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I know it is wet

And the sun is not sonn.
But we can haue

Lots of good fun that is funny!

Dr. Seuss







CHAPTER 1 . ABSTRACT

Employing fluorescence labelled PDMS oil as tracer, diffusion of oil into the cross-
linked PDMS film was identified as reason for the volume loss . The diffusion con-
stants of PDMS oil in the pure phase and within the cross-linked substrate were
determined by photobleaching experiments . Both diffusion constants agreed well
with literature values . Based on these data a quantitative description of the volume
loss was approached.

Unfortunately, the diffusion equation cannot be solved analytically for this situation
which is greatly complicated by the movement of the drop base . However, for short
times when the drop base radius is essentially stationary, an existing semi-analytical
solution can be used . This approximate solution described the data quantitatively
for up to two decades of time without any adjustable parameter . To model the
volume loss during the entire evolution of the droplets, a numerical simulation of the
diffusion process was implemented . Here major problems with numerical instabilities
were encountered . These originated from the high sensitivity of diffusion processes
an boundarv conditions and are also well documented in literature . Nevertheless it
was possible to reproduce the overall kinetics of the volume loss over several orders
of magnitude in time.

As the droplets evolved, their contact angles decreased . This Gould be described
by a power law with exponents of approximately 0 .3 and 0 .05 for two different
Substrates of cross-linked PDMS. Moreover, it was observed that simultaneously
with the reversal of the drop base motion from advancing to receding the contact
angles went through a minimum at values of about 1° . This behavior was not seen
before and Gould be attributed to the diffusion of polymers into the substrate and
the accompanying gradient of the chemical potential of the polymers.

In conclusion, it was found that PDMS oil an cross-linked PDMS films exhibits a
rieh wetting dynamics driven by the interplay of spreading on the substrate and
diffusion into it .
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CHAPTER 2 . MOTIVATION

polymers with specific side groups to the drop or by adding surface active compo-
nents to the aqueous solution.

The Chosen setup consisted of a Cross-linked network of PDMS as the penetrable
solid, fluid PDMS and water as the surrounding medium . This setup allowed for ex-
periments of liquid drops on a permeable polymer network that tcsted the interplay
between wetting and diffusion in a biophysically relevant setup.

The insights gained in these experiments are not only valuable from a purcly scien-
tific point of view, but will also be of interest for a number of technological appli-
cations. The most straightforward application can be found in printing technology,
where small paint droplets that penetrate into a polymer substrate represent a typ-
ical printing process.

An interesting brauch of biotechnology that might also profit from this work is the
development of the so called Iah on a Chip . Especially where bio-compatibility is
of importance the features studied in this work might facilitate improved processes,
like cell separation by electrostatic pumping.

18
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CHAPTER 3. THEORY OF WETTING AND DIFFUSION

was proposed by de Ruijter et al . [2000, 19991 which takes into account both channels
of dissipation . Within this model the spreading of a drop will exhibit four stages:

1. A fast early stage where the drop base radius and the contact angle will change
linearly with time.

2. A later stage which is dominated by a molecular-kinetic behaviour and can be
described by Eq . 3 .29.

3. The molecular-kinetic behaviour reverts to a hydrodynamic behaviour, which
can be described by Eq . 3 .28 later oll.

4. A long-time relaxation to equilibriurn in which the contact angle and the drop
base radius will exhibit an exponential behaviour.

The times fbr which the kinetics will move from one stage to the next are functions
of several variables such as the volume of the drop, the viscosity and the surface
tension .
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CHAPTER 4. INTRODUCING A BIO-COMPATIBLE SYSTEM

Chapter 4

Introducing a Bio-compatible System
for Wetting Studies

4 .1 Bio-compatibility as a Goal in Wetting Studies

Most of the, published studies OIl the behaviour of wetting liquids oIl solid substrnces
have been done with air as the ambient medium (see [Leger and Joanny, 1992] for
references) . This is rnainly due to two reasons . Firstly these systems only depend
on the interaction of two materials and are therefore the best choice when probing
the fundamentals of wetting . Secondly those systems can be observed more easily
than systems with a fiuid as an ambient medium.

However biophysics is a broad field where knowledge of wetting phenomena in an
aqucous ambient medium would be of great importance as this is the natural envi-
ronment for most biologically relevant processes . There have been a few studies on
wetting phenomena in aqucous media, but most have been done with alkanes as the
wetting liquid [Callaghan et al ., 1983; Steimnaßl, 2000] . Alkanes have one major
drawback for further use in biophysics : They are not bio-compatible (see Appendix
A).

A dass of substances which are not soluble in water and are well known for their bio-
compatibility are siloxanes [Malchiodi-Albedi et al ., 2002] . They are widely used in
medicine for a variety of applications such as implants, contact lenses, etc. Moreover
they are also good candidates for wetting studies as their contact angles an solid
surfaces in aqueous solutions can be set to low values by specially preparing the
solid surface.

The bio-compatibility of a series of polydimethylsiloxanes with different side groups
compared to that of alkanes was specially tested using human umbilical vein en-
dothelial cells (HUVEC) . HUVECs are primary mammalian cells and therefore very
sensitive . This recommends them for stringent tests regarding bio-compatibility.
Details of the tost are shown in Appendix A.

In this study polydimethylsiloxanes (PDMS) with and without additional side groups

37









CHAPTER 4. INTRODUCING A BIO-COMPATIBLE SYSTEM

4 .4 A Substrate of Cross-linked PDMS

To avoid problems due to unknown ingredients no commercially available prefab-
ricated formula (such as Sylgard'M ) was used for the preparation of the layer of
cross-linked PDMS . Instead the cross-linked film of PDMS was prepared with a
procedure taken from Hillborg et al . [2000] and modified to suit the task.

Experiments were performed an a film of cross-linked polydimethylsiloxane prepared
from a vinyl terminated polydimethylsiloxane (DMS-V31, GELEST, ABCR, KARL-

SRUHE ) with a cross-linker of mcthylhydrosiloxanc - dimcthylsiloxanc copolymer
(HMS-301, GELEST, ABCR., KARLSRUHE ) and platinum - divinyltctramcthyld-
isiloxanc complex as catalyst (SIP 6830.0, GELEST, ABCR ., KARLSRUHE ) (sec
Fig . 4 .2).

CH 3	/ CH3 1

	

CH3	\

	

CH3IH3 I
H3

H2C =CH-Si-O -Si-O -Si-CH=CH 2 CH 3-Si-O
I

-Si-O - Si-O-Si-CH3

CH 3

	

CH3

	

CH3	CH 3

	

CH3 Jn

	

m~ CH
3 /n CH3

(a)

	

(b)

Figure 4 .2 : Thin films of cross-linked PDMS wcrc produccd using vinyl terminated poly-
dimethylsiloxane (a) with a Cross-linker of mcthylhydrosiloxanc - dimcthylsiloxanc random
copolymer (b) . The reaction was set forth hy a platinum catalyst (not shown).

The Bond forming chemistry is a platinum catalysed hydrosilylation reaction which
is shown in Fig . 4 .3.

-o

	

CH3

	

-o

	

CH 3
1

	

1

	

Pt

	

1
-0-Si-H ♦ H 2C=CH-Si-0 -

	

Jr -0-Si-CH 2 CH2 -Si-0-

CH3	CH3	CH 3	CH 3

Figure 4 .3 : The cross-linked film of PDMS is formcd by a platinum catalysed hydrosily-
lation reaction . 1\otice the absence of any byproducts.

For some experiments a film prepared from vinyl terminated polydimethylsiloxanes
with a shorter chain length was used (DMS-V21, GELEST, ABCR, KARLSRUHE ).

Cross-linker and catalyst were the Same as mentioned above.

A few physical properties of the used polymers are listed in Table 4 .2.

Concentration, the ratio of ingredients and spin-coating speed all affect the surface
structure and the thickness of the film . As reproducible experiments an wetting Je-
mand a homogeneous surface and the employed technique of Reflection Interference
Contrast Microscopy (RICM) demands a certain film thickness to gathcr enough

41













9adv N (adv) erec N(rec) DO

DMS-V31 113 .2 f 1 .7 31 109 .4 f 1 .3 22 3 .95 f 0 .09

DMS-V"21 111 .9 f 2 .6 25 110 .9 f 2 .6 23 1 .0 f 0 .5

rySV (Zisrrianri)

in mJ/m2
ySV (Neuiiiau)

in mJ/m2
ySV (Cliibowski)

in mJ/m2

DMS-V31 14 .7 15 .0 20 .8 f 1 .8

DMS-V21 16 .0 16 .3 22 .3 f 1 .9
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CHAPTER 5. RICM - A VALUABLE TOOL FOR WETTING STUDIES
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Figure 5 .26 : Intensity plot from a RICM interferogram of a water droplet an a glass
substrate exposed to air . The measured data were fitted by the theory of non-planar
interfaces (NI / drawn line) and the finite aperture theory (FA / dashed line), respectively.
The rim caustic can be clearly seen as an intensity overshoot between the plateau of the
background region and the sinusoidal intensity profile of the drop region . (from [Wiegand
et a1 ., 1998]).

In experiments the intensity profiles of drops with a sharp bend show an overshoot of
intensity between the plateau of the background region and the sinusoidal intensity
profile of the drop region (see Fig . 5 .26) . This occurs with and without additional
contrast layer between drop and substrate.

This phenomenon has been seen before . Wiegand et al . [1997, 1998] noticed the
overshoot, but their attention was an the reconstruction of the sinusoidal part of
the profile so no further analysis of the rim region was carried out . Zhang and Chao
[2003] describe a shadowgraphic experiment where the existence of a caustic is used
to discriminate drops with a sharp bend towards the substrate from drops which
exhibit a slow rise.

When applying the regulär reconstruction algorithm to a RICM image with an
overshoot due to the rim caustic, this will lead to a height profile with a plateau
followed by a small trench in front of the sharp rise . It is important to know that
this trench in the height profile is an artefact and does not convey information about
the real height .
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CHAPTER 6. WETTING AND DIFFUSION

In Chapter 6 .3 it will be shown that the drop loses volume continuously and that this
loss is due to diffusion into the substrate . This diffusion process can be understood
as a radially symmetric, two dimensional diffusion process in an infinitely thin disk.
Evaluation of the governing equations with the semi-analytical method of Jeager
agrees well with the data for skort times where the variation of drop base radius
can be neglected . It can be shown that it is possible to solve the diffusion equation
numerically. The general form of the calculated volurne loss is in good agreement
with the rneasured data.

Irr Chapter 6 .4 the behaviour of the contact angle will be presented . As the drop is
deposited onto the substrate and evolves to reach its equilibriurn shape, the contact
angle decreases . This decrease follows a power-law behaviour . For long tirnes the
contact angle might increase again, a behaviour that has never been observed before.
A simple model suggests this might be due to chain kinetics at the rim of the drop.

6 .1 Drop Shape

The equilibrium shape of a static drop an a clean substrate is a spherical cap as this
rninimizes the free energy of the surface . In the case of a non-static wetting drop,
this holds true except for the rim region where the drop will slope down continuously
and forms the so-called foot of the drop.

20
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60

	

80

Figure 6 .2 : The shape of the inner part of the reconstructed drop is in very good agree-
ment with a spherical cap . Shown here is a drop of fluid PDMS with a polar fraction only
a few seconds after deposition . No distortion of the drop shape due to the removal of the
micropipette can be seen.
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CHAPTER 6. [PETTING ,-IND DIFFUSION

Chapter 6

Wetting and Diffusion

Figure 6 .1 : Development of the reconstructed height profile of a drop of fluid PDMS
(DMS-T21) on a Substrate of cross-linked PDMS . Notice the logarithmic scale of the time
axis.

In this chapter the observations of the performed experiments will be presented and
discussed. In all, over 40 drops of different PD1\IS oils on two different substrates
were observed.

In Chapter 6 .1 it will be shown that the general shape of drops of PDMS deposited
on a film of cross-linked polymer is that of a spherical cap.

In Chapter 6 .2 the behaviour of the drop base radius will be presented.
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CHAPTER 6. WETTING AND DIFFUSION

non-spherical boundary. The error of the height reconstruction is independent of
the absolute height and in the order of a few nm . This implies that the error of the
drop volume increases for decreasing drop size . Taking an average error of the height
reconstruction of 5 nm, which is a reasonable upper boundary (see Section 5 .5), the
error of the volume of an example drop was calculated to be less than 5 fl (see error
bars in Fig . 6 .6).

6 .3 .2 Verification of Volume Loss by Diffusion : Continuous
Bleaching Experiments

A drop of fluid PDMS on a substrate of cross-linked PDMS with water as the
ambient medium can lose volume in several different ways . First the PDMS oil
could simply dissolve into the water . As a second possibility the drop could spread
on the substrate with a thin precursor film that would be too thin to be visible
in this kind of experiment and could effectively induce the volume loss . The third
possibility is a volume loss through diffusion of the fluid PDMS into the substrate.
In this section it is shown that the third possibility is the main contributor.

The evaporation of the hydrophobic PDMS oil into the surrounding medium is highly
unlikely because it is insoluble in water as mentioned in the rnanufacturer 's manual.
Nevertheless it was checked whether the volume loss could be due to evaporation
into the surrounding water . This was done by performing an experiment in water
alreadv saturated with PDMS as this would slow down the volume loss if it was
due to evaporation . The water was saturated with PDMS (DMS-T22) by mixing
1 ml of purified water with app . 0 .1 ml of PDMS (DMS-T22) and gently stirring for
two days . The experiment was then performed as usual . Within 200 s a drop of
fluid PDMS lost about 60% of its initial volume of 7 pl . This value is not noticeably
smaller than comparable values from other experiments (see Fig . 6 .7) . Therefore
evaporation of PDMS into the surrounding water is not a major contribution to the
total volume loss and can be neglected.
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Figure 6 .7 : An experiment was
performed in water saturated with
PDMS. The volume loss does not
differ frorn that of a cornparable
drop in pure water.
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To distinguish between the flow of PDMS as a precursor film and the diffusion of
PDMS in the substrate the diffusion coefficient was determined in a continuous
bleaching experiment as described in Appendix D.
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Figure 6 .11 : Three examples of volume loss data of drops of fluid PDMS an a thin film
of cross-linked PDMS compared to tue results of the numerical simulation of the diffusion
process with logarithmic (left) and linear (right) coordinates . The numerical simulation
follows thc data closcly for all timcs . The grid sizc uscd was within thc rangc of convcrgcncc
as determined in Section 6 .3 .4.
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Figure 6 .17 : Examples of increasing contact angles at long times.
a) Linear plot.
b) Double logarithmic plot.

The increase of the contact angle for long times can be seen in approximately 80%
of experiments, but not in all experiments . There are several reasons why this might
occur . Firstly not all drops were observed until their volume reached zero . This was
due to the fact that in the case of large drops the time required to do so was too
long to be within the reach of the performed experiments 3 . In this case a possible
increase of the contact angle for long times could have taken place after the end of
observation . As a second possibility the increase of contact angle for very small drops
might be smaller than the error of measurement and therefore invisible, especially
as the error of measurement increases for Small angles.

The increase of the contact angle for long times masst be attributed to forces acting
at the rim of the drop . A force acting at the rim of the drop can drag the contact
live outwards even beyond the static equilibrium contact angle . A minimum contact
angle will occur if this outward force then decreases over time and falls beneath the
magnitude of an antagonist force . This forte will then manage to pull the rim in-
wards again. This would lead to an increasing contact angle . Fortes that could
possibly lead to such a behaviour are described in the following . Note, however,
that this phenomenon can only occur in non-equilibrium.

3 Longest observation time was 7 .5 h .
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Figure 6 .18 : Cosnparison of the turning points of the contact angle and the radius.
a)-b) Drop of DMS-T22 with polar fraction an a substrate with long cross-linker ; linear
and logarithmic.
c) Drop of DMS-T22 an a substrate with short cross-linker.
d) Drop of DMS-T22 an a substrate with long cross-linker.

107



1 t r



kBT

	

ac 4 kBT
F =

	

=
(ar

)r=Rr

(0, 1, ar )
c Rr

7r 2





CHAPTER 6 . %VETTING AND DIFFUSION

a)

10

	

100

	

1000
time of reversal t r [s]

7 A

0

	

1000

	

2000

	

3000
time of reversal tr [s]

- fit = A - t1 / 2 => A=1.24
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Figure 6 .22 : The relationship between drop base radius R,. at the time of reversal t r and
the time of reversal t r can be described using a power-law in the form Rr = A (D 4) 1/2
The coefficient in the fit is A = 1.24 0.08, which is dose to the inverse mean of a :
1/ = 1/v/0.8 = 1 .12 . Fitting the exponent gives a power-law Rr = 2 .6 (D t) 0- 39 . This
is dose to the expected behaviour . Shown are experiments done an a film of cross-linked
PDMS with long cross-linkers (DMS-V31) that exhibit a rising contact angle for long times.
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Chapter 7

Outlook

7.1 Including the Wetting Process into a Simulation

As the theory of diffusion leads to complicated mathematics when regarding the
diffusion of the liquid into the penetrable network, it was not possible to mathemat-
ically couplc the diffusion process to the wetting and obtain a unificd dcscription of
the whole process . This is possible, however, in the case of a setup with a porous
membrane as penetrable film.

The simulation of the diffusion process as described in Chapter 6 .3 .4 has shown that
it is possible to take account of the data in a numerical way, even if the outcorne
lacks accuracy.

Therefore it seeins possible to extend this approach to including the drop and it ' s
wetting behaviour into another simulation . This could then help determining the
driving force for the otherwise misterious contact angle increase for long times.

7.2 Applications in Biophysics

The study of the behaviour of living cells is one of the most interesting topics in
biophysics . All solid surfaces, however, suffer from frozen surface defects . As cells
react very strongly to those defects even in tiny concentrations, it is unclear whether
any observed behaviour is indeed due to the tested experimental conditions or rather
due to those unknown surface defects . This impedes clear Interpretation of takelt
data.

Fluid surfaces do not suffer from frozen surface defects, as these defects heal instan-
taneously. Lsing fluid surfaces as substrates for experiments with living cells would
therefore alleviate the interpretation of any measurement as the substrate will be
better defined.

Experiments using such substrates have not been done up to now . This is due to
the restrictions posed onto such substrates . Biophysical experiments with living
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Figure 7 .1 : Experiments with living cells an fluid surfaces will not Buffer from limitations
due to frozen surface defects as such surface defects heal instantanously an fluid surfaces.
Mobile receptors can be incorporated into the fluid surface by the use of polymer anchors.

cells have to be done using light microscopy due to their inhomogeneity and Small
size . The used fluid has to be transparent, bio-compatible, and form a thin film in
an aqueous medium thus providing a controllable surface.

The setting up of such a system is therefore a demanding task and requires a thor-
ough understanding of the involved processes . Especially an improved understanding
of the wetting bchaviour of polymer films under water will be essential to any further
projects . Therefore the study of the wetting behaviour near the wetting transition
as perforemed in this thesis was a first and important step towards the establishment
of such systems .
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OP = PH2 O - P PDMS

ry = 36.8 ± 1 .4 mJ /m2

ry = 27.7 ± 1 .7 mJ /m2









APPENDIX E. TABLES OF EXPERIMENTAL QUANTITIES

Appendix E

Tables of Experimental Quantities

PDMS Lsed for the Drop
Cross-linker Uscd for

the Substrate
Experiment

Numbers

DMS-T22 with Polar Fraction DMS-V31, long 1-13

DMS-T22 DMS-V31, long 14-20

DMS-T22 with Polar Fraction DMS-V21, short 21-25

DMS-T22 DMS-V21, short 26-31

D_\IS-T21 DMS-V31, long 32-43

Table E .1 : Experiment numbers of the different sets of experiments.

Figure Experiment
Numbers

Figure Experiment
Numbers

Figure Experiment
Numbers

4 .7 4 6 .1 36 6 .11 a) 26, b) 34, c) 36

4 .8 4 6 .2 15 6 .12 7

5 .14 15 6 .4 15 6 .13 7

5 .17 34 6 .5 3, 7, 12, 6 .14 33, 37, 36, 34,

5 .19 15 1, 2 38, 32, 35

5 .20 15 6 .6 42, 41, 36, 6 .15 27, 31, 22, 30,
40, 35 28, 24, 21, 26

5 .21 3
6 .8 a)-b) 34 6 .16 19

5 .23 12 c)-d) 42 6 .18 a) 4, b) 4,
5 .24 12 6 .9 a) 8, b) 9, c) 26, d) 15
5 .25 12 c) 12, d) 6

Table E .2 : Experiment numbers of all figures shown in this work . If data from more than
one experiment is shown in the graph, the respective experiment numbers are listed frone
top to bottom.
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Experiment
Number

Initial
Radius

[11n1]

Initial
Angle

[ 0 ]

Initial
Volume

[fl]

Ratio a /b Time of
rcversal

tr [ s]

Maximum
Radius Rr

[µm]

B
(0 oe tB )t = 0 s t = 60 s

1 13 .1 7 .1 126 1 .08 1 .04 56 19 .3 -0.334 ± 0 .004

2 7 .2 6 .7 56 1 .02 1 .05 29 9 .8 -0.314 ± 0 .011

3 44.4 5 .4 70960 1 .16 1 .09 2409 63 .1 -0.329 ± 0 .007

6 9 .1 3 .9 38 1 1 52 .09 9 .7 -0.289 ± 0 .011

7 30 .3 5 .3 1945 1 .01 1 .01 560 39 .3 -0.280 ± 0 .003

8 37 .6 2 .4 13313 1 .01 1 .01 1387 54 .8 -0.426 ± 0 .008

9 24.0 5 .7 4947 1 .1 1 .06 423 36 .8 -0.340 ± 0 .010

12 21 .7 8 .1 743 1 1 .01 104.4 27 .2 -0.243 ± 0 .007

13 26 .1 10 .3 1407 1 .01 1 .01 716 40 .3 -0.295 ± 0 .009

14 46 .0 3 .4 3863 1 .03 1 .01 3800 50 .9 -0.210 ± 0 .005

15 28 .0 6 .2 1875 1 .03 1 .02 369 34 .7 -0.220 ± 0 .007

16 26 .9 6 .1 1727 1 .03 1 .01 491 36 -0.329 ± 0 .006

18 13 .5 11 .2 559 1 .05 1 .04 66 16 -0.329 ± 0 .015

19 15 .9 8 .5 1200 1 .03 1 .02 332 17 .8 -0.313 ± 0 .023

20 14.0 9 .3 223 1 .07 1 .06 96 15 .3 -0.324 ± 0 .027

21 20 .8 6 .3 26 1 .04 1 .02 11 24 .5 -0.125 ± 0 .004

22 20 .8 12 .1 1560 1 .01 1 .01 21 .8 -0 .0370 ± 0 .0008

23 21 .6 11 .2 665 1 .01 1 .01 48 29 .5

24 24.6 6 .9 1798 1 .01 1 .01 1316 27 -0 .0574 ± 0 .0020

Table E.3



Experiment
Number

Initial
Radius

[ .m]

Initial
Angle

[0 ]

Initial
Volume

[fl]

Ratio a/b Time of
reversal

tr [ s]

Maximum
Radius Rr

[ .m]

B
(0 oc tB )t = 0 s t = 60 s

26 31 .4 4 .6 2326 1 .04 1 .03 471 33 .1 -0.088793 ± 0 .0023

27 32 .2 15 .8 8585 1 .04 1 .04 1505 34 .3 -0 .031264 ± 0 .003

28 16 .6 9 .8 1147 1 .01 1 .02 8 18 .9 -0 .057777 ± 0 .004

30 22 .2 10 .9 1332 1 .01 1 .01 33 22 .7 -0.021522 ± 0 .0021

31 14 .2 14 .5 446 1 .01 1 .01 10 14 .6 -0.026233 ± 0 .0018

32 10 .2 4 .6 54 .7 1 1 39 11 -0.294 ± 0 .011

33 21 .5 8 .6 996 1 .01 1 365 26 .8 -0.2319 ± 0 .0026

34 9 .0 7 .8 84 1 .06 1 .02 24 11 .7 -0.342 ± 0 .004

35 4 .3 86 1 .05 1 -0.379 ± 0 .012

36 14 .5 6 .6 331 1 .02 1 .01 72 17 .7 -0.3164 ± 0 .0018

37 13 .7 9 .6 84.4 1 1 .01 85 17 .6 -0.3077 ± 0 .0026

38 9 .4 6 .7 115 1 .01 1 .02 26 11 .3 -0.294 ± 0 .007

39 14 .0 14 .3 541 1 .06 1 .05 340 14 .9

40 12 .8 13 .1 140 1 .03 1 .04 229 13 .9

41 13 .9 12 .1 522 1 .02 1 .02 276 15 .2

42 15 .5 10 .7 790 1 .02 1 400 15 .8

43 13 .9 12 .9 940 1 .03 1 .02 315 14 .3

Table E .4
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