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Abstract. The spreading and stabilization of free and lipid monolayer covered films of aqueous
solutions (of Nacl, glucose, polyethylene glycol and polylysine) on Silsio~ were studied between

60 and 95 9l relative humidity, A film balance, equipped with an ellipsometer and a closed

chamber for humidity control, was used. The time evolution of the film ifiickness and its lateral

variation was monitored by imaging ellipsometry, while high precision thickness measurements

were performed by null ellipsometry, The film thickness of Nacl and glucose solutions could be

reversibly varied between about lo h and 0001for relative humidities between 60 and 95 fb.

Film thicknesses were about a factor of 4 to lo larger than reported previously. The thickness-i<s.-

humidity curves are explained quantitatively by the Brunauer-Emett-Teller theory (BET) of

multilayer adsorption, as well as by a modified disjoining-pressure-model by accounting for the

chemical potential equilibrium of water between the atmosphere and the film and with respect to

Raoult's law of vapour pressure lowering. Solutions of polyethylene glycol thinned to a thickness

of one adsorbed macromolecular monolayer and the thickness could be reversibly varied between 8

and 14h for humidities between 60 and 95 fb. Non soluble fatty acid monolayers spread
spontaneously on the pre-stabilized fluid films by viscous fingering, driven by the Marangoni
Effect, At repulsive disjoining pressures, the composite films remained stable and could be

reversibly swollen and deswollen, Dewetting occurred at attractive interactions or at negative

spreading parameters either by collapse from the edges or by local hole formation. 40 mM glucose
solution films covered by an arachidic acid monolayer decomposed laterally (and in a reversible

way) at high humidities (> 94.8 §b) into domains varying in water layer thickness by about

000 h.

Abbreviations.

PEG(900) polyethylene glycol with a molecular weight of 900000

PEG(20) polyethylene glycol with a molecular weight of 20000

DMPC dimyristoil phosphatidylcholin
DOBAB dioctadecyl dimethyl ammonium bromide

LB- Langmuir-Blodgett-
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1. Introduction.

The spreading of liquids on solid surfaces has gained great interest in recent years. This is

because wetting plays an essential role for many technical processes such as painting,
lubrication and for the application of plant herbicides. (cf. Refs. [I] and Refs. therein and [2]

for more information on technical aspects). Also, wetting phenomena imply a very rich and

fascinating physics [I].

Most theoretical and experimental studies have dealt with pure, non-volatile fluids of low

polarity ([1, 2]) and the molecular exchange with the vapour phase has been widely ignored. In

biologically relevant processes one has to deal with wetting by aqueous solutions and wetting

processes are often controlled by the molecular exchange between the wetting film and the

atmosphere. Examples of the latter are the formation of fluid films around the filaments of

spider webs [3] and the lubricating films covering the eye's surface. Wetting of surfaces with

aqueous films in equilibrium with the vapour phase has been studied previously in capillaries

based on contact angles at the transition between the wetting film and the bulk fluid [4, 5] and

by direct ellipsometric measurements of film thicknesses as a function of vapour pressure [6].

The present work deals with the deposition of ultra thin films of aqueous salt, glucose and

polymer solutions, uncovered (« free ») or covered by insoluble lipid monolayers. It was

motivated by efforts to prepare supported lipid protein layers on solid supports by self

assembly in order to design receptive layers for biosensors. Lipid layers deposited directly on

solid surfaces exhibit in general high densities of defects with low electrical resistances,

which, in addition, act as strong non-specific binding sites (e.g. for proteins) and reduce the

sensitivity of the sensors [7]. One possible way to circumvent this problem is to separate the

soft lipid layer from the hard solid surface by a thin lubricating film of a polymer solution or a

gel. It is also hoped that the separation of the membrane from the solid by a polymer cushion of

high osmotic pressure allows stabilization of supported membranes in a fluid and native state

under normal humidity conditions.

In order to study the stability of supported fluid monolayer films under normal environmental

conditions (relative humidities of 50 to 95 9b), a special film balance equipped with an

integrated ellipsometer was constructed [8], which allows the deposition of lipid monolayers

onto preformed aqueous solution films under controlled external humidity. Previously we

investigated the spreading of films of pure water on Silsio~ wafers and the wetting of these

films by lipid monolayers [9, 10]. In the present work we studied the spreading of aqueous
solutions of salt, small sugar molecules and polymers (or combinations of these solutes) on

SilSi02 wafers and the subsequent wetting of these pre-stabilized fluid films by lipid
monolayers. The kinetics of wetting and dewetting were observed by imaging ellipsometry.

High precision measurements of the equilibrium thickness were carried out by null

ellipsometry.

2. Materials and methods.

2. I MATERIALS. All chemicals used were commercial products and were used as purchased

without further purification.
Arachidic acid and dimyristoyl phosphatidylcholine (DMPC) were

obtained from Sigma

Chemie GmbH (Deisenhofen, Germany). The arachidic acid has a pK~-value of pK~
=

5.6

[III. The positively charged synthetic lipid dioctadecyl dimethyl ammonium bromide

(DODAB) (Kodak, Rochester NY) was used in several cases, especially together with

polylysine solutions. Polyethylene glycol (PEG) of a molecular weight of 20000 (abbreviated

as PEG(20)) and of 900000 (PEG(900)) were purchased from Aldrich Chemie (Steinheim,
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Germany). Polylysine (poly-L-lysine hydrobromide, molecular weight 150000 to 300000)

was received from Sigma Chemie GmbH.

Silicon wafers with a diameter of 4 and 6 inches were gifts of the Wacker Chemitronic

GmbH (Burghausen, Germany). These wafers were thermally oxidized by Wacker to an oxide

thickness of1 470 ±
501. The surface was polished and the surface roughness of the oxide

layer was smaller than ± 3 1over
a length scale of I ~Lm [12, 13] and smaller than ± 20 1over

the whole wafer, as measured by ellipsometry. The silicon oxide layer thickness of about
15001 corresponds to AM of red light (A

=

632.8 nm for a He/Ne-laser). Therefore, a

thickness resolution of ±
II

can be reached for thin deposited films measured by null

ellipsometry with a He/Ne-Iaser. The optical data of the wafers are listed in table I. For our

measurements we cut the wafers in pieces of 20 to 60 mm~. They were cleaned in a 2 9b

Hellmanex solution (Hellma GmbH, MUlheim, Germany) in a sonificator and were subsequen-
tly rinsed with water.

Table I. Optical properties of the Silsio~ wafers. The values in brackets are measured on

the same sample at di§§&erent positions.

j~~~~
refractivity index, refractivity index, layer thickness

real

Si 3.85 ± O.OOI -O.Ol 7 ± O.DOS
oo

1.459 ± O.001 1470 ~ 50

Water was purified by an ion exchange device and subsequent Millipore filtering (Millipore-

Q-System, Molsheim, France). The pH of the water is determined by the equilibrium with

CO~ in the atmosphere and the H~CO~/HCOj acid base pair and had a value of

pH
=

5.73 ± 0.04.

2.2 MEASURING METHODS. The experiments were performed with a complex measuring

system, consisting of a film balance equipped with an attachment for humidity control and with

an integrated ellipsometer. The apparatus was built by Frey and will be described in detail in a

separate paper [8].

2.2.I Film balance. The film balance consists of two parts :

(I) a large trough with a surface of 100 x 390 mm~, which serves as a monolayer reservoir

and is used for the lateral pressure control with a moving barrier

(it) a small, round dipping basin with a diameter of 44 mm and a depth of 60 mm. This basin

is connected with the large pressure control trough by a narrow channel of 20 mm length and

10 mm width.

The lateral pressure of lipid monolayers at the air-water interface is measured by a Wilhelmy

system, as described previously [14]. The film balance control and data recording is performed

by a one-platine computer (Type EMUF 232, [15]), controlled by an Apple-II Computer.

The dipping basin is equipped with a sample lift, allowing for vertical movement of the

silicon wafers with speeds varying from 0.35 mm/s to 3.5 mm/s (e.g. for Langmuir-Blodgett-
coatings). The dipping basin is covered by a closed chamber allowing control of the

environmental humidity between 60 and 100 9b relative humidity by a constant flow of air with

defined humidity. The air for the constant stream is purified by active carbon filtering. One part
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is saturated with water by streaming through a hot water bath and subsequent recooling to room

temperature. The partial water vapour pressure of the air is adjusted by mixing the water-

saturated air with a variable stream of the dry, carbon filtered air. The relative humidity
RH in per cent is

RH
=

~ loo 9b
,

(1)
Po

where p and po are
ihe actuil pariiil pressure of water in (he atmosphere and the saturation

partial pressure, respectively. The relative humidity is measured by a dew point hygrometer,

designed by Frey [10]. Following a proposal of Wiley et al. and Paine et al. [16, 17], the mirror

is held at a constant reduced reflectivity (I.e. at a certain constant coverage with condensed

water) for the measurement of the dew point [8, 10].

2.2.2 Ellipsometry. The absolute film thickness and the spatial variation of the surface

profile of the spread film is monitored by a polarizer-compensator-sample-analyzer (PCSA)

ellipsometer. For high precision measurements of the local thickness and the exact determi-

nation of all optical parameters of the sample, the ellipsometer is used as a compensating null

ellipsometer with a He/Ne-laser (A
=

632.8 nm and the intensity of the reflected light is

measured by a photo diode using a lock-in technique.
The local thickness variation is monitored by imaging ellipsometry. In this mode an image of

2 x 8.8 mm~
or of 4.7 x 20.6 mm~ of the wafer surface is focused onto a CCD-camera and

recorded on a video tape for further evaluation by image processing. To keep the analysis of

the thickness profiles as simple as possible, s-jolarization of the analyzer and the polarizer
without compensator is used. In order to avoid speckles, a halogen lamp with a red light filter

(Schott, A
=

628.6 nm, 5 nm FWHM) is used instead of the laser.

For thickness measurements the light beam has to pass the measuring chamber kept at high
humidity described above. For that purpose, the measuring chamber is closed by a tension-free

quartz glass cylinder (Porschke GmbH, Hochst/Odenwald, Germany) with an outer diameter

of 60 mm and a wall thickness of 5 mm, that allows optical measurements over a range of

6 mm in the vertical direction. In order to compensate the optical lens effect of the quartz glass
cylinder, a (tension-free) cylindrical lens is placed in front of the quartz glass cylinder. The

measuring region ranges from about 17 to 23 mm above the water surface of the film balance.

In order to measure under variable angles of incidence, the film balance is mounted onto a

goniometer table in such a way that the detector arm and the sample with the film balance can

be independently rotated.

In the null ellipsometry mode, the film thickness variations can be measured to an accuracy
of

< ± 5 1. In the imaging mode relative variations of the film thickness can be measured to an

accuracy of ±
1001.

2.2.3 Measuring procedure. In all experiments, we measured first the pure Silsio~
substrate, in order to determine all optical parameters of the substrate. The following
experiments can be divided into three types.

In the first type of experiment the samples were kept for an hour in the aqueous solution of

the dipping basin. This was important for experiments in which the film balance was filled with

polymer solutions, in order to allow for equilibration of the polymer adsorption on the silicon

oxide surface. Meanwhile, the relative humidity of the atmosphere in the measuring chamber

was adjusted to 95 fl. The wafer was then pulled partially out of the dipping basin, usually

with a speed of 3.5 mm/s with the lower end of the wafer remaining in the dipping basin. The

upper part of a free solution film on the wafer was now visible and the thinning of the fluid

film, with an initial thickness of 3 to 5 ~Lm, was observed by imaging ellipsometry, until the

equilibrium thickness was reached (cf. Fig. I as an example). After equilibration the thickness
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variation was measured both in the imaging mode and in the null ellipsometry mode as a

function of the relative humidity.
In a second type of experiment, the relative humidity was fixed at about 95 9b and the

aqueous film, deposited as described before, was equilibrated at the fixed partial pressure of

water in the atmosphere. Then an arachidic acid (or DMPC) monolayer, which was originally
kept on the film balance at a lateral pressure of 0 mN/m, was compressed to about 20 mN/m, in

order to spread the monolayer onto the pre-stabilized fluid film.

In a third type of experiment, the relative humidity was again fixed at 95 9b. We then

deposited a monolayer at a lateral pressure of 20 mN/m by pulling out the substrate from the

aqueous solution through the monolayer (Langmuir-Blodgett-(LB-) like technique). Both

pulling a substrate vertically out of a simple liquid (thus pulling out a liquid film on the

substrate) and the deposition of Langmuir-Blodgett monolayers has been previously discussed

theoretically by de Gennes [18]. The relaxation of the composite film of aqueous solution

covered by a monolayer was again observed by imaging ellipsometry. After establishing
equilibrium, the thickness variation was measured with both ellipsometric methods as a

function of the relative humidity.

3. Results.

In the first part we describe the wetting of the wafers with films of aqueous solutions of

(I) salt (Nacl and Nacl plus Na~CO~ buffer adjusted to pH 8.0 or 7.0 with I M HO) ;
(it) neutral molecules (glucose) ;

(iii) polymers (PEG and polylysine).

In the second part the wetting of these aqueous solution films by lipid monolayers (arachidic

acid, DMPC and DODAB) is reported. In the third part we report viscous fingering during the

fluid-fluid wetting process.

3. WETTING WITH AQUEOUS SOLUTIONS.

3.I.I Solutions of ions and glucose. Figure la shows the time evolution of the film

thickness profile of a salt solution film, after pulling the wafer out of the dipping basin.

Figure16 shows the variations of the equilibrium film thickness d(x) with the partial water

vapour pressure in the atmosphere (defined in Eq. (I)). As shown in figure la the initially some

~Lm thick films thin within about ten minutes to a stable film about 800 to loo I thick. The

final thickness depends on the concentration of the solute in the film balance subphase and the

relative humidity. The film thickness d(x) is constant to ±
1001

over a height of 10 mm, that

is, the gravity effect is negligible. Surprisingly, the film is slightly thicker near its top edge.
This behaviour has been found in most cases.

In order to get information on possible effects of charges on the stabilization of fluid films,

we performed experiments with glucose as the solute. The results for a 20 mM and a 40 mM

glucose solution in the film balance subphase are given in figure 2.

3.1.2 Polyethylene glycol (PEG ) solutions and the e§§&eat ofsu gar and Nacl-Na~CO~ bu§§&er.

Experiments were performed with PEG concentrations of 25 mg PEG/I and 250 mg PEG/1. In

this concentration range we measured a slight surface tension of 9.5 ± 0.5 mN/m at the air

water interface.

According to the experiments using salts and glucose, the wafer was again pulled only
partially out of the dipping basin, at a relative humidity of 95 9b. As shown in figure 3a, the

film thinning occuiTed immediately by a down-flow of the film. The residual films had I

thickness of 6 to 101at 60 9b relative humidity and could be reversibly swollen up to 14 ± 3 1

at a humidity of 95 ± 0.5 9b. Other interesting observations are
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Fig. I.

of

120 s
and

600 s (III) after the wafer was out of the film
alance a speed

of the film thickness near the top edge of the film in image (III) was typical for thick

stabilized films. b)
Reversible

of free Nacl solution films. The film alance was filled

with 40 mM, 25 mM and lo mM Nacl
olutions.

The solid urves show fitting results of the modified

disjoining pressure model, as described in the
discussion

section. The crosses denote data measured by

Pashley and Kitchener after a delicate leaning procedure
[6]. The top axis gives the disjoining pressures

according to the
relative

humidity.
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Fig. 2. Reversible swelling Of free glucose solution films. The film balance was filled with 40 mM

and 20 mM glucose solutions, respectively. The solid line shows the fitting result due to the modified

disjoining pressure model.

if the silicon oxide surface was rinsed with water after incubation in the PEG solution,

the equilibrium thickness was 4.5 ± 1.5 I at 60 9b humidity and could be swollen to 8 ± 2 I
at

95 9b humidity ;

the down flow of the polymer solution seemed to depend on the starting conditions. If the

wafer was drawn out of the dipping basin with a high velocity of 3.5 mm/s, the resulting
primary film had a thickness of 3 to 5 ~Lm and the down-flow velocity of the upper meniscus of

the film was 5 ± 0.8 mm/s. At 0.35 mm/s, the primary film had a thickness of I ~Lm and the

velocity of the upper moving edge was 0.9 ± 0.02 mm/s. The final equilibrium thicknesses of

the remaining relaxed films showed that the films in the high speed cases (see above) were (up

to lo Al thinner than in the low speed cases.
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Fig. 3. a) Interference pattern of a free PEG(900) solution film during thinning. The film does not

dewet completely~ but there remains an adsorbed, about lo h thick PEG film. The two pictures are taken

at a time interval of 40 s. b) Reversible swelling of a free PEG(900) solution film, containing in addition

30 mM Nacl and 10 mM Na2CO~, and comparison with the swelling of a film of the same solution

without the PEG. Both buffer solutions were adjusted with HCI to pH 8.0. The two curves are in good
agreement indicating the weak influence of the polymer.
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Much thicker PEG-solution films could be produced in the presence of Nacl-Na~CO~ buffer at

pH 8.0. As shown in figure 3b, an equilibrium thickness of 400 I
was achieved at 90 9b

humidity. The pure salt plus buffer solution exhibited the same thickness behaviour as the PEG

solution. We thus conclude that the film thickness is mainly determined by the salt plus buffer

solution.
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Fig. 4. a) Dewetting of a free polylysine solution film by a hole formation process. The film balance

was filled with a 10 mM Na~CO~ solution, buffered with HCI to pH 7.0, containing 20 mg polymer per

liter solution. The bright homogeneous film had a thickness of about 500 h, whereas the dark cross

stripe at the lower edges of the pictures had a thickness of about 3 000 h. The holes were essentially

circular and the apparent elongation is due to the observation angle of 70°. The two ellipsometric images

(I) and (III were taken at an interval of 180 s. The relative humidity was 95 fb. b) Interference pictures of

the dewetting of a DODAB-covered polylysine solution. The solution was the same as in figure 4a. The

DODAB layer was deposited by the LB-like technique at a lateral pressure of 25 mN/m. The humidity

was 95.5 §b to 95.8 fb. The time interval between the two images was 25 min.
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Another remarkable effect is the much slower decrease of the thickness of the two curves

with decreasing humidity in comparison to the pure salt or glucose solutions of figure 16 and

figure 2.

The presence of glucose led to thinning of the PEG-solution after reaching a thickness of

about 000 I. Dark
«

dry
» spots appeared with the diameter growing linearly in time. Finally

a homogeneous film of a thickness of 35 ±
151 remained.

3.1.3 Experiments with polylysine-solutions. The experiments with polylysine (20 or

60 mg polylysine/I water) showed a strongly pH-dependent adsorption constant in the range of

pH
=

5.0 to pH
=

7.0. At the pH of pure Millipore filtered water (pH
=

5.73 ), no polylysine
adsorption was observed. In contrast, in the case of pH 7.0 (10 mM Na~CO~ buffered with

HCI) rough adsorbed films remained, with the thickness varying laterally between 30 and

60 I. These films were formed by a hole formation dewetting process from a homogeneous
film of 500 to 3 000 I thickness, described in figure 4a. The diameter of the holes increased

with a constant velocity of u =

2.6 ± 0.5 ~Lm/s.

;

4

'
W.

b)

Fig. 4 (continueco.
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3.2 DEPOSITION OF LIPID MONOLAYERS ONTO STABILIzED AouEous soLuTIoNs. For the

deposition of monolayers of arachidic acid, DMPC or DODAB onto the (pre-stabilized) fluid

films, two different techniques were applied, as described above.

All attempts to deposit a non charged monolayer of DMPC onto an aqueous film failed.

When the substrate was pulled out of the dipping basin through a monolayer on the air water

interface in a LB-like technique, the solution film collapsed at once. The total final thickness of

the deposited film was 14 ± 2 I. This film could no longer be swollen even at 96 9b humidity.
Attempts to spread the monolayer onto the stabilized free solution films by compressing the

lipid monolayer on the film balance resulted in a collapse of the wetting solution film at the

transition from the water surface of the film balance to the substrate.

A completely different behaviour was observed in the experiments with arachidic acid.

When we applied the LB-type technique with the fatty acid, a monolayer covered solution film

of some ~Lm thickness first formed, which relaxed to a thinner equilibrium state at 95 9b

relative humidity. In this state, the hydration layer could be reversibly swollen by varying the

relative humidity. The most remarkable results and effects of these experiments are

For salt solutions, the equilibrium films had a thickness of only 7 ± 3 I
at a humidity of

60 9b and of II ± 4 I at 95 9b humidity.
The equilibrium layer thicknesses of the pure PEG solutions of a concentration of

25 mg/I were 6 ± 2 I at a humidity of 60 9l and 9 ± 2 I
at a humidity of 95 9b. For a

concentration of 250 mg PEG/I we measured a thickness of 20 ± 4 h at 60 9b humidity and of

25 ± 5 I
at 95 9b humidity. As an example, figure 5 shows the time evolution of the surface

profile of a PEG(900)-solution film (25 mg/I), covered by an arachidic acid monolayer,
deposited (by the LB-like technique) at a lateral pressure of 20 mN/m. The initial thickness

was I to 2 ~Lm. In the initial stage of equilibration a down-flow of material was observed. Then

the film started to collapse at random sites, at which the film thickness had decreased to below

about 500 h. The collapsed domains broadened with time. The process took place in 30 to

40 min at a relative humidity of 95 ± 0.5 9b.

Fig. 5. Images of the interference pattern of a collapsing PEG(900) solution film at a relative humidity

of 94.8 fb. The film was covered by an arachidic acid monolayer. The monolayer was deposited by

pulling out the wafer through the monolayer at a lateral pressure of 20 mN/m (LB-type technique). The

pictures were taken at an interval of 4 min.
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Fig. 5 (continued).
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After the LB-type deposition of arachidic acid monolayers onto aqueous glucose
solutions, the remaining equilibrium film thickness was one to two orders of magnitude larger

than in the case of salt- or PEG solutions. In particular, the glucose solution film thickness

could be reversibly changed over a remarkable range by variation of humidity, as can be seen

in figure 6.

°° °
40 mM glucose

~
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8
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~
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~° ~~ ~° ~~
»i

,
'~
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k a
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8 0 8 5 9 0 9 5

measured relative

Fig. 6. Reversible swelling of arachidic acid covered glucose solution films. The film balance was

again filled with 40 mM or 20 mM glucose solutions. The arachidic acid was deposited by the LB-like

technique (cf. Fig. 5) at a lateral pressure of 20 mN/m. The small insert shows the thickness-i<s. -humidity

curve for the 20 mM case.

A very interesting phenomena was observed after the LB -type deposition of the arachidic

acid onto aqueous 40 mM glucose solutions. At humidities above 94.8 ± 0.1 9b the stabilized

solution films exhibited lateral instabilities, decomposing into thin (about 000 I) and thick

(m 3 0001) regions. This transition between a smooth state (below 94.8 ± 0.19b relative

humidity) and a rough state was completely reversible. Figure 7 shows a time evolution of the

roughening by an increase of the relative humidity from 94 to 95 9b. In the case of the 20 mM

glucose solutions the films remained smooth at all humidities up to 96 9b.

We deposited a DODAB monolayer at a lateral pressure of 25 mN/m using the LB-type
technique on a polylysine solution (60 mg polylysine/I solution), The solution was buffered

with 10 mM Na~CO~ and HCI to pH 7. The collapse of the intermediate solution film was

complete, despite of the electrostatic repulsion between the monolayer and the polymer
solution. The dewetting of the intermediate polylysine solution occurred in this case by a

collapse from the edges of the substrate, as can be seen in figure 4b. The remaining film

thickness between the SiO~ surface and the DODAB monolayer was 0 to
51.

3.3 SPREADING OF LIPID MONOLAYERS BY VISCOUS FINGERING. In several Cases (25 and

40 mM Nacl and 40 mM glucose) it was possible to deposit an arachidic acid layer onto pre-

formed, equilibrated free solution films simply by compressing the arachidic acid monolayer

on the film balance from zero pressure to a higher lateral pressure (typically 20 mN/m). A very

intriguing finding was that the monolayers spread over the thin equilibrated solution films by
viscous fingering. In contrast, on pure water the spreading may proceed by a solitary wave [9].

A typical finger pattem and its time evolution is shown in figure 8. Several quantitative results

of these experiments are listed in table II. The viscous fingering had the following
characteristic features
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Fig. 7. a) Time sequence of images oi the interierence pattern of an arachidic acid co~ered 40 mM

glucose wlution film during lateral in~tability. By increasing the relative humidity from 94 to 95 % the

originally smooth film began to roughen at a humidity of 94.8 ± 0. %. Some ~tep~ of this roughening

process are shown. The process was completely reversible. The film balance wa~ iilled with a 40 mM

glucose wlution. The fatty acid wa~ deposited a; in it gure 5 (LB-type technique) at a lateral pres~ure of

20 mN/m, b) Schematic cross section through the rough thin film. The grayscale bar at the top of the

image denotes for the observed ellipwmetric pattern.

The lingers were preceded by a broad halo of a precursor film, in which the film

thickness increased by about 200 h (see Fig. 8 and the schematic Fig. I11. The vertical width

of the precursor film remained fairly constant during the spreading proces~.

The ratio of the velocity u, and the thickness of the finger~ was roughly constant (cf.

Tab. II).
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..

' -
'

~

~

Fig. 8. Interference pattern of a viscou~ fingering instability, dri~en by the Marangoni effect. The film

balance was filled with a 25 mM Nacl solution. An arachidic acid monolayer wa~ pushed onto [he pre-

~tabilized fluid solution film by compressing the fatty acid on the film balance from zero to a lateral

pre~~ure of 20 mN/m. The time delay between pictures (I) and (II) was 2.4 s, that between pictures (II)

and (III) wa~ 3.6 s. The finger~ are preceded by a precursor film and the distance between the upper edge
of the precursor film and the beginning of the fingers remains about constant. The experiment was

performed at a relative humidity of 95 %. The curved 'white lines in pictures (I) and (II) denote the leading
front of the precursor film (,i~ in Fig. II ).
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Table II. Summary of properties of viscous fingering.

Mean velocity Film thickness
~~~~ ~~~~~ °~

Subphase v d v/d
~~~ ~~~~~~ ~~P~

solution of the finger tip of the fingers [I/s] ~~~~ ~"°~~ ~~~

[mm/s] [~m]
~°~ ~~~~~~~~

fingers) [mm]

20 mM Nacl 0.83 ± 0.32
~

5
~

166 0.55 ± 0.15

40 mM Nacl 0,15 ± 0.03
~

l 150 0.73 ± 0,15

40 mM glucose 0.15 ± 0.06
~

l.5
~

100 0.44 ± 0.09

We observed a complete wetting of the substrate up to the hydrophobic stop with a

constant advancing velocity of the fingers (e.g. cases of 25 mM Nacl and 40 mM glucose).
We also found cases of a slowing down of the spreading velocity, such as the case of 40 mM

salt solutions, shown in figure 9. While the initially appearing fingers advanced with constant

velocity, later appearing fingers slowed down and eventually stopped.

~,,'
f ' 6

[ 5

iii
4

fl

g
$ experiment
p experiment 2

experiment 2

0 lo 20 30 40 50 60
time [s]

Fig. 9. Relative vertical positions of the finger tips of viscous fingers as a function of time for different

experiments on salt solutions. In all cases the film balance was filled with a 40 mM Nacl solution. The

first fingers (1, 2, 3) spread with constant velocity, whereas the later appearing fingers (4, 5, 6) slowed

down and finally stopped. The data are from two different experiments, as denoted in the figure.

4. Discussion.

The essential results of our experiments can be summarized as follows.

Films of aqueous solutions of salts, small hydrophilic molecules or polymers can be

stabilized on the SiO~ surfaces and reversibly swollen under controlled humidity conditions.

The thicknesses of aqueous solution films of small charged and uncharged molecules can

be reversibly varied typically between some lo I and 0001for humidities ranging from 60
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to 95 fb. Aqueous solutions of polymers (PEG or polylysine) exhibit thinning after deposition
of ~Lm thick films. The final thickness corresponds to a macromolecular monolayer in the case

of weak adsorbing macromolecules (such as PEG), while the films dewet completely under

non-adsorption conditions such as polylysine or hyaluronic acid (data not shown) in Millipore

water.

For comparable humidities the film thicknesses observed in our experiments are

systematically by a factor 4 to lo larger than the values observed by Churaev [4], Derjaguin et

al. [5] and Pashley et al. [6].
The film thicknesses increase with increasing solute concentration, independent of the

type of solute (Nacl or glucose) in contrast to the observations of Derjaguin et al. [5]. These

authors found a thickness decrease with increasing ionic strength. This was attributed to the

film stabilization by structural forces in the water layer.
Monolayers of negatively charged amphiphiles spread readily on the prestabilized 200 to

0001 thick fluid films and this fluid-fluid-wetting process occurs by viscous fingering. In

contrast, it is not possible to push neutral monolayers over the fluid films, and an increase of

the lateral pressure leads to a collapse of the film at the meniscus of the subphase-to-film
transition.

In the case of the salt solutions, the films start to dewet after completion or during the

deposition of the monolayer by viscous fingering process. This dewetting process begins
preferentially at the edges of the silicon wafer or at the hydrophobic stop, but may also occur

by the spontaneous formation of dry spots.
If arachidic acid monolayers are deposited on salt solutions, the intervening solution

films thin to a final thickness of about 3 to
101, depending on the relative humidity and the

salt concentration. In contrast, for glucose solutions the layer thicknesses vary from 50 to

1000 I, depending on humidity and glucose concentration.

At high glucose concentrations, reversible lateral phase separation sets in within the

monolayer covered films at about 94.8 §b humidity. The thickness of the aqueous film differs

by an order of 10001 between the two types of domains.

4. I MODELS OF SWELLING. Normally the forces between two interfaces with an aqueous
solution as intermediate medium can be described by the Derjaguin-Landau-Verwey-Overbeck
(DLVO) theory which, in its simplest form, considers only the electrostatic and van der Waals

forces between the two interfaces. In this form, the model is unable to explain the large
absolute values of the film thicknesses observed in our experiments and its dependence on the

vapour pressure of water in the atmosphere. A modified model is required to account for the

influence of the relative humidity on the chemical potential difference of water between the

vapour phase and the adsorbed solution film.

In the following we will show that our present results can be explained in the framework of

the wetting laws by considering in addition the thermal equilibrium of water between the

vapour phase and the fluid film. Two approaches are discussed firstly a thermodynamical
model, which extends the DLVO theory by taking into account the chemical potential
equilibrium between vapour phase and bulk phase in a phenomenological way (similar to

Landau and Lifshitz [19], §160). Below, this approach is called the modified disjoining

pressure model. In a second approach we apply the molecular model of multilayer adsorption
of Brunauer, Emmet and Teller (BET-model) [20]. The latter model was suggested by Pashley
for wetting phenomena [2 Il.

4. I. I Summary of basic- laws and modified disjoining pressure model. In order to form a

stable film on a substrate, the spreading parameter S (the free energy associated with a
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complete wetting of the surface) must fulfill the condition [I]

S
" "sV "sL "VL * 0 (~l

where «~~, «~~ and m~~ are the solid/vapour, the solid/liquid and the vapour/liquid interfacial

tensions, respectively. If condition (2) is fulfilled, the film thickness is determined by the

minimum of the free energy of the SiO~/fluidlair system which can be written as

G(d)
=

~

~

+ V~j,~~~(d) + AG~ (d) + U(d) (3)
12.

gr
d-

H is the Hamaker constant, characterizing the van der Waals interaction of the two interfaces.

1/~,,~~~(dj describes the electrostatic interaction energy of the system. AG~(d) is the

contribution of the chemical potential difference of water molecules between the vapour and

the thin solution film and U(d) accounts for all other effects like gravitation, capillary actions

and hydration force.

We now consider the various contributions to the disjoining pressure

R(d)
=

dG (d)/dd

I) For the present systems, the Hamaker constant H is of the order of 10~~° J [10]. The

attractive van der Waals pressure is thus of the order of Hid)
=

5 x
10' Pa for a film thickness

of d
=

101 and of H(d)
=

5 x
10~ Pa for d

=

100 I.

ii) The electrostatic contribution is estimated by application of the well-known equations of

electrostatic forces between symmetric interfaces (cf. references [22], chapter I? and [23],

chapter 12). In the present e~periments the Debye screening length A
~

varies from smaller than
301 (for a 10 mM sodium chloride solution j to

0001for
pure Millipore filtered water at

pH
=

5.73 or for the glucose-water solutions. Typical surface potentials of a glass surface or

an arachidic acid monolayer at a lateral pressure of 20mN/m are on the order of

fl'o
"

100 mV at a pH of about 6 (corresponding to a charge density of 0.2 Cm ~ [23]). For a

film thickness of d=101, the electrostatic contribution to the disjoining pressure

H~j,~~~(d) therefore varies between 10~ Pa and 10~ Pa for a variation of A~ from 301
to

10001. For d=100h the corresponding range of disjoining pressures is 10~ Pa to

10~ Pa.

iii) The hydrostatic pressure for a ? cm high water column is 200 Pa, and is therefore

negligible. This is consistent with our observation that the film thickness does not vary
appreciably between the water surface of the film balance and the hydrophobic stop.

iv) The chemical potential difference of water between vapour and bulk, AG~ (d), is given
by

AG~ ~

, N~(d)) =
L~ T

N~
ln ~

+ N, In
~' ~ ~'

(4)
Po Po X N,

In this equation N~ and N, are the total numbers of water and solute molecules,
X is the molar fraction of water, p is the actual partial pressure of water in the vapour phase and

po the saturation vapour pressure at a fixed temperature. For the derivation of equation (4)
Raoult's law of the vapour pressure lowering of an atmosphere in thermal equilibrium with a

solution is assumed.

In the case of polymer solutions Raoult's law does not hold and the vapour pressure is

determined by the second virial coefficient [24]

po~>p~.exp~ (l -2.xl.
l~)

(5)
2
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x is the Flory parameter and 4l is the volume fraction of the polymer. If water is a good solvent

for the polymer considered, the vapour pressure may be very strongly reduced.

For further evaluation we introduce the particle number per unit area and use the simple
relation

N, p, L D,
I molecular weight '

~~~

where A is the unit area, p, the mass density, D, the layer thickness of the molecules or ions

and L Avogadro's number.

In order to compare the effect of the electrostatic forces and the chemical potential on the

film thickness, we calculated the equilibrium thickness d as a function of the relative humidity
(or of the chemical potential of water in the vapour p (~~) by considering only the contribution

of the chemical potential difference AG~ (d) and of both AG~ id) and the electrostatic potential

V~j,~~~(d) together. V~,,~~~(d) was calculated for solutions of low ionic strength (Millipore
filtered water) and for symmetric surfaces with a charge density of 0.2C/m~ and

0.4 C/m~, respectively. Figure 10 shows thickness-i>s.-humidity curves for two concentrations

of glucose (N,/A
=

0.23 molecules/h~, and N,/A
=

0,14 molecules/l~). Clearly the thicknes-

ses at humidities above 90 9b are dominated by the chemical potential difference contribution

while the electrostatic forces exert a small, although appreciable, effect (especially at high
humidities). It should be noted that the strong effect of AG~ (d) is due to the change in the bulk

concentration of the solute during the thickness variation.

only chemical potential
chemical potential, surface charge

" density 0.2 C/m~
chemical potential, surface charge

~

d~ns'tY °.~ C/m~ )
~ ;'
l~ ,.(
I ~:)) __~,,;,;.CS.°~~

,,,,,,,,,;;:.,.;5=.<.=.=.=.~~"~~'"~ 2

o

9 0 9 2 9 4 9 6 9 8

relative humidity [%]

Fig. lo- Influence of the electro~tatic interaction on thickness
I,v. humidity curve~ for solutions of low

ionic ~trength jmillipore iiltered water, glucose solutionsj calculated by the modified disjoining pressure
model. The curves are computed with equation (4j. The solid curve~ correspond to the free energy

AG~(dj alone. The da~hed curves take into account the electrostatic disjoining pressure for two

symmetrically charged ~urface~ with charge densities of 0? C/m~ and 0.4 C/m~, respectively. Curves (I)

correspond to a glucose concentration of Nj/A 0.~3 molecules/l~,
curves (2) to a concentration of

Nj/A =0.14molecule~/J~~. These concentrations correspond to the values obtained by fitting the

experimental thicknes;-is.-humidity curves with the modified disjoining pres~ure model and only
con~idering AG~jd) (cf. Sect. 4.1.3).

4, I? BET-tfieoijv of film sw'elliii,q. As first pointed out by Pashley [21], the swelling of

wetting films at high humidities can be explained by the BET-model [20]. The basic
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assumption of the BET-model is that thick films are formed by subsequent deposition of

monolayers onto the substrate, where each monolayer exhibits a different adsorption energy

Q,. In the simplest approximation one assumes that the first monolayer exhibits an adsorption

energy Qi, whereas all additional layers I
~

l exhibit the same energy Qp
~

Q Evaluation of

the system of equations yields for the average number of adsorbed monolayers ([25],

chapter 16)

n =

~ ~~~'
(7a)

(1 Xads (I + (K I ) Xads

with

K
=

exp ~) /"
(7b)

B

In the case of thermal equilibrium X~~~ is given by Raoult's law X~~~ =

~ ([25],
po. X

chapter16). During film swelling one again has to take into account that the concentration

X of the solute changes with the film thickness, since the solute concentration per unit area (of

the substrate surface) is constant.

4.1.3 Fitting results. We fitted our experimental thickness-vs.-humidity isotherms with

both models. In the case of the BET-model we used the approximation K » I. Since no data on

the adsorption energies Q
~

or the parameters determining the disjoining pressure (derived from

Eq. (3)) are known, we introduced two fitting parameters. One fitting parameter is a constant

shift Ap
= p~~~ p~~~ in the vapour pressure, where p~~~ is the vapour pressure, measured by

the hygrometer, and p~~~ is the actual vapour pressure at the solution film surface.

Ap accounts therefore for a possible deviation of the vapour pressure at the surface of the film

from the measured value. The second fitting parameter is the constant surface density
N~/A of the solute per unit area.

With these two parameters the measured thickness-vs.-humidity curves for thick stabilized

films (of salt or glucose solutions) can be very well fitted by both models, as shown in

figures 16 and 2.

For the modified disjoining pressure model we fitted our measurements with the disjoining

pressure H(d) calculated with equation (3). We considered only the contribution of the

chemical potential (AG~(d)) to the disjoining pressure.

We obtained a relative shift in the vapour pressure of Ap/p~ of 2 to 3.5 fb for both the free salt

and glucose solution films. For the arachidic acid covered glucose solution films, we found a

value of Ap/po
=

0.5 fb for 20 mM and of Ap/po
=

4.4 fb for 40 mM.

For the solute concentrations per unit area we obtained N,/A values of 0.07, 0.21 and
0.23molecules/l~ for the monolayer free 10mM, 25mM and 40mM salt solutions,

respectively. For the 20 mM and the 40 mM glucose solutions we found area concentrations

N~/A of 0,12 and 0.36 molecules/l~, respectively.

In the cases of the lipid covered 20mM and 40mM glucose solutions we obtained

N~/A concentrations of 0,14 and 0.23 molecules/l~.

Our data for the arachidic acid covered PEG/glucose solutions were fitted with the same

routines used for the glucose solutions, but did not account for the macromolecular influence

of the PEG polymers. Here we obtained concentrations of N ~/A =

0.14 and N ~/A
=

0.25 solute

moleculesli~ for 20 mM and 40 mM glucose, respectively.

We see that the molecule area densities N~/A obtained by the fits are in good proportionality

to the original osmolarities of the solutions with the exception of the 25 mM salt solution. The

simple fitting of the PEG/glucose solutions by ignoring the influence of the polymer agrees
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with the experiment, since the polymer alone does not lead to such thick films and the swelling
could therefore be attributed to the glucose alone. The fitting results obtained are also in good
agreement with the fitting data of pure glucose and salt solutions.

For the BET model we assumed a monolayer thickness of 2.5 to
3.51 for a single water

layer. The BET model yielded the same vapour pressure shift Ap as the disjoining pressure
model with a maximum deviation of only ± 10 fb. The molecule densities were about 20 fb

smaller than the values obtained by the modified disjoining pressure model.

In figure 16 we compare our thickness-vs.-humidity curves with that of Pashley and

Kitchener [6]. While the shapes of the curves are essentially identical those of our work are

shifted to much lower humidities, even with respect to the calculated shift in relative vapour

pressure for our data. The isotherms of Churaev and Derjaguin et al. [4, 5] lead to even lower

equilibrium thicknesses than that of Pashley and Kitchener at the corresponding relative

humidity. The discrepance between our results and those of Pashley et al. and Derjaguin et al.

and Churaev is due to a difference in the forces, responsible for the film stabilization. While

our films are stabilized by the force due to the equilibrium in chemical potential between

vapour and film with respect to Raoult's law, the thinner films of Pashley et al., Churaev and

Derjaguin et al. are stabilized by structural forces in the thin films. We should remark here,

that Pashley and Kitchener used a special cleaning procedure for their surfaces and worked

extremely clean, preventing any pollution of the surface after the cleaning process. Any

exposure of the samples to norrial air leads to an adsorption of hydrocarbons and reduces thus

the hydrophility of the surfaces. This leads to lower structural forces and to a lower disjoining

pressure, tending to the values published by Derjaguin et al. and Churaev. Since our samples

were exposed to normal room air during the first parts of the measurements, we should

measure a thickness dependence of the disjoining pressure tending to the values measured by
Churaev [4], if our systems were determined by structural forces.

4.2 MONOLAYER INDUCED FILM THINNING AND DEWETTING.

4.2, I Monolayer induced film tfiinning. The transfer of lipid monolayers on pre-stabilized
fluid films was the primary aim of this work. Since it is governed by several processes, it is a

complex matter

The spreading of the monolayer on preformed fluid films (by viscous fingering) is

determined by the sign of the associated spreading coefficient

~FM "LV "LM "MV (8)

where the indices L, M, V stand for the free surface of the solution, the lipid monolayer and the

vapour. Viscous fingering is expected for S~~
~

0.

The final stability of the monolayer-covered film is, however, controlled by two factors.

Firstly, by the spreading coefficient of the total film, which may be expressed for high
humidities (where m~~ can be ignored) as

~~
~ "SV "SL "MV. (9)

Since the surface tension of the monolayer covered surface, «~~, is always smaller than that of

the free surface, «~~, monolayer covered films should be more stable. Secondly, the total

disjoining pressure must be repulsive. For that reason only negatively charged lipid
monolayers can be deposited onto fluid films.

In our experiments we observed two different cases when arachidic acid monolayers were

spread on fluid films by the LB-like technique, the salt solution films collapsed to a thickness

of 10 h,
as described above. In contrast, the monolayer-covered films of glucose solutions
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remained stable at thicknesses of 200 I and more (cf. Fig. 6). Another remarkable finding is

the different behaviour of the two glucose concentrations, and in particular the lateral phase
separation of the 40 mM solution film at humidities

m
95 fb. The latter requires a double

minimum of the interfacial interaction potential as described by Landau and Lifshitz

(Ref. [19], 160).
As shown in figure 10, the strongest influence of the electrostatic contribution is expected

for high humidities (or large thicknesses) and for low ionic strengths of the solution film. This

could explain the very large thickness of the monolayer-covered 40 mM glucose solution at

high humidities. It contradicts, however, our observations that the arachidic acid covered salt

solutions collapse, since the films should behave as the solid curves of figure 10. One possible
explanation is that the collapse is caused by bivalent cationic impurities (e.g. Ca+ + ), present at

a ppm concentration. These ions could form salt bridges between the SiO~ surface and the lipid
monolayer. This is in particular expected at sites of close contact, for instance at the edges of

the substrate or at local protrusions of the solid surface.

Of several polymers studied, only PEG formed smooth hydrated layers before and after

monolayer deposition in thermal equilibrium. Only a film thickness corresponding to about a

monolayer of PEG could be stabilized. This suggests that water is not really a good solvent for

this polymer (at the high polymerization degrees used). The larger film thickness observed in

the presence of salts (Fig. 3b) is determined by the change of the chemical potential of water in

the solution by the ions.

4.2.2 Dew,etting. Dewetting occurs in two ways

I) by collapse of the film from the edge of the substrate and

it) by the formation of local depressions (holes).

Of course, a combination of both processes is possible. Figure 4 shows both dewetting
pathways for films of polylysine solutions. Dewetting by hole formation is preferentially
observed for the free solution film while the collapse from the edges dominates dewetting of

the monolayer-covered film.

In the latter case the monolayer consists of the positively charged surfactant DODAB.

Obviously the dewetting is driven by the interfacial attraction between the negatively charged
SiO~ surface and DODAB. This attraction could be stronger than that between the silicon oxide

and the polylysine, owing to the greater charge per unit area of the DODAB film. This could

also explain why the collapse starts at the edges of the wafer and at the hydrophobic stop. At

these sites the distance between substrate and lipid film is locally small and the strong
electrostatic interaction plays the dominant role.

In the case of free polylysine films the dewetting is attributed to a negative spreading

parameter. As suggested by Brochard-Wyart et al. [26] and Leger and Joanny [2], dewetting

occurs in this case by hole formation. The hole formation can be caused by surface

undulations, as postulated by Safran and Klein [27], or by local surface roughness and

adsorbed impurities. Judged from the present experiments, the holes appear spontaneously at a

threshold value of the film thickness (e.g. about 2 000 ± 000 h in the case of Fig. 4a). Such

behaviour is consistent with the model of Safran and Klein. It predicts that (in the case of fluid

films) undulations grow spontaneously for wave vectors q below a threshold value

~c

q2 w
q]

=

~ lo)
2 aTti~ a~v

Thus, the dewetting probability increases drastically with decreasing thickness. The final

stages of the hole growth are then described by the model of Brochard-Wyart et al. [26].
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4.3 DYNAMICS OF SPREADING. In all cases studied, the spreading of insoluble lipid
monolayers on the fluid solution films occurred i'ia viscous fingering. In contrast, on pure

water the spreading may proceed by a solitary wave [9]. As in the case of the solitary waves,

the driving force for viscous fingering is the tangential gradient of surface tension

d«,/d-r at the liquid-vapour interface, that is the Marangoni effect. The gradient in surface

tension is proportional to the gradient of the surface concentration dr/d; of the insoluble

surfactant, which determines the shear stress at the surface. The fingering instability can be

described in terms of the lubrication approximation of the Navier-Stokes equation [2, 28]. The

stationary surface velocity ii, of the front of the spreading layer is thus given by [28]

11,=).vp+~.£
(ii)

where ~ is the viscosity of the fluid and the total pressure p is composed of the hydrostatic

(p. g) and the Laplace pressure («,. V~d(-;)).

To a first approximation the finger profile goes monotonically over into the precursor film.

Figure shows a schematic cross section through the wetting film along the direction of

advancement. Our experiments can be understood by making the simple assumptions that :

I) the ~urface tension in the fingers is constant over their full length and about equal to that

on the film balance ;

it) the lateral tension gradient is essentially determined by a linear decrease of the surfactant

concentration along the precur~or film and «, varies roughly linearly from the value of the

;uriace ten;ion oi the monolayer «~~ j-i, in Fig. to the value «~~ of the free solution at the

tip of the precur~or film (.;~ in Fig. I) according to :

d«,/dl
=

("LV "MV )/("2 l1) ~~~~

~MV

direction of propagation
>

wetting finger

precursor film
~~~~jj;zed

fluid film
#

j
LVfl

~

X

~1 ~2

Fig. I. Schematic cro,, section through the ,olution it Ini Liuring vi,c<Ju, liigeriig. It i, a,,uiiied [hat

in
the precur,or iiliii the ,uriace tell,ion iticreJ,e, linearly lroni the value iii the lipid ctl,,ered iiIni

(,r,j,,) at ii to [he value iii [he pure ,olutiotJ iiliii (,r~, at i~,
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iii) The Marangoni effect contributes the dominant driving force and the stationary velocity

is thus

If the leading front of the precursor film and the fingers advance with the same velocity, we

obtain u~(,r)
=

Cte during the whole process. This is the case, for the 25 mM salt solution.

The development of fingering instabilities can be easily explained as follows (cf. Eq. (13)).

A random local protrusion of the leading front of the precursor film (x~-line) in the

x direction results in a lower force and consequently in a lower advancing velocity of the

precursor film. Trailing sites of the.i~-line are pushed due to a higher surface tension gradient.

These two effects lead to a smoothing of the advancing precursor front (x~-line). In contrast,

random local protrusions of the advancing main film in the.r direction (.I, -line are enhanced

(since d«~/dx is larger than the average) while the velocity of trailing sites is lowered because

of the smaller gradient in surface tension according to equation (13). This results in the

observed fingering.
A slowing down of fingers can be explained in terms of a higher velocity of the precursor

front (x~ in Fig. I I ), than that of the fingers (xi in Fig. II ), resulting in a decrease of the driving

force with time. The diffusion of lipid molecules out of the fingers into the intermediate areas

between the fingers lowers the surface tension gradient for subsequent fingers and contributes

to their slowing down.

5. Concluding remarks.

Stable free or monolayer covered films of aqueous solutions on Silsio~ wafers can be

reversibly swollen by variation of the water vapour pressure. Thicknesses ranging from some

101
to 000 1

may be adjusted by varying the relative humidity between 60 and 95 fb. In the

case of pure macromolecular solutions only monolayers of the macromolecules could be

stabilized, both in the presence and absence of lipid monolayers.
The large range of thicknesses can be described by a disjoining pressure model, if one

accounts for the equilibrium of the chemical potential between the water in the film and in the

vapour. The astonishingly large range of film thicknesses can also be understood in terms of

the microscopic molecular BET-model of multilayer adsorption.
Besides a repulsive disjoining pressure, a second condition necessary for long-time stability

is that the spreading coefficient S is greater than zero. This explains the surprising result that

lipid monolayers can spread readily on prestabilized fluid films (by viscous fingering), but start

to dewet after or during the spreading (cases of salt solutions). The kinetics of the dewetting

process are complex. Dewetting can proceed by collapse of the film from the edges or from the

hydrophobic stop or by local hole formation. The latter appears to be due to hydrodynamic
instabilities.

The present type of experiment is well suited to study viscous fingering, driven by the

Marangoni effect, under controlled conditions.

Finally, the present work has provided important results for proceedings in the deposition of

lipid layers on solids and the separation of these lipid layers from the rigid and rough surface by
polymer cushions.
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