleation and a substrate withdrawal system allow the continuously oriented
growth of uniform size crystals from solution with a technically unlimited length.
Structures of growing crystals can be controlled by the process parameters. Chapter 9
presents an additional methode to direct the self-assembly of FF single crystals under
well-controlled conditions in small capillaries. This approach makes it possible to
obtain ultra long individual FF single crystals under the provided conditions such as
capillary diameter, solvent composition, and solvent evaporation rate. Because it is
possible to prepare very long single crystals of FF the procedure is of interest for the
fabrication of optical fibers for (biomedical) applications. Moreover, the disassembly
of the FF single crystal is also controllable in the capillary.
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Appendix A

Appendix A

A.1 Gray to Thickness

A.1.1 Fresnel Equations

Following code was used to calculate the reflective response of toluene and water,
using the Mathematica version of the program code by Steve Byrnes[59]:

dList1[dinnm_] = {oo,dinnm nm, 48 nm, co};

nListl = {1.0003,1.3334, 1.4656,4.7302};
dList2[dinnm_] = {co,dinnm nm, 48 nm, co};
nList2 = {1.0003,1.5057,1.4656,4.7302};
The reflectivity as function of the thickness d for toluene and water:

3.56438 4 1.11022 - 10716 - c0s[0.0425195 - d|

R d)=1
toluene(d) =1+ —5.23357 + 0.477467 - c0s[0.0425195 - d] + sin[0.0425195 - d]

16.1709
—22.5775 + c0s[0.0376539 - d]| 4 3.14435 - sin[0.0376539 - d]

Rwater(d) =1+

A.2 Supporting information for Chapter 5

A.2.1 Analytical Expression of the Film Distortion

Figure A.1 shows the theoretically assumed meniscus profile, parameters and bound-
ary conditions that were used to fit the experimentally measured profiles. For the fits
we assume a given size of the NP with a radius R = (0.5 - dyp). This NP is attached to
the substrate and embedded in the liquid film. The film has a given (interferometric
measured) far-field thickness, /.. Near to the particle, it is assumed that the menis-
cus has a hyperbolic cosine profile. It is assumed further that the meniscus contacts
the NP at a circle at height relative to the substrate surface of z = h. and a distance
from the z-axis of 7 = r.. The contact angle of the liquid with the NP surface is ©..
At a distance of r = L from the z-axis the hyperbolic cosine curve reaches the liquid
film surface plane. The angle of intersection is rather small (with L < oo it cannot be
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FIGURE A.1: Meniscus geometry and definition of the parameters.

zero). Hyperbolic cosine curves with these specifications are equivalent to meniscus
profiles, which contact a vertical round cylinder (e.g. a fiber) of radius r = rg ata
height z = hy with ®, = 0.

A.2.2 Surface Shape

The meniscus shape of the liquid film distorted by a cylinder is described by the
following catenary curve.

r(z) = rg - cosh (z ;oh()). (A1)

The Eq.A.1 in its exponential form (Eq. A.2) can be solve as an expression for z(r):

ev +e W

h=—" (A2)
Where
u= @ (A.3)
o
_Z— h()
w= P (A4)

The domain of the Eq A.2 is restricted as [0, +00) — [1, +00). After algebraic arrange-
ments the function is inverted to the hyperbolic arc cosine by solving the quadratic
Equation A.5.

0=e" —2ue” +1 (A.5)

The solutions are:

e’ =ut+\vuz-1 (A.6)

Both are positive so by substitution of u and w in Eq. A.6 the meniscus shape can be

written as.
2
z(r) =ho£ry-In <r + (r) - 1>. (A7)
o o
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The Eq. A.7 has two solution the positive (growing) and the negative (decaying)
branch. The meniscus is described by the negative branch. In order to introduce a
complete description of the surface profile we introduced the length L as an expo-
nential decay factor, to describe the transition from the hyperbolic cosine behaviour
(Eq. A.7) to the planar far-field surface.

z(r) = |:h0 —79-In <:O + (:())2 - 1>} e T + heo. (A.8)

A.2.3 Contact to the particle

It is known The angle of interception (r.; h;) above two curves correspond to the
angle form between the two tangents with the instantaneous slope at meting point;
which is given by the corollary formula:

my — my
= —); A.
©, = arctan <1 - mz), (A9)

Where the slopes m; and m; are given as:

m = + R—he . (A.10)
R2 — (h. — R)2
2 (h —R)2
my = sinh [arcosh( R r<hc R) )] (A.11)
0

A.2.4 Numerical Data Analysis

The meniscus profiles where fitted with the Software OriginPro. Equation A.8 was
used from the contact to the particle to the far-field surface; the distance where the
Eq A.1 transits to the K is the length L, which is given by the fit (Eq.A.8); the contact
point with the particle (7., h.) was iterated with three digits until the R-Square was
at least 0.99. From the fit the contact to the imaginary/ideal fiber (o, hp) was taken,
allowing to estimate the contact angle by Eq. A.9.

A.3 Supporting Information for Chapter 8

A.3.1 The influence of initial concentration of NH;OH and temperature
on the structures of FF fibers.

The concentration of NH,OH, solvent evaporation rate show great influence on the
formation of FF fibers. We have made crystallization experiments over a broad range
of concentrations of NH,OH, from 0.006 to 14.80 mol/L. The obtained horizontally
aligned fibers with the diameter of about 1 — 2 pm are obtained on the silicon wafer
from 0.006 and 2.89 mol/L NH,OH, however masses formed from 14.80 mol/L
NH,OH (Figure A.2b-d). The different morphology of FF fibers may attribute to the
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different FF concentration when the fibers start to grow. It takes different time for
nucleation with different NH,OH concentration of 10 min (0.006 mol/L), 30 min
(2.89 mol/L) and 60min (14.80 mol/L). In 0.006 and 2.89 mol/L NH,OH, the solu-
bility of FF reduces in the whole process with evaporation of solvent ( Figure A.2a).
Nevertheless, in 14.80 mol/L NH,OH, the solubility increases firstly and decrease,
leading to long time for supersaturation. The FF concentration is pretty high and
more FF fibers formed on the silicon wafer, which make the fibers amorphous (Figure
A.2d). Temperature can influence the evaporation speed. In 0.006 mol/L NH,OH
solution, when temperature is decreased to be 38 °C, the nucleation time of FF fibers
on the scratch becomes longer (40 min) than that of at 75 °C (10 min) and less
aligned FF fibers with the larger diameter of 2 — 3 pm form on the silicon wafer (
Figure A.2a). The FTIR and XRD analyses confirm the B-sheet secondary structure
and highly crystalline character of all the FF fibers (Figure A.2e, f). This Figure A.2
results indicate that our process makes the growth of aligned crystals with different
structure controllable, which is great importance for their functional device.
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FIGURE A.2: Aligned FF fibers formed under different NH,OH concentration and

temperature. a) SEM image of fibers in 0.006 mol/L NH,OH at 38 °C. b) SEM image of

fibers in 0.006 mol /L NH,OH at 75 °C. ¢) SEM image of fibers in 2.89 mol /L NH,OH at

75 °C. d) SEM image of fibers in 14.80 mol/L NH,OH at 75 °C. Scale bar, 5 pm. e) FTIR
and f) XRD analyses of the FF fibers. ¢y = 0.026 g/L, withdrawal speed, 2 pm/ sec.
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A.3.2 Movie S1

FIGURE A.3: Screen captures (0.5 s apart) of a movie showing the growth of aligned FF
single crystals on silicon wafer with the withdrawal of substrate.
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FIGURE A .4: Length of a FF fiber in a capillary as a function of time. The inner diameter
of the capillary is 50 pm.

Molecular Formula CygH 5N, O,
Molecular weight 294.35
Crystal system Hexagonal
Space group P6
Cell parameters a=b=2477A,c =542 A, 0 = B=90°vy=90°
Cell volume 2881 A’
zZ 6
Radiation used Cu (A = 1.5418 A)
Temperature 25°C
Range (20) 2.75 —46.70 °

TABLE A.1l: Structural parameters of a FF single crystal obtained by XRD pattern
refinement
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A.4 Supporting Information for Chapter 9

A.4.1 Movie S1

FIGURE A.5: Screen captures (0.5 s apart) of a movie showing directed growth of a FF
single crystal in a capillary. The inner diameter of the capillary is 50 pm.
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A.4.2 Movie S2

FIGURE A.6: Screen captures (0.5 s apart) of a movie showing disassembly of a FF
single crystal in a capillary on addition of solvent. The inner diameter of the capillary is
50 pm.

A.4.3 Author information, Acknowledgments & Rights

Author Contributions: B.S,, SE., LD, YL, GL., YY, Q.L., M.F, and J.F. performed
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A.5 Characterization methods for Chapter 8 and 9

A.5.1 Characterization of FF

The scanning electron microscopy (SEM) images of the samples were obtained by
a scanning electron microscope S-4800 (Hitachi, Japan) with a 10 kV accelerating
voltage. Atomic force microscope (AFM) images were taken with a NanoWizard
III (JPK, Germany). The transmission electron microscopy (TEM) experiments were
performed on a JEM-1011 (JEOL, Japan). FTIR spectroscopy was recorded with a
Bruker TENSOR-27 spectrometer (Bruker, Germany). XRD patterns were collected
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on a Rigaku D/max 2500 instrument under the following conditions: Cu Ka radia-
tion, scan speed of 2 °/min, A = 1.5405 A, and 25 °C. The polarizing photographs
of the aligned crystals were obtained on an Olympus AX70 microscope. The op-
tical waveguide property of the single crystal was tested by self-assembled local

illumination microscopy.

A.5.2 Optical Waveguiding Property of the FF Single Crystal

RhB was dissolved in HFP /water solution, and FF powders were then dissolved in
this solution for the synthesis of a RhB-doped FF fiber. The two ends of the capillary
were broken to let the FF fiber out. One end of the fiber was excited by a laser
(488 nm), and images of the capillary were taken by a camera.
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