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CHAPTER 1 GENERAL INTRODUCTION

1.1 Wetting Films

When an air phase (1) approaches a solid phase (3) in a water phase (2), a wetting film with a thickness 4
may be formed (fig. 1).

Figure 1 Definition of wetting film.

In contrast to symmetric films (air/water/air or solid/water/solid systems), these films are asymmetric
(solid and air are different materials). They are typical representatives of systems determined by hetero
interaction (/).

Wetting films are related to the surface science fields of adhesion, spreading and colloidal stability. The
rupture of aqueous wetting films on solid surfaces is an important step in a variety of coagulation
processes. Whether or not film rupture takes place during the short contact time between a particle and a
bubble is of decisive consequence for flotation success and yield. Another example of the importance of
wetting films is paint systems. As of the motivation of the current study comes from the paint industry, we

will first discuss the connection between wetting films and paint.

1.2 Motivation: wetting films in paint systems.

A solvent-born paint usually contains pigments, binder, and additives in a solvent. Pigments provide
colour and hiding; binder “binds” the pigment together; solvent provides desired consistency and make it
possible to apply the pigment and the binder to the surface being paint; and additives are low-level
ingredients that provide specific paint properties such as resistance to fungi, de-foaming and good flow and
levelling. Central issues in the paint industry are controlling the stability of such dispersions and the film
formation.

The overall stability of paint dispersions relies on the stability of the thin films separating the dispersed

particles. In the absence of stabilizing forces flocculation can occur which effectively will increase particle



sizes, leading to a corresponding loss in optical performance. At the same time, complete stability is not
desirable either. In fact, a weakly flocculated system is preferred. The first reason is that this avoids the
formation of a hard sediment when the paint is stored for a long time. Secondly, a weak network structure
is resistant to gravitational forces but breaks down under the shear stress imposed when the paint is brushed
on to a surface (2).

Many interactions are concerned within the paint dispersions, i.e. pigment-pigment, pigment-binder,
pigment-solvent, pigment-additives, binder-binder, binder-solvent, binder-additives, solvent-additives.
Dispersion stabilization in coatings is achieved mainly by one or two basic mechanisms: steric stabilization
or charge stabilization (3). Steric stability is usually dominant in non-polar solvent-based systems and is
achieved through the adsorption of solvated binders onto the pigment particle surfaces. Charge and steric
stabilization is common method of achieving stable dispersions in water-based systems. It involves the
adsorption of an ionized species (for charge stabilization) onto the pigment surface, or pH-dependent
charging of oxidic pigments (adsorption of H', OH"). Pigment particles with similar electrical charges will
repel each other and thus resist coagulation. Steric stabilization in water-born paint is achieved via the
adsorption of polymers (additives) onto the pigment or the binder particles.

Nowadays, the paint industry is progressively trying to avoid the use of non-polar solvent for
environmental, health and safety considerations. Water-based paints are a good alternative. The majority of
water-borne paints are so-called synthetic latex paints, i.e. aqueous dispersions of water-insoluble
polymers. In other words, the binder in water-borne paints is a solid, plastic like synthetic polymeric
material that is dispersed as microscopic particles in water. This dispersion is milky-white liquid called
“latex” because it is reminiscent of natural latex from the rubber tree. This latex is then mixed with
pigments and other ingredients to produce “latex paint”. In order to stabilize these dispersions, surface-
active compounds are usually employed.

Film formation occurs when applying the paint on the surface. As the last vestiges of water evaporate,
capillary action draws the binder particle together, causing them to fuse and bind the pigment into the
continuous, flexible film that will be water resistant. This process is called coalescence. As the film is
formed, the nature of the system changes rather radically from a hydrophilic environment to a hydrophobic
one. At this point the use of surfactants can lead to a number of significant problems in the properties of
films obtained from water-borne binder dispersions.

Important problems that still need to be solved are (i) the sensitivity of the formed films towards water

and (ii) the attachment of binder particles to each other, to dispersed pigment and to the substrate.

1.3 Choice of the system and aim of the thesis

In the present study we considered studying film formation between particles possessing different
physical and chemical properties. As a model system for our study, we have chosen wetting films stabilized

by a non-ionic surfactant. It should be noted that wetting films formed from aqueous solutions of non-ionic



surfactants is a relatively “young” area, as compared to that of foam films. Therefore, many phenomena are
still remaining unknown.

In order not to be confused, it is important to note that we did not study the films formed from the water-
borne paint. These films contain all compounds of the paint, and have thicknesses of ~ 100 micrometers
(um). The subjects of the present work are water films (which might occur within the water-born paint)
separating the dispersed particles. The thickness of these films is three orders of magnitude smaller as
compared to paint films and ranges from a few to 100 nanometres (nm).

The main topic of the current work is the experimental study of the interactions within thin films
stabilized by non-ionic polymeric surfactant, Pluronic F127 at a silica surface. The variable parameters in
the experiment are the surfactant concentration, the pH, the nature and the concentration of additives.
Another issue is the comparison of the surface forces in wetting films and those of hydrophilic and

hydrophobic surfaces.

1.4 Non-ionic triblock copolymer surfactants

Water-soluble triblock copolymers of poly-(ethylene oxide) PEO and poly-(propylene oxide), with block
sequence PEO-PPO-PEO, are non-ionic macromolecular surface-active agents, commercially available
under the names Pluronics and Poloxamers. Variation of the molecular characteristics (PPO/PEO ratio,
molecular weight) of the copolymer during the synthesis allows the production of molecules with optimum
properties that meet specific requirements in different areas. These surfactants are an important class of
surfactants and find widespread industrial application in detergency, dispersion stabilization, foaming and
emulsification. They are also commonly used as stabilizers of thin films including wetting films.

An interesting property of these block copolymers is that they form micelles above a critical concentration.
The driving force of aggregation is hydrophobic binding between the PPO blocks. Micellization of non-
ionic block copolymers is very sensitive to the temperature and slightly to the presence of electrolytes (4-
10).

One more interesting feature is their adsorption at hydrophilic (//-/4) and hydrophobic surfaces (/5-18). It
is thought that at hydrophobic surfaces the hydrophobic PPO block drives the adsorption; while at
hydrophilic surfaces the driving force is attachment through the hydrophilic moiety (PEO). Details will be
discussed in the second and fourth chapter.

We have chosen one of the Pluronic surfactants as our model material because of their distinguishing
properties discussed above. In addition, some experimental and theoretical studies are available on their

micellization, adsorption solubilization and phase behaviour.

1.6 Disjoining pressure

An important concept in the study of interaction forces in thin liquid films is the so-called disjoining

pressure, 11 Derjaguin and Obukhov introduce this concept in 1936 (19). /1is a pressure, which develops



when the two surfaces are brought to each other from infinity to a distance 4 (20). In other words, the
disjoining pressure is the force between surfaces per unit area. The Gibbs energy of interaction per unit
area between the surfaces can be associated with the process of isothermally bringing two surfaces together
(20):

] @)
G(h)=- j T1(h)dh

Positive disjoining pressure resists film thinning, while a negative pressure promotes film thinning. A
variety of interaction forces contribute to /7(h), each with its own sign, magnitude and typical decay as

function of /. In the next section we discuss the components of the disjoining pressure.

1.7 Interaction forces in wetting films

Different kinds of forces are presented within the film and are depended on its thickness. Short-range forces
(e.g. hydrogen bonds) control ‘ultra-thin’ films, which have a thickness of a few nanometres. Long-range
forces (Van der Waals, electrostatic) govern ‘thin’ films having thicknesses of 2-100 nm. ‘Thick’ films
have thicknesses of micrometers and higher. They have a negligible disjoining pressure and behave as bulk

systems.

1.7.1 Long-range forces

Van der Waals interactions and electrostatic repulsion in ionic systems are the main long-range forces.
Both interactions are taken into the account by the DLVO theory.

Van der Waals forces are always attractive between two like materials, and they are sometimes repulsive
in wetting films. For a film of medium 2 between media 1 and 3 (fig.1), Van der Waals force of the
disjoining pressure /7 (%) is written:

11(h) = - Ayzf/67h° 3)

Here A3, is the Hamaker constant, and can be obtained from the / (/7) measurements, or deduced from
force measurements for symmetrical systems by using some combining relation (2/-23). Values of A are
collected in the books (20-23). They are sometimes negative for the wetting films.

Electrostatic repulsion appears when the surfaces carry a charge. For an electrolyte solution of mono-
valent ions with bulk concentration of C, the disjoining pressure between two surfaces with a constant
surface potential y, (typical values of ’ Yo | around 100 mV) can be written as:

I1(h) = 64 CkTtank*(eyo/4kT)exp (-2kz) 4)



Here, e is the elementary charge and k™' the Debye screening length defined as:

2= 2 C.e¥/eoe kT ()

and, gog, is the solvent permittivity. In 10° M electrolyte the Debye length is of the order of 10 nm. For
thicknesses smaller than the Debye length, the surface potential y, does no longer remain constant upon

thinning and the expression (4) for /7 (h) underestimates the interactions (2/-23).

1.7.2 Short-range forces

Short-range forces operate on molecular distances. They are induced by molecular ordering near the
interacting surfaces and include hard core, hydrophobic interactions and hydrogen-bonding (22, 23). As far
as this type of forces is determined by the solvent structure they might have an oscillatory behaviour, being
alternately repulsive and attractive (23). Such solvation or structural forces arise whenever the liquid
molecules adjacent to a hard wall are induced to order into quasi-discrete layers between two surfaces.
When the medium is water, these forces are called hydration forces. In practice such forces can sometimes

be described as an exponentially decaying function.

1.7.3 Surface forces coming from adsorbed layers of polymeric surfactants

When liquid films are formed from solutions containing adsorbing polymeric surfactant, so-called steric
forces might come into play. They are of short range for small molecules and long range for
macromolecules. These forces can be attractive or repulsive, which depends on many parameters, such as
type of polymer, surface coverage, solvent quality, the type of interacting surfaces. Details are given
elsewhere (23-25).

When two polymer-covered surfaces approach each other they experience a force once the outer
segments begin to overlap, i.e. when the separation is smaller than a few times the radius of gyration, R,.
This interaction usually leads to a repulsive force due to unfavourable entropy associated with confining the
chains between the surfaces. This repulsion is usually referred to as the steric or overlap repulsion.

Furthermore, bridging between two surfaces can occur whereby different segments from the same
polymer coil can be simultaneously bound to both surfaces. Bridging takes place when the polymer is
attracted to both surfaces, the coverage of which is not too high and not too low. Under suitable conditions
attractive bridging forces can be strong and of long range, far exceeding Van der Waals attraction between
two surfaces. Details are given (23, 26).

In the present case we consider the forces between a solid-liquid and a liquid-gas interface, both bearing

adsorbed polymers. It is important to note that for stabilization of the films, polymer must be strongly



anchored to the surface. In addition, the final force will be also depending on extension of tails and on the

quality of the solvent.

1.8 Film thickness measurements: thin film balance technique

One of the ways of obtaining information about the films is to apply an external pressure and to measure
the corresponding thickness via interferometric (2 > 10 nm) or ellipsometric techniques (0.01 nm < 4 < 100
nm). The force in the film can be balanced by an applied pressure, hence the name “Thin Film Balance”
(TFB).

As in our work the TFB technique was used, we briefly touch on the history of this technique. Details of
the method will be discussed in chapters 2, 3, 4. Detailed reviews are given elsewhere (27-37). The idea of
balancing the forces in thin films was first realized by Derjaguin and Obuchov (/9) when they trapped air-
bubbles underneath a glass slide which has been horizontally submerged in an aqueous solution. Buoyancy
forces from the bubble created a pressure drop across the film between the bubble and the solid interface,
which then drained. Eventually, drainage stopped when the disjoining pressure balanced the forces due to
buoyancy, thus leaving a thin film, which prevented the air from contacting the solid. Following these
pioneers, various apparatuses were constructed to directly manipulate the pressure imposed on a thin-liquid
film. One of them was the so-called “Sheludko cell”(32) (fig. 2), later modified by Platikanov (33) and

Manev (34) to investigate emulsion and wetting films (fig. 3).

4—2RC—>
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Figure 2 Scheludko cell: the film is formed by sucking out, by use of a piston, the liquid from a biconcave meniscus
formed in a glass capillary. Here 2R, — capillary diameter, 2R — film diameter, h — film thickness .p° - equilibrium

pressure in the drops; p'-equilibrium pressure in the bulk liquid.
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Figure 3 Formation of a wetting film by blowing out a bubble from a capillary against a flat solid surface. Here R, —
capillary diameter, 2R — film diameter, h — film thickness .p° - equilibrium pressure in the drops; p'-equilibrium

pressure in the bulk liquid.

One of the limitations of the Scheludko cell and its variant is that it eliminates the low-pressure
restriction. Mysels and Jones overcame this restriction by introducing a porous porcelain disc with a
circular hole, instead of a capillary tube (27) (fig. 4). Shortly after that, Exerowa and Scheludko improved

upon Mysels’ original porous-plate design by welding a porous glass filter to the end of a tube.
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Figure 4 Scheludko cell with a porous ring. Here R, - effective radius, 2R — film diameter, h — film thickness, .p° -

equilibrium pressure in the drops; pl-equilibrium pressure in the bulk liquid.

Later Shishin et al and Derjaguin et al (28, 29) described the application of this device to wetting films.
More recently Zorin et al (35) have qualitatively applied the technique to measure the disjoining pressure
isotherm between quartz and air in cationic surfactant solutions. Figure 5 illustrates the set-up used in the
present study: a thin film (2) is formed on a silica surface (1), in a hole drilled in a porous glass disc (3),
which is fused to the end of a glass tube (5). The latter is connected to a glass vessel (7), via a flexible tube
(6). The film holder is placed inside a covered Plexiglas cell (4).

11
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Figure 5 Set-up for formation of wetting film (2) at silica (1) used in the present study.
Here 3 - a porous disc, 5 - a glass tube, 4 - a Plexiglas cell, 6 — a flexible tube, 7 - glass reservoir with the solution
studied, R, — effective radius of the hole (0.25 em), R — film radius (0.075 cm), h — film thickness, p° - equilibrium

pressure in the drops; p' = py - equilibrium pressure in the bulk liquid.

At equilibrium /7 within the wetting film is opposite in sign and equal in magnitude to the hydrostatic
pressure difference Apy. The hydrostatic pressure difference is given by Apy = pgH, where p is the liquid
density, g is the gravitational acceleration and H the height difference between the silica surface (1) and the

reservoir (7). H has negative values as the level in the vessel is below the silica surface.

1.9 Film drainage

Initially the formed film is thick. However, it becomes thinner under applied pressure (37). The
processes of film thinning and film rupture comprise the most important non-equilibrium properties of thin
films (37). As the drainage of foam film is extensively studied as compared to that of wetting films, we will

first discuss the drainage behaviour of foam films.
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1.9.1 Drainage of foam films

Draining foam films are generally of non-uniform thickness. Mostly, the central part of such films is
thicker than its periphery. A thickening in the centre of the films, known as a dimple (thicker lens-like
patch) which is surrounded by a thinner, almost plane-parallel, barrier ring (fig. 6) (31, 36).

% %
.
barrier ring

| ==\

= = =

\

: dimple————————-——

— ———— = =

AN

NN

Figure 6 Dimple formation in foam films.

Dimples are transient structures. In later stages of drainage dimples relax.

For foam films it is known that /7 influences the film drainage (37, 33, 36, 37). The extent and the onset
of this influence depend on the controlling component of /7. At low electrolyte concentration the repulsive
electrostatic component of the disjoining pressure is dominant. It inhibits the formation of a thin barrier
ring and of the dimple itself. The film drains rapidly to its equilibrium thickness, and the drainage is faster
than in the absence of the disjoining pressure, because the barrier ring is not formed (36). For high
electrolyte concentration, the disjoining pressure is dominated by the Van der Waals attraction. Early in the
drainage process, the barrier ring thins very quickly due to these attractions. When the short-range repulsive
forces become dominant, a very thin annular (ring shape) film forms that forces the dimple into a lens. The
drainage of the lens is then very slow because of the high resistance to flow in the thin annular film. Details

have been discussed in (36).

1.9.2 Drainage of wetting films

13



Several distinct stages can be distinguished in the thinning process in wetting films. Since the drainage
near the film border is initially faster than that in the films centre, the thickness at the barrier rim reaches
quickly a value close to the equilibrium one. Thus, a dimple in wetting films might also be generated.
Tsekov at al developed a simulation procedure for the dimple relaxation in aqueous wetting films on a glass
surface (38), and compared the theory with experimental results. They generated films from 1 mM KCI
solution in water, and the thickness in the centre of the film versus time was measured by a light
interference method. During 1 minute the thickness was decreased from ~ 170 nm until 40 nm. Their
results support the assumption that OH™ ions adsorb on the water-air surfaces. They have proposed that a
coupling between the disjoining pressure and adsorption of OH™ ions (which leads to an increase of the
thinning rate at the end stages of drainage) is playing an important role. However, relaxation on a longer
time scale (> 2 minutes) was not considered.

Since experimental work on the drainage of aqueous films at solid surfaces is scarce, we have studied the
drainage of aqueous films stabilized by triblock copolymers (chapters 3, 4). The drainage of wetting films
was driven by a hydrostatic suction, which is counterbalanced by a disjoining pressure. Dimple formation

might occur when there is no sufficient long ranged repulsion between the interfaces.

1.10 Foam films stabilized by non-ionic surfactants: surprising

salt effect.

Foam films formed from aqueous solutions of non-ionic surfactant have been studied in detail (/8, 37, 39-
46). The stability of these films is attributed either to electrostatic or to steric interactions. Electrostatic
interactions are described within the DLVO theory (van der Waals force is also present). For that reason
increasing of the ionic strength can screen the repulsion. It is thought that the air-water interface carries the
charge and the origin of the charge is explained by the adsorption of OHions (31, 43).

In the absence of electrostatics non-DLVO forces are responsible for the stability of the films. When the
films are thin, brush-to-brush repulsion governs the stability of the film. However, at low pressure a ‘soft’
steric repulsion is proposed to stabilize the film. The explanation given by Exerowa and co-workers (/8,
31, 43) is that the film thickness is governed by the longest, and not by the average polymer tail.

An interesting effect of the salt concentration on the thickness of foam films stabilized by non-ionic
surfactants was found by Van den Boomgaard and Lyklema (47). They observed a maximum in the film
thickness when increasing the concentration of salt. This phenomenon was attributed to the influence of
electrolytes on the conformation of the hydrophobic moiety, besides the hydrophilic one. Later, Miiller and
Rheinlénder gave another view on this phenomenon (42). They suggested that at a certain concentration of
salt specific interactions might occur between the ethylene oxide groups and the salt cations. This would
lead to a change in the configuration of the hydrophilic chains, a redistribution of ions, and as a result a
more extended double layer repulsion.

The two mechanisms of this phenomenon are still under discussion.

14



In our work we were interested in finding out whether a similar effect also occurs in wetting films.

1.11 Wetting films stabilized by non-ionic surfactants

Foam films of non-ionic surfactants are studied in detail, but the corresponding wetting films are less
studied. Recently, a number of studies on wetting films formed from aqueous solutions of triblock
copolymers have been reported by a number of groups (46, 48-53). As for foam films, the interactions
within these films were explained by either electrostatic or steric repulsion. Namely, at low ionic strength
the stability of films is governed by electrostatic repulsion. At constant /7a decrease of the film thickness is
measured when increasing the pH or the ionic strength, like for foam films. This decrease is classically
explained by a modification of the DLVO model (46).

An interesting feature is that at higher ionic strengths some additional repulsive forces are also detected
in wetting films. Analogous to foam films, it is proposed that these forces are steric in origin, and changes

of the pH do not influence dramatically the film thicknesses (46, 49-53).

1.12 Qutline of the thesis

We will describe our results in six chapters, of which the present introduction is the first. In the second
chapter we consider the effects of NaCl on the behaviour of a triblock copolymer surfactant, F127 in
aqueous solution, at different interfaces and in wetting films. The third chapter is devoted to the drainage
behaviour of wetting films stabilized by a surfactant. The time-dependent thickness of wetting films formed
from aqueous solutions of NaCl on silica modified with a surfactant is discussed in the fourth chapter. In
the fifth chapter we discuss the effects of the nature of additives and the pH on the interaction forces in
wetting films stabilized by a surfactant. The sixth chapter is devoted to the interactions between a modified

and a native silica surface immersed in the solution of a surfactant.
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Chapter 2 Polyethylene oxide-polypropylene oxide ABA
copolymer in aqueous solution, at interfaces, and in

wetting films

ABSTRACT

The solution behaviour of the polymeric surfactant Pluronic F127 and its adsorption on silica-
water and air-water interfaces, as well as the disjoining pressure isotherms of asymmetric films
(silica/aqueous solution/air) containing this surfactant are studied. Pluronic F127 is a co-polymeric
surfactant, composed of two hydrophilic polyethylene oxide (PEO) blocks and a hydrophobic
polypropylene oxide (PPO) block. It has an average molecular composition PEOgPPO¢PEQOgy. The
interfacial properties of adsorbed surfactant layers (the surface concentration / and the thickness /) and the
aqueous wetting film properties (film thickness /g,) are studied via ellipsometry. The solution properties
of surfactant are investigated using surface tensiometry and light scattering. The interactions between the
air-water and silica-water interfaces are measured with a thin film pressure balance technique (TFB) and
interpreted in terms of disjoining pressure as a function of the film thickness. The relations between the
behaviours of the asymmetric films, adsorption at air-water and silica-water interfaces and the solution
behaviour of the polymeric surfactant is discussed. Special attention is paid to the influence of the
concentrations of surfactant and NaCl. It was found that addition of electrolyte lowers the cmc, diminishes

adsorption of surfactant on silica, and increases the thickness of the asymmetric film.
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1 Introduction

It is generally accepted that several types of forces operate between surfaces across thin liquid films. The
net effect of these forces can be experimentally measured and is often discussed in terms of the disjoining
pressure /7, the force between two surfaces per unit area. The different contributions to /7 are often
assumed to be additive:

TI(h) = Igw + 11 g + LIy + Tiory L Lypea +... [1]

The subscripts in [1] indicate the following contributions: vdW = London-van der Waals dispersion
forces, edl = electrostatic double layer forces, st = steric forces, solv = solvation forces and supra = ‘supra-
molecular’ forces. The well-known dispersion forces and electrostatic forces are long range and are well
described by the classical DLVO theory. The steric forces occur upon approach of two surfaces covered
with polymers. In this case the protrusions of these polymers become confined into a small space, and in
the absence of any other interactions, repulsive forces arise associated with the unfavourable entropy of this
confinement. The solvation forces, or hydration forces in aqueous systems, originate from interfacial
perturbation of solvent structure and the supra-molecular forces are due to molecular assemblies that may
be present in thin films. For more details we refer to reviews by Bergeron (/) and Israelachvili (2). Positive
disjoining pressures resist film thinning and negative pressures lead to film instability.

Interesting components for the study of the steric forces are triblock copolymer surfactants of the
type PEO,PPO,,PEO,, where PEO is polyethylene oxide, which is hydrophilic, and PPO is polypropylene
oxide, which is hydrophobic. It is known that a change of temperature or addition of simple electrolytes can
affect their behaviour in solution (3-5).

The main purpose of the present study is to investigate the interactions across an aqueous film formed
between an air-water and a silica-water interface in the presence of a surfactant Pluronic F127
(PEOyPPO¢PEQyy). Extensive studies of this compound and closely related ones are reported in the
literature (6-9), but there are still controversies with respect to their behaviour in thin films, and the role
that added electrolytes play is not fully clear. We will therefore focus on the roles of the concentration of
both the surfactant and NaCl. Because the solution properties of surfactants like Pluronic F127 and their
adsorption at air-water and silica-water interfaces are crucial for the behaviour of thin films containing such

compounds, we will briefly review what is known about these phenomena.

1.1 Solution behaviour of block copolymer surfactants

Aggregation behaviour of amphiphilic PEO,PPO,,PEO, polymeric surfactants in aqueous solution has
been studied in some detail (6-/4). For a single-component surfactant the cmc (critical micelle
concentration) can be easily determined from the break in the surface tension isotherm, and the adsorbed
amount is found by applying the Gibbs equation to ¥ (c) for ¢ < cmc:

I'~-dy/RTdIn ¢ [2]
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Here 7"is the surface excess, y the surface tension, R the gas constant, 7' the temperature, and ¢ the bulk
concentration. However, with a polymeric surfactant sample the situation is more complex because such
samples contain a range of components that may differ both in molar mass and composition. For such a
system it is not obvious that the Gibbs equation in its simple form [2] can be applied. In general, in y vs.
Inc plots of triblock copolymers the appearance of two breaks instead of one is characteristic (/3).
Alexandridis et al (/3) propose that the low-concentration break originates from rearrangement of the
copolymer molecules on the surface at complete coverage of the air-water interface and that the high
concentration break can be used to determine the cmc. Chen et al (/5) found evidence for a change in the
molecular conformation of the methyl groups of the PPO blocks on the air-water interface at the low-
concentration break. Alternatively, a theoretical study by Linse and Hatton (/6) suggests that the low-
concentration break is most likely the effect of depletion of the solution of surfactant components due to the
low value of the concentration times the volume-to-surface ratio. Due to these complications many
different values of the cmc for a polymeric surfactant F127 are found in the literature. We collected the
main results in Table 1.

Table 1 Reported cmc values of a triblock copolymer surfactantF127 determined by different methods (surface tension
(ST), dye solubilization (DS))

Cmc T/°C Conditions Method Reference
UM wt %
2000 2.5 20 H,0 (or 100 mM ST 26
NaCl)

555 0.7 25 H,O DS 9
3174 4 20 H,O DS 9
3.2% 0.004* 25 H,0O ST 10

240%** 0.3%%* 25
1600/2000 2/2.5 25 H,O 8
720/800 0.9/1 25 0.5 M NaCl ST/DS 8
480/640 0.6/0.8 25 1 M NaCl ST/DS 8
160/160 0.2 25 2 M NaCl ST/DS 8

*The authors obtained these values from the first kink of y —In C
**We took these values from the second kink of y- In C data given in
reference 10



It is found that the micellization of Pluronic type surfactants in aqueous solutions is strongly
temperature and slightly salt dependent, and that the salt type is important as well (3-3, §). It is observed
that the nature of anions is more important than that of cations, and that the magnitude of the changes

depends on the size of the anion (3).

1.2 Block copolymer surfactants at the air-water interface

The behaviour of PEO,PPO,,PEO, surfactants at the air-water interface has been studied by means of
surface tension, ellipsometry and neutron reflectivity(/3, 15, 17-20). It was found that PPO blocks tend to
form a dense non-hydrated layer at the interface, while PEO blocks tend to form a hydrated layer
protruding in the solution (/5). Sedev et al.(/8) determined the adsorbed layer thickness of a series of
triblock co-polymeric surfactants at the air-water interface by means of neutron reflectivity. They found
that the thickness of the adsorbed layer increased linearly with the EO chain length. For the copolymers
with two blocks of 100 EO units (as used in our study) the layer thickness is approximately 7.8 nm. Phipps
et al. (27) performed neutron reflection experiments on surfactant F127 adsorbed at the hexane-water
interface for concentrations above the cme (0.5 wt %). The volume fraction profile of surfactant (F127) at
the interface shows that the PEO segments protrude 9 nm into the aqueous sub-phase and the PPO

segments 4 nm into hexane (the adsorbed amount is estimated to be around 2.9 + 0.5 mg/m?).

1.3 Block copolymer surfactants at the silica-water interface

Malmsten et al (22) found that PEO,PPO,,PEO, block co-polymeric surfactants adsorb from aqueous
solution at silica surfaces with their PEO moieties on the surface, similarly to PEO homo-polymers of
comparable molecular weight. The adsorbed amount was independent of the PPO content in the range 0-
30% and found to be rather low (0.35-0.4 mg/m? without salt, pH~6). The hydrodynamic thickness of the
adsorbed layer was found in the range 2-5 nm. These results were explained by the fact that the surface is
unsaturated with respect to the polymer, which reduced the tendency for tail formation. Using a mean-field
theory Malmsten et al argue that the PPO segments are preferentially located in the middle region of the
adsorbed layer. From the temperature dependence of the adsorbed amount they also concluded that surface
association at the untreated hydrophilic silica surface takes place at a concentration just below the solution
cme. Similarly Schar et al. (23) inferred a flat configuration adopted by these copolymers from the
estimated thickness of adsorbed layers (< 4 nm) for many Pluronics. They concluded that the structure of
the adsorbed layer of non-ionic copolymers on hydrophilic surfaces is determined by the interactions of
hydrophilic PEO block with the silica surface. However, Eskilsson and Tiberg (24) reported larger
surfactant (F127) layer thickness at silica. They found an increase in the thickness from 4 to 13 nm with

increasing ¢ at T =25 °C in the same range of concentrations as studied by Malmsten et al (0.1 — 0.5 wt %).
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This brought them to the conclusion that adsorbed F127 surfactants tend to form micelle-like aggregates at
the silica surface. Surface aggregates are first observed at a concentration range 0.14-0.4 wt %. The
observed variation in adsorption behaviour at silica may be due to the differences in silica surfaces.

In conclusion, the structure of surfactant Pluronic F127 on silica depends on many parameters such as

the electrolyte concentration, the pH as well as on the treatment of the silica surface.

1.4 Foam and wetting thin films stabilized by block copolymer surfactants

Sedev et al (/9) measured disjoining pressure isotherms for foam films (air/aqueous solution/air)
containing Pluronic F108 (PEO;,PPOssPEO;3,) at 0.1 M of NaCl. Under this condition the electrostatic
interactions are largely screened and steric forces stabilize the liquid film. The authors proposed that at low
pressures (< 300 Pa) a soft steric repulsion is governed thicknesses of foam films (which are about 30-60
nm). Sedev et al speculated that the surfactant unimer molecules were trapped in the film core. At higher
pressures the thickness is found to be in the range where brush-to-brush contacts govern the stability of the
film (/o1 = 30 nm). For symmetric films made of block copolymers an unexpected influence of electrolyte
concentration upon the film thickness was reported in the literature (25-27). Van den Boomgaard and
Lyklema (25) were the first to report that for free films stabilized by non-ionic block copolymer the
equilibrium thickness as a function of electrolyte concentration passes through a maximum for high
electrolyte concentrations typically at 2 M for NaCl. The Synperonic copolymers they used have similar
hydrophobic and hydrophilic parts as Pluronics. Later, Barneveld et al. (26) found the same effect with
non-ionic surfactants (C,EO,,). More recently Miiller and Rheinlénder (27) studied the influence of salt
(NaCl, KCI) on the thickness of foam films made of non-ionic surfactants (C;,EO,,). First they found a
decrease of film thickness at low salt concentration (below 0.02 M) and at higher salt concentration an
increase of film thickness, similarly, as found by Van den Boomgaard et al and Barneveld et al. The authors
of reference(27) found that increase of the film thickness starts at a relatively well-defined critical salt
concentration. For all investigations the film thickness reached values near double that of combined layer
thickness at the surfaces of the film. So far no convincing explanation has been given.

The interaction forces in asymmetric liquid films (silica/aqueous solution/air) stabilized by surfactants
F108 and F127 have been studied recently (28-37). It was found that at a constant disjoining pressure the
thickness of aqueous films containing these surfactants decreases with increasing electrolyte concentration
up to certain plateau level. The transition from electrostatic to steric film stability is measured at about 0.01
M NaCl. Surprisingly, at this electrolyte concentration a film thickness is found to be much larger than the
twice the adsorbed layer thickness. According to the authors (37) such a thick film is metastable.

In our work we probe higher pressures (up to 4 kPa) and investigate the effect of variation of surfactant

and electrolyte concentration.
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2 Materials and Methods

2.1 Materials

Pluronic F127 (average molecular composition PEOgPPO4sPEQgy) was obtained from Sigma- Aldrich
CO., USA and used without further purification. Pluronic F127 has an average molecular weight of 12600
and PEO content of 70%. Aqueous solutions of F127 were prepared by dissolving the polymers in distilled
water with gentle agitation. Sodium chloride, NaCl (purity min 99.99% supplied by J.T. Baker Chemicals
B.V., Holland) was used without further purification. The water used was purified in two demineralization
steps: a first and a second ion exchange treatment followed by running the water through an active carbon
column and an ultra-filtration membrane.

Polished silicon wafers (p-type, boron-doped, oriented <1-0-0>, resistivity 12-18 Qcm) were purchased
from Wafer Net, Germany. The thickness of the natural oxide layer was about 2 nm. Wafers were cut into
small strips and boiled for 5 min at 80° in a mixture of 25 % NHj3, 30 % H,0, and H,O (1:1:5 by volume).
Then the strips were rinsed with water and in ethanol (99.8 %). They were kept in a closed container under
water until use. Before the strips were placed in the cell, they were dried in nitrogen and treated in a plasma
cleaner (Anadis Instruments B.V., Model PDC-32 G) for 30 seconds. The plasma treatment was performed
with air (10 Pa). The contact angle of water was always lower than 8°, indicating the hydrophilic nature of

the silicon oxide surface. All measurements were done at pH ~ 6.

2.2 Light scattering

Static light Scattering (SLS) and Dynamic Light Scattering (DLS) were used for the characterization of
the surfactant in solution. The light source was a Lexel 450 mW (max) multi line width Ar-laser (A=514.5
nm). Light Scattering measurements were carried out with the static/dynamic compact goniometer System
(ALV/DLS/SLS-5000), Langen, Germany using the ALV-5000/E/WIN software. The detection angle was
90°. The measurements were done in a thermostatic cell at a temperature of 294-295 K. For DLS
measurements, the scattered intensity was recorded by means of a multi-channel digital correlator and
converted to the intensity autocorrelation function g®(g, 7)which is related to the field autocorrelation
function g(“ (q,7) as:

gP=1+A gy 3]

Herez is the time delay, 4 is an instrument constant of order unity which depends on the geometry of the
set-up and g=4zmsin(0/2)/ A is the norm of the scattering vector (n is the refractive index of the solvent, A
is the wave length in vacuum and @ is the angle between the detector and the direction of the incident light).

For mono-disperse, spherical particles, one can show that the field autocorrelation function can be
written:

gl=e" [4]
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Here 7"is the relaxation rate, which is related to the diffusion coefficient D by /"= Dg’, and D is related
to the hydrodynamic radius Ry via the Stokes-Einstein equation:

RH = kBT/67TT]D [5]

Where kj is the Boltzmann constant and 77 the solvent viscosity at temperature 7.

For a hetero-disperse system one can write:

e"= [ Gnedr (6]

Here G(7) is a distribution function to be evaluated. The CONTIN method for data analysis was used.
Usually the normalized distribution function 7G([) is presented. We will follow this convention and plot

TG(7) versus the hydrodynamic radius.

2.3 The surface tension

Surface tension measurements of air-aqueous solution interfaces were done with a Wilhelmy plate
tensiometer (Sigma 70 KSV Instruments Ltd) at room temperature (294-295 K). As a check the surface

tension of pure water (72.31£0.5 mN/m) was measured.

2.4 Ellipsometry

The thickness of the film was determined via in sifu null ellipsometry. To this aim a Multiskop (Optrel
Gbr, Berlin), controlled by a computer was used for the measurements. The light source is a He-Ne laser
with wavelength of 632.8 nm and angle of incidence was 70°, which is the Brewster angle for the air-
silicon interface (75°). The technique measures the change of the polarization state (parameters 4 andy) of
a light beam upon reflection at an interface and from these parameters the layer thickness and the refractive
index of the film can be obtained (32, 33). The program ‘Ellipsometry’ (version 1.31 - for Windows)
written by Plamen Petrov (1997) was used for the numerical evaluation of the film thickness (%) and the
refractive index of the film (n).

A four-layer model (silicon/ silicon oxide/aqueous film/air) was considered for the computation of the
film thicknesses (%g1,). The values of 3.85 and -0.02 were used for the real (n;) and imaginary (k;) parts of
the refractive index of silicon, respectively (33). The refractive index of 1.46 was used for the silicon oxide
layer. The thickness of the oxide layer of approximately 2 nm was determined. Silicon oxide and the liquid
film were considered to be transparent (i.e. the imaginary part of the refractive index k; was chosen null).

Adsorption of surfactant on a silica-water interface was also investigated by means of in situ null
ellipsometry. In this case a silicon oxide strip was placed in a Teflon cell with glass windows. The cell was
filled with water (or salt solution) and after adding a known amount of surfactant solution and stirring, a

measurement was started. The ellipsometric angles 4 and y were recorded as functions of time until they
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were reached stable values. The time for reaching stable values of A and y for the silica-water interface
depends on the surfactant concentration, ranging from a few minutes for the concentrations of surfactant
lower than 100puM to a few hours for the concentrations of that higher than 400 uM. The general trend is
that the higher the surfactant concentration the longer it takes to reach stable values.

A four-layer model (silicon/silicon oxide/adsorbed surfactant layer/aqueous solution of surfactant)
was used for the numerical evaluation of the refractive index n,, , the mean thickness 4,4 of adsorbed
surfactant layer, and the surface concentration per unit area, /. In these calculations, the surface
concentration per unit area, /~ (not to be confused with the relaxation rate in equations 4 and 6) on the
silica-water interface was determined using the expression (34):

r= (nads - nsol) hads /(dnsol/dc) [7]

Here n,, is the refractive index of the solution; dn,,/dc is the refractive index increment of surfactant in
aqueous solution. The refractive index of solution ny, for each concentration of surfactant was measured
with an Abbe refractometer (21°C, white light), and the dn/dc of 0.1276 ml/g was obtained from the 7, (c)
dependence.

The adsorption of surfactant at the air-water interface is determined via ellipsometry by using a
glass beaker instead of a Teflon cell. The angle of incidence used in this case is 50°, which is close to the
Brewster angle of the water-air interface. The measurements of the parameters A and y were performed
separately for series of pre-prepared solutions with known concentrations of surfactant. The equilibration
time for air-water interfaces was a few minutes for each concentration. The investigation of kinetics of
adsorption of surfactant at the air-water interface by means of ellipsometry is a difficult task due to the high
evaporation rate. However, the values of 4 and y were stable and did not change in time during 10-20
minutes. A three-layer model is used for the numerical calculations of /" and 4, (aqueous solution/
adsorbed surfactant layer/air).

For low values of /"and A, (I"< 1 rng/m2 and h.4; < 5 nm), it is difficult to simultaneously obtain the
refractive index of the adsorbed layer and its thickness from the ellipsometric parameters. The reason for
that is the small contrast in refractive index between the adsorbed layer and the bulk solution (33). This is
the case for some measurements of surfactant adsorption on the silica-water interface. Therefore, we used a
fixed value of 1.38 for the refractive index of the adsorbed layer of surfactant in order to calculate /" and
h,qs on air-water and silica-water interfaces. This value was an estimation based on literature data on similar
systems and our own results for the adsorbed layer at the air-water interface. The refractive index of
adsorbed layer of a similar di-block copolymer (PEO;os B, B is polybutylene oxide) at hydrophobized
silica has been found to be between 1.38 and 1.39, depending on the concentration of di-block copolymers
(17). Unfortunately, there were no data on the refractive index of di- or tri-block copolymer surfactant at
the air-water interface. We calculated the refractive index of the adsorbed surfactant layer for different
concentrations of copolymer on the air-water interface from our ellipsometric measurements and found

values ranging from approximately 1.348 up to 1.382 (results is not shown). Our maximum value of the
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refractive index was close to the literature values of a similar di-block copolymer at hydrophobic silica
given above (/7). The molecular orientation of surfactant at hydrophobic solid surfaces and at air-water
interfaces should be similar due to the hydrophobic interactions between PPO blocks and interfaces: PPO
blocks form a dense layer at the interface and PEO blocks protrudes into the solution. Supposing that the
refractive index of surfactant layers at hydrophobic silica and air interfaces are similar, a value of 1.38 was
used for the refractive indexes of surfactant adsorbed layer at the air-water interface. The value for /4
depends somewhat on the value used for the refractive index of the adsorbed layer. However, 7~ is much
less sensitive to n,4s because of the errors in the thickness and the refractive index (in equation 7) are

covariant in such way that they cancel out to a large degree.

2.5 Thin liquid film pressure balance (TFB)

The interactions across wetting films formed from aqueous solution of a surfactant F127 are studied by
means of the thin liquid film pressure balance technique (TFB). A schematic drawing of our set-up is

shown in Figure 1.

Figure 1 Thin-Film Balance. (1) silica sample plate, (2) porous glass disc, (3) glass tube, (4) glass vessel, (5)
polyvinylchloride (Rauclair) tube, (6) plexiglas cell.
Arrows indicate the light beam; (4 ) analyzer, (P) polarizer .

A thin liquid film is formed on a silica surface (1) in a hole drilled in a porous glass disc (2) (Robu,

Germany, pore size 4um), which is fused to the end of a glass tube (3) connected to a glass vessel (4) via a
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polyvinylchlorid (Rauclair) tube (5). The film holder is enclosed in a covered Plexiglas cell (6) with narrow
channels for the light beam. At equilibrium, the disjoining pressure is opposite and equal in magnitude to
the hydrostatic pressure difference Apy -

II(h)+prn =0 (9]

The hydrostatic pressure difference is given by Apy = pgH, where p is the liquid density, g is the gravity
acceleration and H is the height difference between the silica surface and the liquid in vessel (4) and has
negative values as the level in the vessel is below the silica surface. H is measured with a cathetometer
(Model AT11-N600, Japan). Repeating the procedure of increasing or decreasing the pressure (changing H)
provides the data to map out the entire repulsive part of the disjoining pressure isotherm /7 (k); 4 is the film
thickness. The typical waiting time between points of /7 (4) isotherm depends on the equilibration time. At
low pressures (< 100 Pa) equilibration is very slow, and the waiting time can be a few hours (depending on
the concentration of polymer). At higher pressures the thickness reaches a stable value more quickly

(around 5-30 minutes).
3 Results

3.1 Static and dynamic light scattering

We used static light scattering (SLS) to determine the cmc values of surfactant in water and dynamic
light scattering (DLS) to determine the size of the individual molecules of surfactants and micelles in the
bulk solution. Upon increasing the concentration of surfactant we encountered a kink in the scattered

intensity.
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Figure 2 Relative excess scattered intensity at @ = 90° vs. concentration of surfactant F127 at T=22 ° C.
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In Figure 2 the SLS results are shown. The critical micelle concentration of surfactant is determined from
the intersection point of the two straight lines. The cmc equals 1400 uM (1.8 wt %) in a salt free solution
and 850 pM (1 wt %) in 0.1 M NaCl. The relative excess scattered intensity was calculated as (I-/,,,,,,)/
Lopenes Where I I 1 ..ne ar€ scattered intensities of surfactant solution, water or NaCl solution, and
toluene, respectively. Figure 3 represents plots of the distribution function /7G(/) versus the hydrodynamic

radius Ry, as calculated from the correlation rate /” using the Stokes-Einstein relation [5] for various

concentrations of F127 at a background concentration of 0.1 M NaCl.
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Figure 3 Distribution function I" G(T) versus hydrodynamic radius R, different concentrations of F127 (shown on the

figure) in 0.1 MNaCl at T = 22°C.

For a 100 uM solution of F127 in 0.1 M of NaCl we observe unimers at Ry = 5-6 nm and a small peak at
Ry~ 12-14 nm presumably due to aggregates. The increase at small Ry (~1-2 nm) is due to the numerical
errors in the calculations. Increase of the surfactant concentration results in a more pronounced micellar
peak (Ry= 14-18 nm).

Figure 4 shows the influence of salt on the size distribution of 100 uM surfactant.

29



1 10 100
Ry/nm

Figure 4 Distribution function I"G(T) versus hydrodynamic radius R, of a 100 uM F127 solution at different

concentrations of NaCl (shown on the figure) at T = 22°C.

The unimer peak becomes smaller upon addition of salt. At a concentration of 0.05 M NaCl there is just
a clear unimer peak with the maximum at Ry~ 3-4 nm. At 0.1M NaCl the unimer peak becomes smaller
with a maximum shifted to Ry~ 5-6 nm, and a small peak at R;;~ 12-14 nm appears which must be due to
aggregates. The aggregate peak becomes more pronounced and the unimer peak vanishes completely at

higher salt concentrations (1-2 M).

3.2 Adsorption of the surfactant at the air-water interface

Surface tension isotherms for the surfactant in water and in 0.1 M NaCl are presented in Figure 5. As
found by others (see introduction), we obtain isotherms, which show two (not very clear) breaks. In the first
and the third part of isotherm there is no significant difference between the solutions with and without 0.1
M NaCl. In the middle part, in the concentration range from about 1 until 100-200 uM, a decrease of yis
observed in the presence of 0.1 M NaCl. The concentration at which the second kink occurs (at 700-1000

puM) corresponds reasonably well with the SLS results.

30



70
65
60

squares no salt

55 circles 0.1 M NacCl f

v/ mN/m

50
45
40

35 T R TTY R UV B AN BT B 2
0.0010.01 0.1 1 10 100 1000 10

[F127 ]/ pM

Figure 5 Surface tension as a function of the concentration of F127 at T=22 °C.

The surface tension data are reported after 2 hours of equilibration, and this for each concentration of
surfactant. However, we observed a slight decrease in surface tension after 2 hours for all concentrations.
The decrease was about 1-2 % per hour of the nominal value measured at two hours. This decrease can be
due to the polydisperse nature of the triblock copolymer sample. Our main criterion for establishing steady-
state situation was the quasi constancy for values of the surface tension as obtained after 2 hours waiting
time.

Figure 6 shows the thickness and the surface concentration of surfactant on the air-water interface obtained
via the ellipsometric measurements. The 4 and 7 are given as a function of surfactant concentration in the

absence and in the presence of 0.1 M NaClL
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Figure 6 Surface concentration I (open symbols) and ellipsometric thickness h (black symbols) of surfactant on the

air-water interface versus surfactant concentration at T=22 °C.

We can see that the surface concentration increases up to a plateau value of 3 mg/m’. The plateau thickness

is around 9 nm, which coincides with findings of Phipps et al. (21).

3.3 Adsorption of the surfactant at the silica-water interface

The adsorption of polymeric surfactant F127 on silica is studied by means of ellipsometry. In Figure 7

the surface concentration and the ellipsometric thickness of surfactant on the silica surface are shown.
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Figure 7 Surface concentration I (open symbols) and ellipsometric thickness h (black symbols) of surfactant at the

silica-water interface versus surfactant concentration at T=22 °C.

Both the layer thickness and the surfactant concentration are dramatically influenced by salt. Without salt

the surface concentration of surfactant reaches a plateau value of 2.6 mg/m” and a layer thickness of 7.5
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nm. In the presence of 0.1 M NaCl the surface concentration decreases almost sevenfold (0.4 mg/m?) with a

layer thickness of only 1 nm.

3.4 Disjoining pressure isotherms

Figure 8 displays the disjoining pressure isotherms for the films formed from 3 different concentrations of
surfactant (100, 400, 1500 M) in the presence of 10™* M NaCl. We compare them with an isotherm

measured for the film formed from only 10* M NaCl (without surfactant).
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Figure 8 I1(h) isotherms for asymmetric liquid films formed from surfactant solutions of different concentrations (100,
400, 1500 pM - open symbols) in 10" M NaCl in comparison with a film formed from only 10" M NaCl (black
symbols) at T=22 °C.

For the latter case we observe a gradual repulsion between the interfaces ranging from 7 up to around 30
nm. This repulsion most likely has an electrostatic origin.

After subtracting the Van der Waals component (/7 yqw = -Ay/ 6mh’ with the Hamaker constant A= -10"
20 J for quartz/ aqueous film/ air (35)) from the measured disjoining pressure_we have plotted the resulting
force curve obtained in the absence of polymer on a semi-logarithmic scale (results are not shown). A
decay length of 10 nm was extracted from the slope (In /7/ %) instead of the expected 30 nm for an
electrolyte concentration of 10* M. The reason for this discrepancy between theoretically and
experimentally obtained decay length can originate from the invalidity of the equation used for the
electrostatic component of the disjoining pressure /7= (g,ex*/ 2m)@p,e ™ for our system. Here &, is the
vacuum permittivity, £— the dielectric constant of solution, x'is the inverse of the Debye length, ¢, is and
(@, are the potentials of the air-water and silica-water interfaces, respectively. The above equation is indeed
based on the linear superposition approximation, which is not consistent with significant overlaps of the

double layers as a-priory observed in the system investigated. Furthermore charge induced phenomena may
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take place via surface charge regulation that may occur for distances well above . In our case the surface
of silica seems to have a very low surface charge and therefore very low surface potential at pH=6 (36, 37),
whereas the surface potential at the air-water interface is shown to be around — 30 mV (38, 39). This
situation is very favourable for charge/ potential induction processes. One more reason can be our
experimental uncertainty: for larger 4 and small /7 where the exponential relation 77 ~ ¢™ is expected to
hold, it is extremely difficult to measure weak and slowly decaying interactions accurately.

By adding surfactant the behaviour of isotherms changed and they can be divided into 2 regions: the low
pressure and the high-pressure regions. In the low-pressure region (< 300 Pa) we observe a gradual increase
of the disjoining pressure with a decrease in the film thickness. In the high pressure region a steep increase
in the disjoining pressure is seen, indicating strong repulsion between the surfaces. An increase in
surfactant concentration shifts a steep part of isotherms to larger film thickness.

Figure 9 displays the disjoining pressure isotherms of four films formed from solutions of surfactant of

different concentrations (50, 100, 200, and 300 uM) in 0.1 M.
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Figure 9 11 (h) isotherms for asymmetric liquid films stabilized by a surfactant (50, 100, 200 and 300 M) in 0.1 M
NaCl at T=22°C.

This salt concentration was chosen in order to suppress electrostatic contributions to the disjoining
pressure («' ~ 1 nm for 0.1 M NaCl). A film formed from only 0.1 M NaCl without surfactant is not stable
and breaks immediately. For all non-zero surfactant concentrations a steep increase in the disjoining
pressure with decreasing distance is observed at high pressures. Similar fig. 8 an increase in surfactant
concentration shifts a steep part of isotherms to larger film thickness. However a new feature is also
observed: the thicknesses formed from 100, 200 and 300 uM have the values which are two time higher as
compared to that of fig.8. This steep increase develops at various separations depending on the

concentration of surfactant: 11 nm (50 uM), 32 nm (100 uM), 39 nm (200 uM), and 42 nm (300 uM).
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Figure 10 shows the interactions in the asymmetric films formed from solutions of surfactant of fixed

concentration (100 uM) at different concentrations of NaCl.
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Figure 10 I1(h) isotherms for asymmetric liquid films stabilized by a surfactant (100 uM) in different concentrations of
NaCl (107, 107, 5x107, 10" M) at T=22°C.

Repulsive forces are observed for all concentrations of NaCl. The addition of salt up to 0.01 M has
almost no effect on the interactions in the films: a strong repulsion occurs at about 10 nm for 10* M NaCl
and at 12 nm for 10” M NaCl. However, the repulsive curves shift to higher separations of 22 nm and 32
nm for 0.05 and 0.1 M, respectively. These ranges of the thicknesses are similar to that of fig. 9. At | M

NaCl we could not obtained reproducible values of the thicknesses.
4 Discussion

4.1 Solution properties of the surfactant

From DLS and SLS results we have clear indication that the aggregation of surfactant molecules starts
earlier in 0.1 M NaCl. This is in agreement with the reported data that the micellization of Pluronic type
copolymers is salt dependent (see Introduction and Table 1). Our values are close to those of Desai et al (8)
measured by surface tension and dye solubilization. Besides, from figures 3 and 4 it follows that the
aggregates are observed at 100uM surfactant, which is 8 times below the cmc as found by SLS (in 0.1 M
NacCl). For this concentration the distribution curve does not only show a pronounced unimer peak at Ry =
5-6 nm but also a small peak at Ry = 12-14 nm, which may indicate that some aggregates are formed. The
micellar hydrodynamic radius was found to be 11-15 nm by others (8, 40). The number of aggregates is
larger for 200 and 300 uM surfactant. If we compare the 7G(/) distributions for surfactant in the presence

of different concentrations of NaCl (fig.3), we can see the same trend as for increasing surfactant
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concentration. The aggregation peak first occurs for 0.1 M NaCl and increases in size for higher salt
concentrations. Taking into account that the Pluronics sample is polydisperse, these results are not
surprising. A small but relatively hydrophobic fraction forms the first aggregates, and a true micellar
solutions develops gradually. Salt shifts all these effect to lower surfactant concentrations because NaCl
decreases the solvent quality of the aqueous solution with respect to the EO blocks (salting-out effect (4/)).

Clearly, the cmc of surfactant goes down with increasing electrolyte concentration. At fixed surfactant

concentration we pass from Cgjp7 < cmc to Cgjp7> cmc upon adding NaCl,

4.2 Adsorption of the surfactant at the air-water interface

As was already mentioned in the introduction it is problematic to obtain the adsorbed amount of
surfactant at the air-water interface and the area per molecule from the surface tension isotherm. One of the
reasons is the polydispersity, which makes the use of the Gibbs equation for the determination of the
adsorbed amount rather dubious. Nevertheless procedures for that purpose can be found in the literature
(skipping the first part of the isotherm). The authors of ref (29)obtained values for the adsorbed amount via
the Gibbs equation [2]. The thickness of the adsorbed layer was estimated using De Gennes’ scaling theory
for polymer brushes (42, 43). Values of 5.95 mg/m” for the adsorbed amount and 14.6 nm for the layer
thickness were obtained for surfactant in the absence and in the presence of salt. If we would use the same
procedure we would find a value for the adsorbed amount which is 2.5 times higher than our ellipsometric
finding, but similar to the value of reference (29). From the ellipsometric measurements we extracted a
value for the plateau of the adsorbed amount of 3 mg/m® and a layer thickness of 9 nm with and without 0.1
M NaCl. A similar adsorbed amount of surfactant (2.9 mg/m”) was reported at the hexane-water interface
(21). Tt is expected that the behaviour of F127 at air-water interfaces is similar as at hexane-water interface.
Malmsten et al.(22) reported values of /f;,; of around 2-2.3 mg/m2 on hydrophobized silica, which is close
to our / obtained via ellipsometry. We think that adsorbed amounts obtained from ellipsometric
measurements are more reliable than results obtained from the surface tension. The initial increase in the
adsorption isotherms (Figure 6) seems to be somewhat steeper in the presence of NaCl. This can be
explained by a salting out effect, which is known for PEO molecules (47) as well as for PEO containing

complexes (44).

4.3 Adsorption of the surfactant at the silica-water interface

It is commonly believed that the EO segments of the triblock copolymers have the highest surface
affinity for a hydrophilic surface and that the triblock-copolymer adsorbs in a pancake conformation. In
other words, the adsorption of PEO-PPO-PEO triblock surfactants is predominantly determined by
interactions of PEO with silica: by hydrogen bridges between the surface silanol groups with the oxygen of
the polyethylene oxide (-SiOH-- (-OCH,CH,-)). In agreement with that, small layer thicknesses of
surfactant at silica were found (23, 45). However, similar to Eskilsson and Tiberg (24) we found higher

values of /"and 4 at the silica-water interface without NaCl. The plateau value of the adsorbed amount at
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silica is comparable with that at the air-water interface. The larger values of /"and layer thickness at higher
concentrations may be explained by micellar or bilayer structures. Such structures at silica may result from
hydrophobic interactions between PPO groups. The authors of ref (24) found even a higher value for the
plateau layer thickness of F127 (12-14 nm) but a lower adsorbed amount (1.5 mg/m?) as compared with our
data. The differences in the adsorbed amounts may be due to differences between the surfaces. Eskilsson
and Tiberg used silicon wafers, which were oxidized thermally at 900° C. It is known that heating above
400 ° C leads to some irreversible dehydroxylation giving siloxane groups (46). In our experiment we used
silicon wafers with the natural oxide layer, which probably has higher silanol content than the thermally
oxidized layers.

Our experimental data on surfactant adsorption at the silica-water interfaces reveal a strong salt effect:
0.1 M NaCl clearly decreases the adsorbed amount. This is in contrast to the air-water interface. This
finding is not surprising, taking into account the degree of dissociation of silanol groups on silica. It is a
well-known fact that the degree of dissociation of silanol groups in aqueous solution increases with
increasing pH and ionic strength (37, 47, 48). Hence, adsorption of surfactant decreases upon increasing
pH or ionic strength due to a deprotonation of silanol binding sites. Van der Beek (47) and Tiberg (37)
found that the adsorption of PEO and PEO-containing non-ionic surfactants (C;,EOg) on silica decreases

upon increasing pH or ionic strengths.

4.4 Interaction forces within the film stabilized by the surfactant

The disjoining pressure isotherms for asymmetric films containing 10* M NaCl and the surfactant show
only repulsive forces between two surfaces. This repulsion can have an electrostatic and a steric origin. The
electrostatic repulsion between interfaces might occur if the interfaces of the film carry charges.

It is under discussion that the air-water interface has a negative charge, which arises due to preferential
adsorption of OH" ions. The potential (-30 mV) at the air-water interface for foam films stabilized by non-
ionic surfactant Pluronic F108 in 10™* M NaCl was measured and discussed (49). However, the mechanism
of OH adsorption is not fully clear. Some propositions are advanced in the literatures. Stubenrauch et al
(50) considered that the adsorption of OH  ions is driven by the specific dynamic water structure at the
interface, and/or surface reactions. He proposed the interface charge is reduced by the adsorption of
surfactant via switching off the surfaces reactions. Manev et al. (57) give a different explanation: he argues
that a decrease in the diffuse electrical layer potential at the air-water interface in the presence of non-ionic
surfactants is governed by a displacement of ions (H" and OH") from the surface, as species foreign to the
adsorption layer structure.

The negative charges of silica stem from the deprotonation of silanol groups (SiOH<> SiO” + H") and are
determined by the pH and by the ionic strength in the solution. The charge starts to increase strongly above
pH~5 (36, 52). It is measured that at pH 6 the surface potential changes from - 25 mV in 0.001 M KCl up

to -75 mV in 0.1 M NaCl (36). The decrease of the surface charge upon adsorption of non-ionic surfactant
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might be attributed to the decrease in the dielectric constant of the molecular environment close to the
silanol groups, which reduces the dissociation degree and thus the charge density (53).

Therefore, there are indications that an air-water and a silica-water interface are negatively charged and
that the adsorption of non-ionic surfactants might lead to a decrease of the surface charge density at the
interfaces of asymmetric film studied in the present work. This can explain a strong decrease of the
repulsion at large thicknesses when the surfactant is added (fig. 8).

At higher pressures the double layer forces overcome but strong repulsion remains. This repulsive force
most likely comes from the surfactant adsorbed at interfaces of the film. The film thickness obtained from
the steep part of isotherms of fig. 8 reflects the combined thickness of the adsorbed layers on both
interfaces. Indeed, at the air-water interface we observed an increase of the layer thickness up to 9 nm when
increasing the concentration of surfactant (fig. 6). The surfactant adsorbed on the silica-water interface
yields a thickness up to 7.5 nm depending on the concentration of surfactant (fig. 7). In figure 11 we
plotted the thickness of the film measured at a constant /7 (curve 1) together with the total thickness of
adsorbed layers of surfactant at interfaces of the film (curve 3) versus the concentration of NaCl at a fixed
surfactant concentration (100 uM). It is seen that whereas the sum of the thicknesses of the adsorbed layers

decreases slightly upon increasing the concentration of salt, the thickness of the film increases strongly.
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Figure 11 Thickness of the asymmetric film hy,

ilm

at I1 = 1kPa (1) compared with the total thickness of adsorbed layers

on both interfaces h with (2) and without (3) aggregates in between (D is the diameter of aggregates measured

ads. layers

by DLS) versus NaCl concentration. Cr;,,=100uM.

It is clear that the thickness of the film increases with salt concentration and only adsorbed layers cannot

explain the larger film thicknesses observed upon increasing the concentration of NaCl. This effect of salt
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on the thickness of the film may have a similar origin as in reported data of the unexpected salt effect in
symmetric films made of non-ionic surfactants”’. Our explanation of this phenomenon is based on the
DLS measurements described in section 3.1. At 100 uM surfactant we observed aggregates of a diameter of
24-28 nm. The aggregates increase in size and in number upon increasing the surfactant or salt
concentration. Probably, these aggregates play a role in the film structure, and the unexpected film
thickness may be explained by the trapped aggregates (with salt-dependent sizes) between the two adsorbed
layers. In fig.11 we are also plotted the thickness of two layers of surfactant adsorbed at interfaces of the
film plus the diameter of the micelles (measured via DLS) in between them measured (curve 2). Indeed, in
0.1 M NaCl the thickness of the film coincides with the sum of the layers adsorbed together with the
aggregates in between them.

This feature is even clearer in fig. 12, where we plotted the thicknesses versus the concentration of
surfactant in 0.1 M NaCl. Here curve I reflects the thickness of the film; curve 3 shows the total thickness
of the surfactant layers adsorbed on both interfaces and curve 2 presents the thickness of adsorbed layers of

surfactant on both interfaces plus trapped micelles (of the size measured by DLS) in between.
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Figure 12 Thickness of the film h;,
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at IT = 1kPa (1) compared with the total thickness of adsorbed layers on both

interfaces h with (2) and without (3) aggregates in between (D is the diameter of aggregates measured by DLS)

ads.layers

versus the concentration of surfactant at 0.1 M NaCl.
A large difference between the sum of the adsorbed layers thickness (curve 3) and the thickness of the film

(curve I) becomes less pronounced when we assume the film contains a layer of trapped micelles with a

8ize Dggregates (CUrve 2).
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In order to summarize our findings, we plotted possible structures of the films, which might form in

different conditions (fig.13).

a) Flat conformation of surfactant at silica [ 7o

CNaCl< 005M CF127< 850 ,LlM -2 om

< 7-9nm

b) Micellar structure of surfactant at silica 7-8mm
Craci< 0.05 M, Cr;37,2850 M

7-9nm

¢) Aggregates trapped in between adsorbed 4-30nm

layers R

Crac1 2 0.05 M, Cry27 2100 uM

Figure 13 Possible structures of asymmetric liquid films stabilized by surfactant.

Case (a) reflects the structure of the film when the concentration of surfactant below the cmc (< 850 uM)
and when the concentration of NaCl does not exceed 0.05 M. A flat conformation of surfactant on silica is
most probable in these conditions. Case (b) reflects the possible structure of the film when the
concentration of surfactant is higher than the cmc and the concentration of salt smaller than 0.05 M. Bi-
layer or micelle-like structure of surfactant on silica is very possible in these conditions. Therefore, the
films have higher thicknesses as compared to that case (a). Case (c) reflects the possible structure of the
film when the concentration of surfactant is higher than the cmc and the concentration of NaCl is higher
0.05 M. In these conditions aggregates are trapped between the interfaces of the film and as a result of that
govern the interactions in the films. Expected thicknesses are higher as compared to cases (a) and (b).

Yet, an unexplained point is observed in Figure 11 at 0.05 M NaCl. From the DLS measurements we
observed an increase of a micellar peak upon increase of the NaCl concentration at a given surfactant
concentration. Nevertheless, aggregates are not yet seen for 0.05 M of NaCl (fig. 4). One therefore expects
values of the thickness of the film are close to the values of the thickness of the adsorbed layers without
aggregates in between. A tentative explanation is that the structure of surfactant inside a film is more
complex than just adsorbed layers and trapped aggregates between them. The structure of adsorbed layers

inside thin films might be different from the structure of separately measured adsorbed layers of surfactant.

Conclusions

We studied the behaviour of triblock copolymer surfactant F127 in solution, at air-water and
silica-water interfaces and in thin aqueous films on a silica surface. The cmc of the surfactant in aqueous
solution, its adsorption on silica-water interface and the thickness of the films formed from this surfactant

are strongly influenced by the salt concentration. Presence of 0.1 M NaCl decreases the cmc by a factor of
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two, the adsorbed amount at silica by a factor of seven, and increases the thickness of the films by a factor
of three.

Stable films are formed for all studied ranges of the surfactant concentration and the salt
concentration. The thicknesses of the films stabilized by the surfactant can be explained by steric
interactions when the concentrations of NaCl concentrations smaller than 0.05 M. The range of these
interactions increases with the concentration of the surfactant. This is explained by an increased adsorbed
amount of the surfactant on both interfaces of the film.

A pronounced increase in the thicknesses of the film stabilized by the surfactant is measured when
increasing the concentration of NaCl. This is similar to what was found in several investigations on
symmetric films stabilized by various types of non-ionic surfactants. We proposed that the trapped

aggregates between the two adsorbed layers could explain the thickness of these films.

41



References

RIS e

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

V. Bergeron, Condens. Matter 11, R215-R238 (1999).

J. N. Israelachvili, Intermolecular and surface forces (Academic press, San Diego, 1992).

V. K. Aswal, R. S. G. Kohlbrecher, P. Bahadur, P. Chem. Phys. Lett. 349 (2000).

Y. Su, H. Liu, Q. Wang, J. Chen, Langmuir 18, 865-871 (2002).

Y. Su, X. Wei, H. Liu, J. Colloid Interface Sci. 264, 526-531 (2003).

C. Wu, H. Liu, B. Chu, Macromolecules 30, 4574-4578 (1997).

N. Pandit, T. Trygstad, S. Croy, M. Bohorguez, C. J. Koch, J. Colloid Interface Sci. 222, 213-220
(2000).

P. R. Desai, N. J. Jain, R. K. Sharma, P. Bahadur, Colloids Surf.:A 178, 57-69 (2001).

P. Alexandridis, J. F. Holtzwarth, T. A. Hatton, Macromolecules 27, 2414 (1994).

G. Wanka, H. Hoffman, W. Ulbricht, Colloid Polym. Sci. 268, 101 (1990).

G. Wanka, H. Hoffman, W. Ulbricht, Macromolecules 27, 4145-4159 (1994).

P. Linse, M. Malmsten, Macromolecules 25, 5434 (1992).

P. Alexandridis, V. Athanassiou, S. Fukuda, T. A. Hatton, Langmuir 10, 2604-2612 (1994).

P. Alexandridis, J. F. Holzwarth, T. A. Hatton, Macromolecules 27, 2414-2425 (1994).

J. Chen, M. Even, Z. Chen, Macromolecules 36, 4478-44-84 (2003).

P. Linse, T. A. Hatton, Langmuir 13, 4066 (1997).

B. Rippner, K. Boschkova, P. M. Claesson, T. Arnebrant, Langmuir 18, 5213-5221 (2002).

R. Sedev, R. Steitz, G. H. Findenegg, Physica B 315, 267-272 (2002).

R. Sedev, D. Exerowa, G. H. Findenegg, Colloid Polym. Sci. 278, 119-123 (2000).

M. Munoz, F. Monroy, F. Ortega, J. Rubio, D. Langevin, 16, 1083-1093 (2000).

J. S. Phipps, R. M. Richardson, T. Cosgrove, A. Eaglesham, Langmuir 9, 3530-3537 (1993).

M. Malmsten, P. Linse, T. Cosgrove, Macromolecules, 2474-2481 (1992).

J. A. Shar, T. M. Obey, T. Cosgrove, Colloid and Surfaces A:Physicochem.Eng. Aspects 150, 15-
23 (1999).

K. Eskilsson, F. Tiberg, Macromolecules 31, 5075-5083 (1998).

T. Van den Boomgaard, J. Lyklema, Langmuir 5, 245 (1989).

P. A. Barneveld, J. M. H. M. Scheutjens, J. Lyklema, Colloid Surfaces 52, 107 (1991).

H. J. Miiller, T. Rheinlénder, Langmuir 12, 2334-2339 (1996).

B. Diakova, C. Filiatre, D. Platikanov, A. Foissy, M. Kaisheva, Advances in Colloid and Interface
Science 96, 193-211 (20.01.2005, 2002).

B. Diakova, M. Kaisheva, D. Platikanov, Colloids and Surfaces A:Physicochem.Eng. Aspects 190,
61-70 (2001).

B. Diakova, D. Platikanov, R. Atanassov, M. Kaisheva, Advances in Colloid and Interface Science
104, 25-36 (20.01.2005, 2003).

D. Exerowa et al., Adv. Colloid and Interface Sci. 104, 1-24 (2003).

42



32.

33.
34.
35.

36.
37.
38.
39.
40.
41.
42.
43.
44.

45.

46.
47,
48,
49,
50.
51.
52.
53.

R. M. Azzam, N. M. Bashara, Ellipsometry and Polarized Light (Amsterdam, 1989), vol. North-
Holland.

H. G. Tompinks, 4 User's Guide to Ellipsometry (Academic Press, Inc., San Diego, 1993).

J. A. De Feyter, J. Benjamins, F. A. Veer, Biopolymers 17, 1759-1772 (1978).

J. Lyklema, Fundamentals of Interfaces and Colloid Science, FICS (Academic press, London,
1991), vol. I, A 9.4.

T. Goloub, L. K. Koopal, Langmuir 13, 673-681 (1997).

F. Tiberg, University of Lund (1994).

P. K. D. Exerowa, Foam and Foam Films (Elsevier Science B.V., Amsterdam, 1998).

E. D. Manev, Pugh, R. J., Langmuir, 2253-2260 (1991).

T. Liu, V. Nace, B. Chu, Langmuir 15, 3109-3117 (1999).

F. E. Beiley, J. V. Koleske, Poly(ethylene oxide) (Academic press., New York, 1976).

P. G. de Gennes, Macromolecules 13, 1069 (1980).

S. Alexander, J. Phys. (Paris) 38, 983 (1977).

S. V. Solomatin, T. K. Bronich, A. Eisenberg, V. A. Kabanov, A. V. Kabanov, Langmuir 20,
2066-2068 (2004).

C. G. P. H. Schroén, M. A. Cohen Stuart, K. van der Voort Maarschalk, A. Van der Padt, K. Van't
Riet, Langmuir 11, 3068-3074 (1995).

J. Rubio, J. A. Kitchener, J. Colloid Interface Sci. 57, 132-142 (1976).

G. P. Van der Beek, M. A. Cohen Stuart, J. Phys. (Paris) 49, 1449 (1988).

B. H. Bijsterbosch, J. Colloid Interface Sci. 47, 186-198 (1974).

D. Exerowa, P. Kruglyakov, Foam and Foam Films (Elsevier, 1998).

C. Stubenrauch, O. J. Rojas, J. Schlarmann, P. M. Claesson, Langmuir 20, 4977-4988 (2004).
E. Manev, R. J. Pugh, Langmuir 7, 2253-2260 (1991).

H. Shirahama, J. Lyklema, W. J. Noorde, J. Colloid Interface Sci. 139, 177-187 (1990).

C. R. O. Stubenrauch, J.; Schlarmann, J.; Claesson Per M., Langmuir, 4977-4988 (2004).

43



Chapter 3 Thinning of wetting films stabilized by a non-

ionic surfactant

ABSTRACT

We investigated the thinning of wetting films formed from aqueous solution of non-ionic triblock
copolymer Pluronic F127 on the surface of silica using a home-made thin-film balance and time-resolved
ellipsometry. Imaging ellipsometry was used to visualize the film structures at subsequent stages of their
development. The results unambiguously show that the time required for the formation of steady films
strongly depends on the electrolyte concentration. When increasing the latter from 10 to 0.1 M, this time
typically increases with several orders of magnitude, from a few minutes to several hours. Moreover, for
sufficiently large amounts of salt, two characteristic relaxation regimes can be clearly identified. After
initial quick thinning, further thinning slows down enormously. These typical kinetic regimes are thought
to result from the coupled dependencies of the bulk and interfacial properties of F127 on salt concentration.

Possible explanations of the phenomenon are discussed.
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1 Introduction

It is known that with polymer-mediated surface forces non-equilibrium effects are often important because
of the sluggish adsorption and desorption of polymers. The interactions between interfaces with adsorbed
polymer layers often exhibit hysteresis and/or time-dependence (/). The results presented in the current
paper are in line with these effects. In our previous investigation (2) we found thick wetting films on silica
formed from an aqueous solution of the triblock copolymer Pluronic F127 (PEOgy-PPOgs-PEQgy). In
contrast with (3-5), we observed a pronounced increase of the thickness upon increasing of the NaCl
concentration at a constant hydrostatic pressure (2). This observation was rather unexpected; firstly,
because electrostatic repulsion diminishes upon increase electrolyte concentration, secondly, because the
amount of adsorbed F127 at silica was shown to decrease with increasing NaCl concentration. Therefore,
one would expect that the range of repulsion between the surfaces would decrease. The large film thickness
observed at higher electrolyte concentrations was thought to be associated with the presence of trapped
aggregates within the film. In the present paper we establish that this large thickness is not static but relaxes
very slowly towards lower values. In order to obtain a more detailed picture of these features, we studied
the thinning behavior of the films over time, at a fixed hydrostatic pressure and temperature. To either
confirm or refute the effect of micelles on the kinetics of film thinning, different concentrations of F127

(below, at, above the critical micelle concentration) were considered.

2 Experimental section

2.1. Materials

The polymeric surfactant (triblock copolymer) Pluronic F127 (average molecular composition
PEO¢yPPO¢sPEQyg, Sigma-Aldrich CO., USA) was used without further purification. Pluronic F127 has a
number-average molar mass, M, of 12600 and a PEO content of 70% by weight. Further in the text the term
of ‘polymeric surfactant’, or ‘surfactant’, or ‘F127’ is used for the triblock copolymer. Aqueous solutions
of F127 were prepared by dissolving the polymer in demineralised water under gentle agitation. Sodium
chloride, NaCl (purity min 99.99% supplied by J.T. Baker Chemicals B.V., Holland) was used without
further purification. The water used is purified using a two-stage deionization processes (ion
exchanger/active carbon), supplied by a “Barnstead pure UV system” (USA). After deionization, the water
is filtered trough a 0.2-micron filter. It produces water with a resistivity of 18.3 Megohm-cm (MQcm).

All measurements were carried out at pH ~ 6 and T~ 21-23°C.
Polished silicon plates, Si (p-type, boron-doped, oriented <1-0-0>, resistivity 12-18 Qcm) were purchased
from Wafer Net, Germany. The thickness of the natural silicon oxide SiO, layer on the surface was about 2

nm, as determined by ellipsometry. Wafers were cut into small slices and boiled for 5 min at 80°C in a
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mixture of 25% NH3, 30% H,0, and H,O (1:1:5 by volume). The slices were then rinsed with water and
ethanol (99.8%). They were kept in a closed container under water until use. Before the slices were placed
in the cell, they were dried with a stream of nitrogen and treated for 30 seconds in a plasma cleaner
(Harrick, Model PDC-32 G). The plasma treatment was performed with air (10 Pa). The contact angle of
water was always lower than 10°, indicating the hydrophilic nature of the silicon oxide surface. All

measurements were carried out at pH ~ 6 and 7 =~ 21-23°C.

2.2. Thin Film Balance (TFB)

The TFB technique was used to measure the thinning of films. This technique, based on the original design
of Mysels and Jones (6), was developed and described for wetting films by Shishin and_Derjaguin et al (7,

8). A schematic drawing of the TFB used in the current study is given in Figure 1.

Figure 1 Thin-Film Balance. Explanation is given in the text.

A thin liquid film is formed on a silica surface (1), in a hole of 0.5 cm drilled in a porous glass disc (2)
(Robu, Germany, pore size 4um), which is fused to the end of a glass tube (3). The latter is connected to a
glass vessel (4), via a polyvinylchlorid (Rauclair) tube (5). The film holder is placed inside a covered
Plexiglas cell (6). The Plexiglas cover and the porous discs have narrow channels and grooves for the
incident and reflected light beams. The silica plates and porous glass disc were saturated for a night in a
F127 solution before TFB measurements. Manipulation of the hydrostatic pressure changes the disjoining
pressure in the film. At equilibrium, the disjoining pressure, /7 is opposite and equal in magnitude to the
hydrostatic pressure py.
I1(h) +pn =0

The hydrostatic pressure is given by py = pgH, where p is the liquid density, g is the gravitational
acceleration and H is the height difference between the silica surface and the liquid in vessel (4) and has

negative values as the level in the vessel is below the silica surface. H is measured with a cathetometer
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(Mitutoyo, Model AT11-N600, Japan). In the film thickness relaxation experiments an applied hydrostatic
pressure of -4.5 kPa (H is negative) was switched on after which thinning of the film was followed by

ellipsometry.

2.3 Ellipsometry

Ellipsometry measures variations of the polarization state of light reflected from interfaces. The
experimental data are expressed in terms of the ellipsometrical angles w (where tany = |1/ is the
amplitude ratio of the parallel (p) and perpendicular (s) reflection coefficient,) and A (the change in the
phase difference that occurs upon reflection). These are related to the Fresnel reflection coefficients 7 and
7, for p- and s-polarized light as #/r*= tanye/®. These coefficients are complex functions of the angle of
incidence, the wavelength, the optical properties of the substrate, the ambient medium, the layers and the
thickness of the layers. Details can be found elsewhere (9).

The ellispometric angles were determined via in situ null ellipsometry. In null ellipsometry, the
polarizing elements (P - stands for polarizer, A — stands for analyzer in Figure 1) are rotated until the signal
at the photo-detector is minimized (“nulled”). A Multiskop instrument (Optrel Gbr, Berlin) controlled by a
computer was used for the measurements. The light source was a He-Ne laser with wavelength of 632.8
nm. Because of some differences between the available porous discs, we measured at angles of incidence
varying between 65° and 70°, which is close to the Brewster angle for an air-silicon interface (75°). The
ellipsometric angles were recorded as a function of time until a steady state was reached.

A four-layer model {silicon/ silicon oxide/aqueous film/air} was considered for the computation of the
film thickness, %gy,. In the calculations of the film thickness, predetermined values for the refractive indices
of silicon (3.85), silica (1.46), aqueous solution (n,,) and air (1.00), as well as for the thickness of the silica
layer (2 nm) were used. In this model the thickness of the film 4y, is calculated under the assumption that
the film is homogeneous and has the refractive index of the solution ng,, which was measured with an Abbe
refractometer for each plymer concentration (21° C, white light). It is also possible to compute the film
thickness using the six layer model: silicon (#=3.85)/ silicon oxide (n=1.46, 7=2 nm)/F127 adsorbed layer
at the silica-water interface / aqueous film/ F127 adsorbed layer at the air-water interface /air. In this model
the film is “divided” into sub-layers: F127 layer at the air-water interface (n=1.38, h; ~ 7 nm (2))/ aqueous
core ( ny, depends on the Cgyy7, i, should be calculated) / F127 layer at the silica-water interface (n=1.38,
hj3 is taken from our previous data (2)), where the /g, equal to the sum of these sublayers: i + &, + h;. In
the beginning we calculated the /4, using both models. However, the difference betweens the film
thicknessess obtained from two models was always smaller than 2.5 %. For that reason, we used the first
model (four layer) for the determinations of the film thickness in this work. While the accuracy of the
calculated sample parameters such as the adsorbed layer thickness (%,45) or the film thickness (/4g,,) as well
as the index of refraction (7.4 Or 7y, respectively) depends on the assumed model, trends in these
parameters are even less sensitive to the model. It should be noted that the computation of thickness of the

wetting film is more accurate than the thicknesses of the surfactant films at interfaces of the film. The
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choice of the refractive indexes of the adsorbed polymer layer influences strongly the value obtained for the
thickness of the adsorbed layer. We used the value 1.38 for the refractive index of the adsorbed layers at
interfaces. This value was an estimation based on literature data for similar systems and our own results.

More details are discussed in our previous publication (2).

2.4 Ellipsometric imaging

By adding an objective and a detector, e.g. a sensitive CCD (charge-coupled device) camera to an
ellipsometer, one can obtain an image of the surface. The objective images the illuminated area of the
sample onto the camera. Areas that have different optical properties cause a different signal in the camera
image. Especially those areas that are currently fulfilling the condition of the ellipsometric “null”, i.e.
where the optical parameters are such that the light reflected is extinguished for the particular setting of
polarizer, compensator and analyzer will appear dark in the image. With the nulling mode, the signal on an
area of the sample surface can be minimized, while simultaneously patches that do not satisfy the ‘null’-
conditions appear as bright areas. Hence, inhomogenities and/or microstructures can be detected and
analyzed with high sensitivity. More details can be found elsewhere (/0).

The imaging part consists of an objective with a large working distance (Mitutoyo, M Plan Apo 10x: 378-
803-2, Japan) and a CCD camera (KAMO2, 480x640 pixel sensor, EHD Physikalische Technik, Germany).
Before obtaining each image, the analyzer and polarizer were put in the nulling position. This implies that
dark patches in the image have a thickness corresponding to the average ellipsometric thickness. Brighter
patches are either thicker or thinner. Because contrast was optimized in the images, the images provide no
information on the magnitude of the variation of the film thickness. The field of view is about 640x960 um.
To decrease a high intensity of the light reflected from some parts of the film, optical density filters (OD
0.60/0D 0.80, Newport corp., U.S.A) were mounted in front of the laser.

3 Results

3.1 Surfactant F127 at interfaces of the film and in aqueous solutions

Prior to the analysis of the kinetics of wetting films, we discuss the behaviour of F127 in aqueous
solutions and at the two interfaces of the film. Tables 1 and 2 summarize the results pertaining to the
solution properties of F127 and the thickness of the adsorbed layers at interfaces of the film (the thickness
of wetting films is not shown here). Some of the results are taken from our previous work (2), some are
new. Those pieces of information will be required for the interpretation of the thickness and the thinning
behavior of wetting films.

Self-assembly occurs at lower F127 concentrations when NaCl is present. At 22°C the critical micelle
concentration (cmc) of F127 in water, obtained from static light scattering (SLS), equals 1400 = 70 uM
(~1.8 wt %) and 850 = 40 uM (~1 wt %) without salt and at 0.1 M NaCl, respectively (2). As documented

in the literature the aggregation number and the radius of spherical aggregates of F127 increases when
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increasing temperature (//). We found a similar trend when increasing the NaCl concentration: the
hydrodynamic diameter of aggregates increases from 4.3 nm up to 25 nm when changing the NaCl

concentration from 10™* M up to 1 M, respectively (Table 1).

Table 1 The diameter (D) of objects in solutions of F127 measured by dynamic light scattering (DLS) and the combined
thickness of adsorbed layers of F127 (h; + hy) at silica-water (h;) and air-water (h;) interfaces obtained via
ellipsometry at different salt concentrations, ¢ rj3;= 400 uM, T = 22°C.

Cract /M D /nm hy+ hy/ nm h; /nm h, / nm
0 - 15 7.5 7.5
10" 4.3 15 7.5 7.5
10" 12 9.5 1 8.5

1 25 9.2-9.5 0.2-0.5 9

Table 1 shows the results for a polymer concentration of 400 uM, which is below the cmc determined
via SLS. The second column represents the sizes (hydrodynamic diameter) of unimer coils or aggregates of
F127 as measured by dynamic light scattering (DLS). The measured diameter of 4.3 nm at 10* M NaCl
most likely applies to unimer coils. The radius of gyration R, of F127 macromolecule in a good solvent is
around 5.7 nm as calculated by the Flory relationship R,= aN*® (12), where a (~0.2 nm) is an effective
monomer size and the number N = Npg + 2Ngo. The sensitivity of the set-up was not sufficient to obtain
reproducible values of the hydrodynamic radius for the polymer solution (400 uM) without added salt. The
measured diameter of 12 nm at 0.1 M NaCl probably belongs to aggregates formed from lower molecular
mass polymers (diblock copolymers, which are most likely present in the sample (/7)). F127 is a
commercial surfactant, which has been reported to be rather polydisperse. The results of Wanka et al (/1)
show that the distribution of the molar mass of the samples is very broad and extends over an order of
magnitude. The diameter of 25 nm at 1 M NaCl is probably the size of the micelle.

In the third column of Table 1 a change of the sum of thicknesses of adsorbed layers of F127 at the
interfaces upon increasing NaCl concentration is shown. The fourth and the fifth columns stand for the
thickness of adsorbed layers at silica-water /; and air-water interfaces /..

The important messages of Table 1 are that upon increase of the NaCl concentration: i) aggregation
occurs already below the cmc as measured by SLS; ii) the size of the aggregates increases upon increasing
NaCl concentration; and iii) sum of the thicknesses of adsorbed layers of F127 at interfaces of the wetting

film goes down with increasing NaCl concentration.
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Table 2 collects similar information as Table 1 for polymer concentrations above the cmc.

Table 2 The diameter of aggregates (D) of the solution of F127 measured by dynamic light scattering (DLS) and the

thickness of adsorbed layers of F127 at silica-water (h;) and air-water (h,) interfaces obtained via ellipsometry at

different ¢ ;7 and ¢ o, T = 22°C.

C NaCl C F127/ H,M D /nm hl + hz/ nm h1 /nm hz/nm
M

0 2800 36 16 75 8.5

10 1500 36 16 75 8.5

107! 800 36 10 1 9

We see that the size of aggregates (column 3) is the same for all polymer concentrations (column 2).
Similarly, in [NaCI]< 10 M the thickness of adsorbed F127 layers (column 4) of 16 nm is the same at and
above the cmec. At 0.1 M NaCl the thickness of adsorbed layers is almost 2 times smaller (10 nm) in
comparison with the aforementioned thickness due to a dramatic decrease of /" at the silica-water interface

upon increase of the electrolyte concentration (2).

3.2 Thinning of wetting films

Figures 2 a, b show the influence of salt on thinning behavior of films formed from 400 uM F127 at an

applied, py of -4.5 kPa.
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Figure 2 Influence of NaCl on the relaxation of wetting films at T = 22°C, pyy = -4.5 kPa, cp;5; = 400 uM.

Figure 2a emphasizes the relaxation of the film during the first hour after switching on an applied
pressure of —4.5 kPa. It can be seen that within 15 minutes the films relax to a thickness, which seems to be
constant in time. These ‘plateau’ values of the film thickness depend strongly on salt concentration, and are

equal to 14, 38 to 70 nm at 10*, 0.1 and 1 M NaCl, respectively. However, when the observation time is
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extended to many hours, further relaxation of the films was observed at 0.1 and 1 M NaCl (Fig. 2b). In the
presence of 0.1 M NaCl it took 15 hours for the film to relax from 38 down to 14 nm. In 1 M NaCl the film
relaxed from 70 down to 30 nm in 7 days at which time the thinning process is still not completed yet. For
the last case the full relaxation is not shown. It is evident that these thinning processes exhibit two kinetic
regimes if 0.1 and 1M NaCl is present in the solution: a fast thinning regime for the first 15 minutes and a
much slower thinning regime for subsequent hours. At 10* M NaCl no significant slow thinning was
observed. In our previous work (2), the film thickness after the ‘fast’ relaxation process was thought to be
the final value. Further in the text, a film at the “onset” of a slow thinning process will be called a non-
equilibrium film.

Figure 3 compares the thicknesses of non-equilibrium (1) and equilibrium (3) films together with: i) the
combined thickness of adsorbed layers of F127 at silica-water and air-water interfaces (4); ii) the combined

thickness of adsorbed layers of F127 at film interfaces with two layers of aggregates (2) in between.
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Figure 3. Non-equilibrium film thickness (1), equilibrium film thickness (3) at py= -4.5 kPa compared with the total
thickness of adsorbed F127 layers (4) plus two layers of aggregates in between (2) versus NaCl concentration at cr;»7
=400 uM and T = 22 °C. The size of the aggregates are measured with DLS and taken from Table 1.

We see that the thickness of adsorbed layers (4) decreases slightly, while the thickness of the film (1)
increases with increasing NaCl concentration. The thickness of non-equilibrium films (1) coincides with
the total adsorbed layer thickness with two layers of aggregates in between (2) up to 0.1 M NacCl (at higher
NaCl concentrations this does not hold), and the thickness of equilibrium films (3) is close to the thickness
of adsorbed layers (4). The salient feature is that those non-equilibrium films relax to equilibrium films.
One might think that the slow drainage is caused by micelles in the film. Therefore, the question is: will we
observe different relaxation kinetics of films below, at and above the cmc if no NaCl is present?

Figures 4 a, b depict the relaxation of films for a polymer concentration below (400 uM), at (1500 uM),
and above (2800 uM) the cmc at py = - 4.5 kPa and 7 = 22 °C. Figure 4a focuses (as Figure 2a) on the
relaxation during the first hour. The relaxation time slightly increases upon increasing F127 concentration.

However, after 30 minutes all films reach a thickness that does not change anymore during the subsequent
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hours (Fig. 4b). Passing the cmc does not mark a change in behavior. At a low NaCl concentration (<10

M) we observe fast thinning towards the equilibrium thickness for all cases that were examined.
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Figure 4 Influence of [F127] on the relaxation of asymmetric F127 films. 0 —c p;37: 400 uM (0.3 xcmc), O-1500 M
(slightly higher the cmc) at cyuc; = 107 M; 1-2800 M (~2 xcme) without salt, py; = -4.5 kPa, and T = 22°C.

Concentrations of F127 in uM are shown on the figures.

If we consider the relaxation of the film formed from a F127 solution (400, 800 uM) in 0.1 M NaCl,
again ‘fast’ and ‘slow’ thinning processes can be distinguished (Figure 5). The relaxation time at 800 M

increases up to ~ 20 hours.
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Figure 5 Relaxation of wetting films formed from aqueous solution of F127 in 0.1 M NaCl at T = 22°C, py = -4.5 kPa.

The F127 concentration is indicated in the figure.
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If we estimate the non-equilibrium thickness of the film obtained from a F127 solution at 800 uM F127
and 0.1 M NaCl, we find that this value (~55 nm) is close (within experimental error) to the thickness of
adsorbed layers at the film interfaces (10 nm) plus the size of trapped micelles (36 nm) in between. The
film thickness of 20 nm, which is reached after 24 hours, is still much higher than the total adsorbed layers
thickness (10 nm). Most likely, the film still did not reach an equilibrium thickness.

In conclusions, we observed increase of the larger relaxation (in hours!) upon rising cn,cj, and smaller
relaxation time (in minutes) upon increase of the polymer concentration cpip;. Hence, the presence of
micelles in aqueous solution does not seem to play an important role in the slow film-thinning
phenomenon, and the salt-induced slow relaxation must have a different origin.

In order to obtain further information about the process of film thinning, ellipsometric images of the
films were made during relaxation. Figure 6 shows images of films formed from F127 aqueous solution
(400 uM) at py of -4.5 kPa after different waiting times at two different NaCl concentrations. For dark
patches the thickness is such that the settings of the polarizer and the analyzer correspond to the “null”
setting. For bright patches the film is either thinner or thicker as explained in the experimental section. It is

clear that the images of films with NaCl concentrations of 10 and 0.1 M NaCl M are different.

Solution / ¢ 1 minutes 1 hour 18-20 hours

400 uM F127 +
0.1 mM NaCl

400 pM F127 +
0.1 M NaCl

Figure 6 Ellipsometric images of the film at py = -4.5 kPa, T = 220C, cgj7 = 400 uM, cyuc= 10" M (a, b, ¢) and 0.1
M, e f),

Images of films formed at 10 M NaCl (Figure 6 a, b, c)
Because the equilibrium thickness of 11 nm was reached very quickly (Figure 2), identical images of the
film were expected at least after 1 hour and 20 hours. However, different images were observed after 1

minute, 1 hour and 20 hours. The dark patches in the image correspond to the average ellipsometric
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thickness. Bright patches are either thinner or thicker, but the difference might be very small.
Unfortunately, we cannot extract the magnitude of the differences in thickness from these pictures; most
probably they are small. Our interpretation of these images is that the films are still draining in time but that
the changes in the thickness are extremely small.

Images of films at 0.1 M NaCl (Figure 6 d, e, f)

For the film formed at 0.1 M NaCl nearly the same pictures were observed after one minute, one hour
and 18 hours. Moreover, these films seem to be heterogeneous: large structures (in lateral direction) of 50-
100 [Im are seen. The locations and the shapes of the structures do not change during the thinning of the
film, indicating that they are stuck within the film. It is important to note that the average thickness of this
film strongly decreases from d, to e, to f, as seen in Fig.2. As explained in the experimental section, the
analyzer and polarizer were adjusted before new image was recorded. These images are very similar to the
photographic images made by Monteux et al. (/3) of foam films containing microgels formed from
polymer/surfactant aggregates. Their films show also an extremely slow drainage. The formation of a
viscous surface gel layer of polymer/surfactant aggregates, stuck to the surface was proposed as an
interpretation of such images. If this is the case, the structure and the properties of such networks can be
strongly influenced by the rate of film formation (/4). Most probably, such immobile structures are present

within the film if [NaCl] increases.

4 Discussion

The drainage of films without salt or in 10* M NaCl is quick and the drainage time slightly increases
upon increasing F127 concentration. This slight increase of the drainage time from 15 to 35 minutes upon
increasing F127 concentration might be explained by a slight increase of the viscosity of the solution. It is
well known that in general polymer mobility decreases and the viscosity increases with increasing polymer
concentration. An increase of the NaCl concentration has a much stronger effect on the rate of film
drainage: the relaxation time increases from 15 minutes to more than 150 hours upon increasing the NaCl
concentration from 10 to 1 M, respectively. ‘Thick’ non-equilibrium films obtained in the presence of 0.1
and 1 M NaCl relax to a smaller thickness, but it takes hours, or even days. The effect of electrolyte
concentration on the rate of film drainage is surprising and calls for an explanation. Let us discuss several

possibilities.

4.1 The possible role of micelle-like aggregates in the thinning phenomena

One possibility is that aggregates of F127, which are present in the solution, slow down the film
drainage. In Figure 3, the thickness of the non-equilibrium (1) films nicely coincides with the total
thickness of adsorbed layers of polymer at film interfaces plus two layers of aggregates in between (2) if
the NaCl concentration does not exceed 0.1 M. This brought us to the idea that the slowness of the relaxing
non-equilibrium thickness might be due to trapped aggregates (2). The size of aggregates increases with

NaCl concentration (Tablel), and this is in line with the experimental finding that the non-equilibrium
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thickness increases upon increasing NaCl concentration. However, in the absence of NaCl or at low NaCl
concentrations (<10 M) slowly relaxing thick non-equilibrium films do not occur. Apparently, if there is
no salt in the solution, micelles/ aggregates are not trapped within the film and flow out of the film quickly.
We conclude that the mere presence of micelles in itself is not a sufficient condition for the occurrence of

slowly relaxing thick non-equilibrium films.

4.2 Local and transient increase of the concentration of the surfactant within the films

Another contribution to an explanation may be a rising polymer concentration inside film during
thinning. Van der Gucht et al (/5) pointed out, that ‘if the diffusion of polymers between the gap and the
bulk is too slow to maintain equilibrium, the amount of polymers in the gap is determined by the flow of
fluid out of the gap’(/5). Depending on the concentration profile of mobile polymer and on the flow
profile, an increase of the concentration inside film may arise, leading to an osmotic repulsive contribution
to the force between the surfaces of the film. When the flow profile overlaps with a depletion zone of
mobile polymer (a zone where the concentration of mobile polymers is lower than in the bulk solution), the
concentration inside the film increases during the film thinning. Such a mechanism may contribute to the
occurrence of slowly relaxing thick non-equilibrium film. However, at present we cannot be sure because

we do not know enough about the details of the concentration and the flow profiles.

4.3 Gel formation within the film

Perhaps, the most important factor might originate from the gelation of F127 in aqueous solution, which
is strongly influenced by the presence of co-solutes. It is known that F127 form aggregates of different
kinds, depending on the sizes of the blocks, the solvent properties, the temperature, and the co-solutes (71,
16). At low concentrations, it is generally observed that micelles are formed, while for higher
concentrations, liquid crystalline phases may occur as well (/1, 16). Malmsten’s work (/6) on the phase
behavior of F127 in water demonstrates that a gel region exists at higher concentration of F127 and at
intermediate temperatures (~ 30 wt % F127 at 20°C). It is also established that NaCl displaces the whole
gel region and cloud point (CP) to lower temperatures. The stability range of the gel phase is strongly
dependent on the presence of co-solutes. NaCl, which is referred as a typical ‘salting-out’ co-solute
displaces the whole gel region, as well as CP, to lower temperature (/6). Indeed, the presence of 1 M NaCl
shifts the gel region to lower concentration (17 wt% at 20°C) (16). Their experimental data suggest that the
gel consists of a close-packed array of micelles of roughly the same size as those in dilute solution.

If we estimate for example, the overall (Cg127, £i1n) concentration of polymer inside films of 40 nm

formed from 400 uM (0.5 wt %) of F127 without and in 0.1, 1 M NaCl (by summation of the bulk F127

concentration c” and adsorbed amount of F127 at the air-water interface 7***™"** divided by the film

thickness heiin: Crizy, gi1m = c° + [#F7"@5/ ho ) we find as average concentrations of
polymer inside film 12.5, 6.25 to 9 wt %, respectively . Of course, the smaller the thickness, the higher the

polymer concentration within the film: the concentration of polymer takes values around 24.5, 13, 18 wt %
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if we decrease the film thickness to 20 nm. Taking into account that the presence of 0.1 M NacCl leads to a
desorption of F127 from the silica surface (2), and that the concentration of polymer indeed is higher than
in the solution, one might expect that the polymer concentration in the film will not be in equilibrium with
the external solution. Hence, we think that a gel inside film (or at the air-water interface) might occur under
the impact of NaCl and upon quick film formation. If gelation occurs within the film (or at one interface)
this readily explains why films will drain very slowly (due to the slow diffusion of polymer within the gel
network), and why they might be heterogeneous. Indeed, slow drainage of films was observed at 0.1 and 1
M NaCl; and heterogeneous patches along the film were observed in ellipsometric images at 0.1 M NaCl

(Figure 6 d, ¢, f).

5 Summary and Remarks for futures study

In this study, we investigated the relaxation behaviour of thin wetting films formed from solutions of the
polymeric surfactant F127 and NaCl. What was already anticipated in a previous publication (2) has now
been confirmed: an increase of the NaCl concentration leads to the formation of non-equilibrium thick
films. These films relax with time to a smaller equilibrium thickness. The non-equilibrium thickness and
the relaxation time increase upon increase of the electrolyte concentration.

The presence of 10“M NaCl in the aqueous F127 solution has a negligible effect on the relaxation of
wetting films: equilibrium films are formed very quickly. Although slight film drainage is probably still
exist. Increase of the F127 concentration only has a minor influence on the relaxation time.

In forthcoming publications, the effect of different co-solutes (which have different effects on the solvent
quality of F127 solution and on the adsorption behaviour of F127 at interfaces) as well as the effect of pH
on the stability and thinning of aqueous triblock copolymer films will be studied in order to establish which
factors determine the behaviour of thin films formed from aqueous solution of PPO-PEO type polymeric

surfactants.
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Chapter 4 Equilibrium and transient thicknesses of

wetting films

ABSTRACT

We studied the time-dependent thickness of wetting films formed from aqueous solutions of NaCl
on a silica surface modified with the block co-polymeric surfactant F127 (PEO¢PPO¢;PEQgy). The
drainage kinetics of these films was investigated by means of a film balance and an ellipsometer. It was
found that the thickness of the films depends strongly on whether or not surfactant was applied over the
entire substrate or only at a spot coinciding with the investigated wetting film. In the former case, the
thickness shows a transient maximum, in the latter case, it equilibrates quickly. An interpretation of the

transient thicknesses is given, and the equilibrium values are discussed.
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1 Introduction

For draining wetting films, the thickness as a function of time, /(), is the most important quantity
to be determined experimentally. When a thin film is formed from a solution (phasea) in air (phasep) it is
initially thick. However, it thins under the driving force, Ap= p” - p® This pressure difference can be an
externally created pressure difference (/). Draining films with liquid interfaces (foam, emulsion) are not
always plane-parallel. The balance between the disjoining pressure, /7 and capillary (or hydrodynamic)
pressures determines the shape of the film. Non-equilibrium thicknesses of films can also occur if a bubble
approaches a solid surface and a liquid film is formed between them. This film does not necessarily drain
continuously: there are several distinct stages of the thinning process in wetting films (2). Since the
drainage near the film border is initially faster that in the film centre, the thickness at the barrier rim
quickly reaches a value close to the equilibrium one. Thus, a specific film profile known in the literature
under the name of dimple is generated. This phenomenon is transient.

Here we describe observations on thicknesses of wetting films formed from aqueous solutions of
NaCl at silica surfaces with a pre-adsorbed layer of surfactant. The emphasis is on the interpretation of the
transient behaviour of wetting films. Under special conditions we observed thickness of films, which had a
maximum (as a function of time). The incentive for carrying out the present set of experiments came from
previous chapter 3, where we found an unexpected retarding effect of NaCl on the drainage of wetting
films formed by aqueous solutions of a triblock copolymer surfactant, Pluronic F127 (3, 4). Pluronic F127
is the BASF trade name for an ABA block copolymer. It is composed of one hydrophobic polypropylene
oxide block B (PPO) and two hydrophilic polyethylene oxide blocks A (PEO) and has an average
molecular composition PEOQgyPPO4sPEOy.

In order to analyze the influence of NaCl on the kinetic behaviour of wetting films, we should
have some information about the kinetics of adsorption of the triblock copolymer surfactant at the two
interfaces of this film. Here we organize the results as follows: the adsorption data are given in the first
section (3.1); transient and equilibrium film thicknesses are discussed in the second part (3.2); the last
section (3.3) is devoted to the comparison of the equilibrium thicknesses of the films obtained via different

thinning mechanisms.

2 Experimental

2.1 Materials

The polymeric surfactant (triblock copolymer) Pluronic F127 (average molecular composition

PEO¢yPPO¢sPEQyg, Sigma-Aldrich CO., USA) was used without further purification. Pluronic F127 has a
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number-average molar mass, M, of 12600 and a PEO content of 70% by weight. Further in the text the term
of polymeric surfactant or surfactant is used for the triblock copolymer F127. Aqueous solutions of
surfactant were prepared by dissolving the surfactant in demineralised water under gentle agitation. Sodium
chloride, NaCl, (J.T. Baker Chemicals B.V., Holland) was used without further purification.

The water used is purified using a two-stage deionization processes (ion exchanger/active carbon),
supplied by a “Barnstead pure UV system” (USA). After deionization, the water is filtered trough a 0.2-
micron filter. It produces water with a resistivity of 18.3 Megohm-cm (MQcm).

All measurements were carried out at pH ~ 6 and T~ 21-23°C.

2.2 Preparation and saturation of silica

Polished silicon wafers, Si (p-type, boron-doped, oriented <1-0-0>, resistivity 12-18 Qcm) were purchased
from Wafer Net, Germany. The thickness of the natural silicon oxide SiO, layer on the surface was about 2
nm, as determined by ellipsometry. Wafers were cut into small strips (3x1 cm) and boiled for 5 min at 80°C
in a mixture of 25% NHj3, 30% H,0, and H,O (1:1:5 by volume). The strips were then rinsed with water
and ethanol (99.8%). They were kept in a closed container under water until use. Before the strips were
placed in the cell, they were dried with a stream of nitrogen and treated for 30 seconds in a plasma cleaner
(Harrick, Model PDC-32 G). A subsequent plasma treatment was performed with air (10 Pa). After
cleaning, the contact angle of water was always lower than 8°, indicating the hydrophilic nature of the

silicon oxide surface. The full silicon strips, or parts of them, were covered with the solution of polymer.

2.3 Formation and measurements of wetting films

2.3.1 Thin Film Balance (TFB)

The TFB technique was used to measure the thinning of films. This technique, based on the
original design of Mysels and Jones (5), was developed and described for wetting films by Shishin and
Derjaguin et al (6, 7). A drawing of the TFB and a detailed discussion of the measurements is given in our
previous publications (3, 4). In figure 1 (see section 2.3.2) we show a very schematic picture of the film
inside the porous disc: a porous glass disc (1) saturated in the NaCl solution is placed on the silica surface
(2) covered with polymer solution. This is done in two different ways ((a) and (b)) which we discuss in the
next section (2.3.2). A thin wetting film (3) is formed in the hole (diameter of 0.5 cm) drilled in the porous
disc. The porous disc and the silica strip are placed inside a covered Plexiglas cell, which has narrow

channels and grooves for the beams of the ellipsometer light.

2.3.2 Formation and manipulation of wetting film

The wetting film is formed on the silica surface once the porous disc, saturated in NaCl solution, is

positioned on the surface and the hydrostatic pressure is applied. Manipulation of this pressure affects the
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disjoining pressure, /7 in the film. A positive disjoining pressure resists thinning, while a negative one
promotes thinning. At equilibrium, /7is opposite in sign and equal in magnitude to the hydrostatic pressure
difference Apy.

II1(h) + Apy =0 (D

Hence, in this way the disjoining pressure can be measured. The hydrostatic pressure difference is given
by Apy = pgH, where p is the liquid density, g is the gravitational acceleration and H the height difference
between the silica surface and the reservoir. H has negative values as the level in the vessel is below the
silica surface. It is measured with a cathetometer (Mitutoyo, Model AT11-N600, Japan).

It is necessary for the following discussion to stress the way of modification of the surface with the

solution of surfactant. Two situations are shown in Figure 1.

Figure 1 The formation of a film at fully (a) and partly (b) covered with the surfactant silica surface.
- Porous glass disc, 2 — silica, 3 — wetting film.
(a) - Surfactant is present between the disc and the silica surface

(b)- No surfactant is present between the disc and the silica surface.

In case (a) the silicon strip was immersed into the solution of surfactant (400 uM) for 1 hour, removed
and dried in an oven at 50°C, cleaned with water and finally dried with air. Hence, in case (a) the entire
surface of the strip is covered with a layer of polymeric surfactant, corresponding to saturated adsorption
from water. In the second case (b) we covered only the part of the surface with the size of the diameter of
the hole in the porous discs (~0.5 cm). We put a drop of 1ul of the solution of surfactant in the centre of the
strip. The spreading area of the drop was around 0.2 cm?, as the hole comprises only about 7% of the entire
area (the area of the silicon strip is 3 cm?). The area of the silica surface covered by polymeric surfactant
was almost 15 times smaller for the case (b). In case (a) the film in the hole was in full contact with both
the pores of the disc and the thin, surfactant containing, layer between the disc and silica, whereas in case
(b) the contact was only with the pores.

Immediately, a pressure of -4.5 kPa was applied and thinning of the film was followed by ellipsometry.

2.3.3 Measurements of the thickness of wetting films

Ellipsometry measures changes in the polarization state of light reflected from interfaces. The experimental
data are expressed in terms of the ellipsometric angles w (where tany = |21/l | is the amplitude ratio of

the parallel (p) and perpendicular (s) reflection coefficient) and A (the change in the phase difference that
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occurs upon reflection). These are related to the Fresnel reflection coefficients #’ and 7, for p- and s-
polarized light as /r'= tanye’*. These coefficients are complex functions of the angle of incidence, the
wavelength, the optical properties of the substrate, the ambient medium, and of the layers and the thickness
of the layers. Details can be found elsewhere (8).

The ellipsometric angles were determined via in situ null ellipsometry. In null ellipsometry, the
polarizing elements (polarizer, P and analyzer, A) are rotated until the signal at the photo-detector is
minimized (“nulled”). A Multiskop instrument (Optrel Gbr, Berlin) was used for the measurements. The
light source was a He-Ne laser with wavelength of 632.8 nm. Because of some differences between the
available porous discs, we measured at angles of incidence varying between 65° and 70°, which is close to
the Brewster angle for an air-silicon interface (75°). The ellipsometric angles were recorded as a function of
time. A four-layer model {silicon/ silicon oxide/aqueous film/air} was considered for the computation of
the film thickness. In the calculations of the film thickness (%g,), predetermined values for the refractive
indices of silicon (3.85), silica (1.46), aqueous solution (7,,) and air (1.00), as well as for the thickness of
the silica layer (2 nm) were used. Furthermore, it was assumed that the aqueous film is homogeneous, and
that the refractive index is the same as that in the aqueous bulk solution, r,,, which was measured with an
Abbe refractometer for each salt concentration (21° C, white light). More details are discussed in our
previous publications (4).

It should be noted that the computation of the thickness of the wetting film is more accurate than that of
the thicknesses of the surfactant layers at interfaces of the film. The way of measurements of the
thicknesses of the surfactant layers is given in the next chapter (2.4). The obtained thicknesses depend
sensitively on choice of the refractive indexes of the adsorbed layer. We used the value 1.38 for the
refractive index of the adsorbed layers at interfaces. This value is an estimation based on literature data for

similar systems and our own results (4, 9).

2.4 Ellipsometric measurements of layers adsorbed at the silica-water

interface.

The kinetics of adsorption of surfactant on the silica-water interface was also studied by means of
in situ null ellipsometry. In this case a silicon strip (with a silicon oxide layer) was placed in a Teflon cell
with glass windows. The cell was filled with water/surfactant solution. After that a known amount of NaCl
solution (if any) was added and stirred for one minute. Half minute after stirring was stopped, the
measurement was started. The ellipsometric angles were recorded as functions of time until the parameters
Aand y reached stable values.

A four-layer model (silicon/silicon oxide/adsorbed surfactant layer/aqueous solution of NaCl) was
used for the numerical evaluation of the refractive index n,,4 , the mean thickness 4,4, of adsorbed layer,
and the surface concentration, /. In these calculations, the surface concentration, /~ on the silica-water

interface was determined using the expression (/0):
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r= (nads - nsol) hads /(dnsol/dc) [7]

Here ny,, is the refractive index of the solution; dn,,/dc is the refractive index increment of aqueous
solution. The refractive index of solution n,,; was measured with an Abbe refractometer (21°C, white light),

and the dn/dc of 0.1276 ml/g was obtained from the previous measurements was used.

2.5 Drop Tensiometry

The surface tension y of a surfactant solution was studied using an automated drop tensiometer
(ITCON-CEPT, Longessaigne, France), where yis calculated from the profile of a drop. The drop was
automatically formed at the tip of a capillary fitted to a syringe, inside which the pressure is measured by a
transducer. The actual shape of the drop results from the balance between interfacial tension and gravity
forces. The drop profile was processed according to the fundamental Laplace equation applied to the drop
profile:
li(xsiné?) :Z_CZ
X dx b
where x and z are the Cartesian coordinates at any point of the drop profile, b is the radius of curvature of
the drop apex, @ is the angle of the tangent to the drop profile, and c is the capillarity constant. Several
times per second the computer calculates three characteristic parameters of the drop: area, volume and
interfacial tension. The measurements were started immediately after the drop is formed. Details are given

by Benjamins et al (/7).

3 Results and Discussion

3.1 NaCl effect on the kinetics of adsorption of surfactant at solid-water and
air-water interfaces

In the absence of electrolyte, surfactant adsorbs both at the silica-water and the air-water interface, at the
former as a thin layer, probably bound to the surface via the EO-moiety, at the latter with the PPO
enriching the surface proper and the EO-tails essentially dangling into the solution (4, 72-15). It is known
that addition of NaCl affects the adsorption of surfactant at the air-water and silica-water interfaces in a
different way. In the former case, the adsorption increases (4), while in the later case it decreases (4, 13,
16).

Figure 2 compares the kinetics of adsorption of surfactant at the silica-water interfaces with and without 0.1

M NaCl.
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Figure 2 Surface concentration of surfactant adsorbed from 100 uM solutions at the silica-water interface versus time,

obtained via ellipsometry at 22°C. The lines are made to guide the eye.

It should be noted that we have a gap in the first experimental observation of 30 seconds. It means that the
range 0 < time < 30 seconds /”is unknown. In both cases adsorption occurs very quickly: after 30 seconds
equilibrium is entirely (in 0.1 M NaCl) or almost (without NaCl) established. It is seen that NaCl leads to
reduced adsorption of surfactant on the silica surface. The reason for less adsorption of the surfactant is
probably similar to the effect of pH on the adsorption of PEO and PEO-containing non-ionic surfactants at
the silica-water interface, which is described in the literature (/7-20). Salt-induced desorption of surfactant
(F127) from the silica-water interface has been investigated and discussed extensively (/3, 16). The
mechanism of desorption of PEO and PEO-containing surfactants (including F127) is probably the same,
and determined by the cation Na', which displaces the PEO segments from the silica surface. More
information is given in refs (16, 17, 19, 21).

The adsorption of surfactant at the air-water interface also occurs relatively fast, as can be deduced from

the drop in surface tension (Figure 3).
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Figure 3 Surface tension y of 4 uM solutions of surfactant measured by ADT at 22°C.

Notice that the concentrations of surfactant chosen for the kinetics studies at the air-water and silica-
water interfaces are different: 4 and 100 uM, respectively. Saturation of the surface (at 4 uM) takes about
200 sec. in salt-free conditions and about 50 sec. in the presence of NaCl. For higher surfactant
concentration (100 uM) it was impossible to see the effect of salt on the air-water interface with our set-up.

Figure 3 reflects that addition of NaCl up to 0.1 M increases the rate of adsorption of surfactant at the
air-water interface: the equilibration time decreases by a factor of about four. Quick equilibration of
adsorbate at the air-water interfaces is most likely due to decrease of the solvent quality, which is known to

be determined by the nature of the anion.

3.2 Kinetics of wetting films: transient and equilibrium thicknesses

Figure 4 shows the /(f) behaviour of films formed from aqueous solution without salt (open circles) and in
the presence 0.01 M NaCl (black circles) at the silica surface, both fully covered with surfactant (case (a) of
fig.1).
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Figure 4 The thickness of films, h versus time formed on fully covered silica (fig. 1a), A py of — 4.5 kPa and 22°C.

The reproducibility of these curves is not perfect, but the trend is statistically significant: a transient
thickening of the film formed in 0.01 M solution NaCl is clearly seen.

Obviously, a spontaneous thickening of the film cannot be explained in terms of drainage. To account for
the transient maximum we supposed that surfactant desorption by the NaCl was at the origin. This
desorption will take place inside the hole (fig.1a), and beyond it, under the porous ring. The extent of
desorption inside the ring is faster than under the ring, so that a gradient of 7~ ensures which leads to
transport of surfactant from under the ring to the hole. The increased surfactant concentration inside the
hole creates a transient osmotic pressure with respect to the fluid inside the plug, which leads to suction,
and transient thickening of the film.

To underpin this osmotic pressure mechanism, two sets of experiments were carried out. In the first, the
experiment was repeated in more concentrated NaCl. When the proposed mechanism applies, more

pronounced and earlier maxima should be observed, because the extent of desorption is enhanced.
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Figure 5 As fig.4, but now in the presence of 0.1 and 1 M NaCl, respectively.

As can be seen in fig.5 this is indeed the case. The time scale of the existence of the maxima decreases
from a few hours (Fig. 4) to a few minutes (Fig.5) upon increasing the NaCl concentration from 0.01 to 1
M and the maxima become much more pronounced. We note that in 1 M NacCl films have a tendency to
become unstable after one hour. Sometimes the film breaks. Eventually (¢—o0) the films drain till their final
values of about 5-8 nm.

The main point we want to stress is that the maxima in the drainage curves of the wetting film are the
result of salt-induced desorption of adsorbate from the solid-liquid interface and the subsequent increase of

the concentration of adsorbate leading to a (local) increase of the osmotic pressure. It seems essential that a
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free surfactant concentration builds up under the porous disc and that drives the thickness increase in the
wetting film in the hole.

This is supported by the data obtained for case (b). In this case the supply of surfactant from the large
“bath” underneath the porous ring is blocked (fig.1b). Indeed, in this case these maxima disappear. Figure 6
shows the 4(f) behaviour of films formed from 0.1 M NaCl at the surface partly covered with the surfactant.
The surfactant desorption from the hole is only about 7% of that in the case (a) and not large enough to

produce any substantial effect.
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Figure 6 The thickness of films versus time formed on partly covered silica (fig. 1b), Apy of — 4.5 kPa and 22°C.

If the increase of the concentration of the surfactant under the porous disc would not play a role and if
desorption of the surfactant in the wetting film (the hole) were capable to driving the thickening
phenomena, we should still observe a maximum in the % (f) behaviour of films formed at silica partly
covered with surfactant. This is not what we find. Indeed, this scenario is very unlikely as the desorbed
surfactant in the hole can (and will) quickly adsorb to the nearby water-air surface, so that it is no longer

free.

3.3 Comparison between final thicknesses of films attained with or without transient
maxima.

In view of the complicated dynamic nature of the drainage process quantitative interpretation the % (¢)
graphs is not simple. However, the thicknesses measured at steady state are precisely the ones obtained in
measurements with solutions containing salt and surfactant (chapters 2, 3), which we interpret as the
equilibrium film thicknesses. The only difference then, is that the use of surfactant-loaded surfaces

surfactant-free electrolyte leads to much faster equilibration, particularly in case (b). In view of the
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extremely long drainage times (up to days) found previously, there is an enormous advantage. Hence, we
can now discuss the film thickness in terms of equilibrium.

We expect that the steric repulsion, which comes from the layers adsorbed at interfaces of the wetting
film, plus the Van der Waals repulsion are the dominant contributions to the disjoining pressure. In figure 7
some of our previous disjoining pressure isotherms are shown for aqueous films on silica observed under

various conditions.
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Figure 7 A comparison: I1( h) isotherms of aqueous films at the silica surface observed under various conditions:
curve 1 - the van der Waals isotherm calculated; curve 2 - 1 0 M NaCl;
curve 3 - 50 uM F127 + 10 M NaCl; curve 4 - 50 uM F127 + 0.1 M NaCl

point 5 — final thickness of films with a maxima in the drainage .

Curve 1
In fig.7 the Van der Waals isotherm for the system silica/water/air is plotted as a solid curve. The Van der
Waals interaction (curve 1) is calculated from:
Thaw=- Al (2)
Here A is the Hamaker constant (Agjjicawater/air = -10%7 (22)), and 4 is the film thickness.
Note that the Van der Waals interaction is repulsive.
Curve 2
The squares in fig.7 give the /7 (k) data for the film formed from only 10* M NaCl, i.e., there is no pre-

adsorbed surfactant. As this film does not contain any surfactant, the gradually decreasing repulsion
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between the interfaces from 7 up to around 30 nm must be attributed electrostatics (DLVO theory). The
decay should be exponential and this is indeed found. A decay length, x¥' of 10 nm was so that an
exponential decay, with a decay length equal to the Debye length is expected.

At short distances /7 () is dominated by its Van der Waals part.

In fig.7 we also give /7(h) data for films formed from 50 M of the solution of surfactant at 10* M and 0.1
M NaCl, respectively. Here we focus attention on the thicknesses of the films obtained at high pressures (>
4 kPa). Non-DLVO forces come into play and they must stem from the adsorbed layers of surfactant. From
our previous studies (chapter 2) it follows that at 50 uM of surfactant (which is ~ 0.4 of critical
micellization concentration (cmc)) the film interfaces are not fully saturated with the surfactant. The sum of
the thicknesses of adsorbed surfactant layers at the two film surfaces was established to be around 7 nm for
both concentrations of NaCl (4). At 4 kPa the films formed from surfactant in 10 and 0.1 M NaCl have
thicknesses of 10 nm.

Point 5 - final thickness of films with a maximum in the drainage

There is a certain spread in the final thickness value. In the present work wetting films are formed from
aqueous solutions of NaCl, which did not contain surfactant. The only surfactant present in the system is
that pre-adsorbed at the silica-water interface, but there is some irreproducibility in the surfactant transport
from the ring to the hole. As a result, we do not now the exact concentration of surfactant within the film.
In previous works (3, 4) the films were formed from solutions of surfactant with known concentration.
Different concentration of surfactant at interfaces of film might explain the difference between the final
thickness of wetting films obtained in previous and present work. Accepting this spread, the final
thicknesses of our present study may be taken as equilibrium values. They are determined by steric
interactions.

A practical importance of the present findings is that final thicknesses can be obtained more rapidly.
Earlier, we observed that the equilibration of the films contained surfactant and NaCl (the latter at
concentrations higher than 0.1 M) took hours or even days. This makes the study of equilibrium film
thickness very cumbersome, and possibly subject to additional problem (e.g. evaporation). Therefore, being

able to reach equilibrium quickly is enormous advantage.
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Chapter 5 Effects of pH and additives on aqueous

wetting films stabilized by a triblock copolymer

Abstract

Effects of pH and additives (NaCl, Na,SO,, NaSCN and urea) on the adsorption of an ABA triblock
copolymer (F127) with polyethylene oxide (PEO) as the A blocks and polypropylene oxide (PPO) as the B
blocks, at the interfaces of wetting films, on film drainage and on the interaction forces in these films are
examined using ellipsometer and a thin film balance technique. The main findings are that all additives
reduce the adsorption at the silica surface and retard the film drainage. Moreover, high pH values (~ 10)
destabilize the wetting film if 0.1 M NaCl is present. The reduction of the adsorbed amount appears to be
correlated to a dramatic slow down of film drainage. The slow drainage as well as the destabilization of the
film is attributed to bridging attraction between a densely covered air-water interface and a very sparsely

covered silica-water interface.
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1 Introduction

The problem of wetting film stability on a solid is important in numerous technical processes, such as
cleaning and mineral flotation, and products like windows and textile fibers. We consider here the stability
of aqueous wetting films on silica. In simple cases, the main forces controlling the stability of aqueous
wetting films are repulsive electrostatic and Van der Waals forces. Since the potential of the clean air-water
interface is negative (¥=-35 mV)(/) and also the silica-water interface is at neutral pH-value negatively
charged ( ¥=-30 mV) (2) the electrostatic interaction between the solid-liquid and liquid/gas interfaces is
clearly repulsive. Moreover, the Van der Waals force is also necessarily repulsive (Hamaker constant
Agicawaterair= -107° T (3)). In addition, it may occur that there are attractive hydrophobic forces between the
solid-water and air-water interface (4, 5). If the film forms from an aqueous polymer solution, an important
contribution comes from the polymer-induced forces: steric, bridging and depletion forces (6, 7). When the
polymer adsorbs, the properties of the adsorbed layers become crucial. The total force induced by such
polymer layers results from a balance between several interactions (7). When the polymer is in a good
solvent, the force between the interfaces has a repulsive component due to the excluded volume repulsion
between the two adsorbed layers, but also an attractive component due to the formation of bridges between
the two surfaces. If the adsorption is irreversible, and the surfaces of the film are saturated with polymer,
the osmotic excluded volume interaction is dominant and polymer layers induce repulsion between the
interfaces and thus stabilization of the film. If the interfaces are not saturated with polymer, bridging
attraction may become dominant and the polymers can induce a destabilization of the film. Stabilization is
therefore favoured if the repulsive osmotic interaction is stronger than the attractive bridging interaction.

The effect of polymers on the forces between two identical surfaces has been amply studied. The case of
wetting films is more complicated due to the asymmetry of this system. Only a few publications and
reviews on wetting films formed by aqueous solutions of polymers are available (4, 5, 8-12). In our
previous studies we observed an unexpected effect of NaCl on the thickness and drainage of aqueous
wetting films, stabilized by the triblock copolymer Pluronic F127 (71, 13). We attributed this effect to
changes in the solubility of the triblock copolymer, which becomes worse upon addition of electrolyte. In
theoretical treatments the behaviour of polymers at an interface is usually characterized by two interaction
parameters, one for the free energy of mixing polymer and solvent (), and one for the free energy
associated with the formation of polymer-surface contacts and concomitant breaking of surface-solvent
contacts () (/4). For our system of PEO-PPO-PEO triblock copolymers adsorbing from water onto two
different surfaces (silica/water and air/water) we have two y parameters (¥ pgoswater 81d Y ppojwater) and four y
parameters (one for each monomer/interface combination). Changing pH or adding of additives to aqueous
solutions may change any of these parameters, thereby affecting the thickness and wetting behaviour of the

film.
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It is the purpose of the present investigation to assess the role of polymer-mediated surface forces on the
stability and thickness of wetting films on silica. We therefore studied the effect of pH and additives on 1)
the adsorption of the polymer F127 at silica-water and at water-air interfaces, and on ii) the polymer-
induced interactions in aqueous wetting films on silica. In particular, we address the question of how the
nature of the interfaces influences the adsorption and how the adsorption, in turn, modifies the surface
interactions. Accordingly, we consider: 1) effects of additives on the behavior of F127 in aqueous solution;
2) effects of pH and additives on the adsorption of F127 at silica-water and air-water interfaces; 3) effects

of pH and additives on wetting films: polymer-induced forces, drainage and wetting behavior.

2 Experimental

2.1 Materials

The polymeric surfactant (triblock copolymer) Pluronic F127 (average molecular structure
PEQOyoPPO¢sPEOQy, Sigma-Aldrich CO., USA) was used without further purification. Pluronic F127 has a
number average molar mass, M, of 12600 and a PEO content of 70% by weight. Aqueous solutions of F127
were prepared by dissolving the polymer in demineralised water under gentle agitation. Sodium chloride,
NaCl, sodium sulfate, Na,SO,, sodium thiocyanate, NaSCN and urea, (NH,),CO (purity min 99.99%
supplied by J.T. Baker Chemicals B.V., Holland) were used without further purification. The water used
was purified using UV light (Barnstead EASY pure UV, USA). It uses a three-stage deionization process
combined with 0.2-micron filter to polish pretreated water (distilled, deionized, or reverse osmosis) to
produce water with a resistivity of 18 MQcm.

Polished silicon plates, Si (p-type, boron-doped, oriented <1-0-0>, resistivity 12-18 Qcm) were
purchased from Wafer Net, Germany. The thickness of the natural silicon oxide SiO, layer on the surface
was about 2 nm, as determined by ellipsometry. Wafers were cut into small strips and boiled for 5 min at
80°C in a mixture of 25% NHj;, 30% H,0, and H,O (1:1:5 by volume). The strips were then rinsed with
water and ethanol (99.8%). They were kept in a closed container under water until use. Before the slices
were placed in the cell, they were dried with a stream of nitrogen and treated for 30 seconds in a plasma
cleaner (Harrick, Model PDC-32 G). The plasma treatment was performed with air (10 Pa). After cleaning,
the contact angle of water was always lower than 8°, indicating the hydrophilic nature of the silicon oxide

surface. Measurements were carried out at pH 6 and 7 21-23°C unless stated otherwise.

2.2 Thin Film Balance (TFB)

The TFB technique based on the original design of Mysels and Jones (/5), is developed and described
for wetting films by Shishin and Derjaguin et al (16, /7). A schematic drawing of the TFB used in the
current study is given in Figure 1. A thin liquid film is formed on a silica surface (1), in a hole of 0.5 cm
drilled in a porous glass disc (2) (Robu, Germany, pore size 4um), which is fused to the end of a glass tube
(3). The latter is connected to a glass vessel (4), via a polyvinylchloride (Rauclair) tube (5). The film holder
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is placed inside a covered plexiglas cell (6). The Plexiglas cover and the porous discs have narrow channels
and grooves for the incident and reflected light beams of the ellipsometer. Some elements of the
ellipsometer are shown in fig. 1. P stands for polarizer and A stands for analyzer. Details of the
ellipsometric data acquisition and processing are given in the ellipsometry section, below. The silica plates

and porous glass disc were saturated for a night in a F127 solution before the TFB measurements.

Figure 1 Thin-Film Balance. (1) Silica strip (2) porous glass disc, (3) glass tube, (4) glass vessel, (5) polyvinylchloride
(Rauclair) tube, (6) plexiglas cell. Arrows indicate the light beam;
(4 ) analyzer, (P) polarizer .

Manipulation of the hydrostatic pressure, by changing the height difference (H) between the silica
surface and the liquid in reservoir (4), will affect the pressure, /7 in the film. At equilibrium, /7 is the
disjoining pressure; it is opposite in sign and equal in magnitude to the hydrostatic pressure difference Apy.

II(h)+Apy =0 €]

The hydrostatic pressure difference is given by Apy = pgH, where p is the liquid density, g is the
gravitational acceleration and H the height difference between the silica surface (1) and the reservoir (4). H
has negative values as the level in the vessel is below the silica surface, and is measured with a
cathetometer (Mitutoyo, Model AT11-N600, Japan). In the film drainage experiments a pressure of -4.5
kPa was applied after which thinning of the film was followed by ellipsometry.

2.3 Ellipsometry

Ellipsometry measures variations of the polarization state of light reflected from interfaces. The
experimental data are expressed in terms of the ellipsometrical angles y (where tany = |21 is the
amplitude of the ratio of the parallel (p) and perpendicular (s) reflection coefficient) and A4 (the change in
the phase difference that occurs upon reflection). These are related to the Fresnel reflection coefficients /*
and #*, for p- and s-polarized light as #/r*= tanye’’. These coefficients are complex functions of the angle
of incidence, the wavelength, the optical properties of the substrate, the ambient medium, and of the layers
and the thickness of the layers. Details can be found elsewhere (/8).

The ellipsometric angles were determined via in situ null ellipsometry. In null ellipsometry, the
polarizing elements (polarizer, P and analyzer, A) are rotated until the signal at the photo-detector is

minimized (“nulled”). A Multiskop instrument (Optrel Gbr, Berlin) controlled by a computer was used for
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the measurements. The light source was a He-Ne laser with wavelength of 632.8 nm. Because of some
differences between the available porous discs, we measured at angles of incidence varying between 65°
and 70°, which is close to the Brewster angle for an air-silicon interface (75°). The ellipsometric angles
were recorded as a function of time. A four-layer model {silicon/ silicon oxide/aqueous film/air} was
considered for the computation of the film thickness. In the calculations of the film thickness (Agim),
predetermined values for the refractive indices of silicon (3.85), silica (1.46), aqueous solution (1.333) and
air (1.00), as well as for the thickness of the silica layer (2 nm) were used. Furthermore, it was assumed that
the aqueous film is homogeneous, and that the refractive index is the same as that in the aqueous bulk
solution, ng,. Although the accuracy of the calculated sample parameters such as the adsorbed layer
thickness (/,45) or the film thickness (/1m) as well as the refractive index (71,4 OF 1y, respectively) depends
on the correctness of the assumed model, trends in these parameters are less sensitive to the model.
Correction of the film thickness to account for an internal structure with adsorbed layers at the interfaces,
e.g., F127 adsorbed layer at the silica-water interface / aqueous film core / F127 adsorbed layer at the air-
water interface (/1) does not significantly alter the results. The disjoining pressure curves determined this
way are always very smooth, but their absolute position on the A-axis may have an uncertainty (at most) 10-
15 %. Adsorption measurements are also monitored via ellispometry. Details are given in our previous

work (/7).

2.4 Static Light scattering

Static light scattering (SLS) was used for the characterization of the F127 in solution. The light source
was an argon ion laser (Lexel, Palo Alto, CA) emitting vertically polarized light at a wavelength of
514.5nm. Light scattering measurements were carried out with the static/dynamic compact goniometer
system an ALV/DLS/SLS-5000 (Langen, Germany). The scattering angle was 90°. Solutions were

contained in a cell thermostatted at 22°C.

2.5 Contact angle goniometry

A drop of liquid was placed on the silica surface and the image of this drop was investigated with a
Contact Angle Meter G-1 (Goniometer), Erma Optical works, Ltd., Tokyo, Japan at T=22°C. The contact

angle of water was always lower than 8°, indicating the hydrophilic nature of the silicon oxide surface.

3 Result and discussion

3.1 Effects of additives on the properties of the surfactant in aqueous solutions

It is known that block copolymers form aggregates of different kinds, depending on the molar mass,
block sizes, the solvent composition, and the temperature. The effect of various additives on the
aggregation of F127 in aqueous solution has been studied in detail (//, 19, 20). Alexandridis et al. have

correlated the effect of salts on micellization of the triblock copolymer with the ionic radius and the heat of
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solvation of the salts (27). Because F127 is rather polydisperse (the M,,/M, ratio is around 1.3 as measured
with gel permeation chromatography (GPC) by Nelson et al (22)) , it is not easy to obtain a sharp cmc
value. It is probable that some lower molar mass diblock PEO-PPO is present in the sample (22). In the
present study we used static light scattering (SLS) in order to measure the influence of different types of
additives on micellization (cmc) of F127. Upon increasing the concentration of F127 the scattering
intensity was found to display a rapid increase at a given concentration. The values of the critical
micellization concentration were obtained from the intersection point between linear regressions for the two

distinct regions in the intensity-concentration plot. The results are summarized in Table 1.

Table 1 The cmc as found by SLS of F127 in 0.1 M additive at pH = 6 and T = 22° C.

0.1 M additive cme / pM
Na,S04 400
NaCl 800

No additive 1400
Urea 1800
NaSCN 2500

We can see that Na,SO, and NaCl both shift the cmc to lower values, while urea and NaSCN shift it to
higher concentrations. Like others (21, 23, 24), we attribute these effects to changes in the y- parameters
(solvent quality) for PEO and PPO blocks, as follows: i) NaCl and Na,SO, decrease the solubility (increase
%) of the copolymer in water (salting-out), ii) NaSCN and urea have the opposite effect (salting-in). The
salting-out effect of the anions at a given concentration follows the so-called Hofmeister
series: SOj_ > Cl” > SCN~ . Anions with a strong structure-making tendency decrease the cmc. This
may arise from the repulsive interactions between PPO or PEO on the one hand, and salt ions on the other,
leading to a salt-deficit zone around the monomers and competition for hydration water (25-27). The
increase of the cmc in the presence of urea or SCN probably comes from the enhanced solubility of the
surfactant’s hydrophobic moiety PPO. The PPO can be affected by urea either 1) by breaking the water
“structure”, or 2) replacement of water molecules and hydrogen bonding to urea molecules. Which

mechanism is dominant is not very clear. A more extensive discussion is given by Alexandridis et al (26).

3.2 Effects of pH and additives on the adsorption of the surfactant at silica-water and
air-water interfaces

Having some overview of the effect of additives on the behaviour of F127 in aqueous solution, we turn
our attention to the effect of these additives as well as that of pH on the adsorption behaviour of F127 at the

silica-water and air-water interfaces, respectively.
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Whether or not adsorption of a given polymer at an interface will occur depends on -y, that is the
difference between the Gibbs energy (in units kT) of monomer/surface contacts and that of solvent/surface
contacts. If this difference is sufficiently negative (), is positive) adsorption will occur. Adsorbed polymer
chains at an interface are often thought to be composed of three types of subchains: trains, which have all
their segments in contact with the substrate, loops, which have no contact with the surface and connect two
trains, and tails which are non-adsorbed chain ends. The conformation of a polymer on a surface depends
on the polymer concentration, the solvent quality, ¥ and the density and distribution of the active sites. An
extensive discussion is given in (7, /4). In our previous work we studied the effect of the polymer
concentration on the adsorption of F127 at silica-water and air-water interfaces (/7). For both interfaces a
clear increase in the adsorbed amount (/) was measured upon increasing the polymer concentration. The
commonly found very steep initial rise, followed by a plateau, i.e., a high-affinity adsorption isotherm, was
observed for both interfaces. However, the plateau values at the silica-water interface were reached at a
lower concentration of polymer (~ 200 uM) than those at the air-water interface (~600 uM). Most likely,
F127 adsorbs at the air-water interface via hydrophobic PPO groups, the PEO-moieties dangling into the
solution. At silica phase boundary the polymer presumably binds via the EO-parts (the ether oxygen of
PEO forms H-bonds with silanol groups), forming either some sort of flat structure (at low concentration)
or an adsorbed micellar or bilayer structure, driven by hydrophobic interactions between PPO-parts (at
higher concentration).

In general, additives may have two effects on polymer adsorption: 1) they may change yppowater and
Xppomvater a0 2) they may modify s pro and ¥ ppo for both surfaces. With increasing y water becomes a
poorer solvent for PEO, leading to a higher adsorbed amount (7). The higher adsorption in poor solvents
comes from the fact that the weaker effective lateral repulsion between segments makes the accumulation
at the surface easier. The effect of additives on y; is less obvious. For the water/air interface, where
hydrophobic desolvation is an important driving force, the effect most probably parallels that of the
solvency effect: higher adsorption from a poorer solvent. For the silica/water interface, however, additives
may take a role as competitor, which displace monomer units from the surface. In addition, the adsorption
may be affected by surface charging, because this leads to a changing number of active surface sites. One

example of that effect is the decrease in adsorption of PEO homopolymer on silica with increasing pH (7).
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Figure 3 Influence of NaCl on ellipsometric thickness h and the adsorbed amount I” of surfactant at the silica-water

interface. cpip; =100 uM, pH=6, T=22°C.

Indeed, a decrease of the adsorbed amount of F127 at the silica-water interface was detected upon
increasing the pH (see fig.2). Between pH 3 and 10, 7~ drops by a factor of five. A similar decrease in the
adsorbed amount was measured when increasing the salt concentration at fixed pH (Fig. 3). Moreover,
almost no adsorption occurs at high pH in 0.1 M NaCl (Fig. 2). The same trend is found by others for PEO
homo- and block-copolymers (28, 29). We adopt here the explanation that the isolated silanol groups which
most likely provide the best adsorption sides, act as proton donors in a hydrogen bond to ether oxygens, i.e.

—SiOH::-O-(CH,-CH,)- (28). Similarly, the PPO groups might be also bound to the silica via hydrogen
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bonds (i.e. SiOH-::-O-(CH,(CHj)-CH,)-), but whether or not this occurs is not very clear. Given the
hydrophilic nature of silica and the fact that PPO is a hydrophobic block due to the presence of the pendant
methyl group it is likely that PEO dominates the surface layer. With increasing pH, the silica surface is
progressively deprotonated leading to a decrease in the amount of adsorption sites and adsorbed amount of
polymer. A similar mechanism might occur upon increasing NaCl concentration. Na' ions accumulate as
counter ions at the silica surface, acting as “displacers” competing with PEO segments of the polymer (/4,
30). In order to check this hypothesis, the effect of other salts with the same counter ion (Na,SO,4, NaSCN)
on the adsorption behaviour of F127 at the silica- water interface was studied, and compared with the effect

of the non-electrolyte urea (NH,),CO.
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Figure 4 Influence of additives (shown in the picture) on the ellipsometric thickness h at the silica-water interface.

Cr127=400 uM, pH=6, T=22°C.

Indeed, a decrease of the adsorbed amount of F127 (400 uM) at the silica-water interface was clearly
detected upon increasing the concentration of salts (Fig. 4).

A very similar trend was found upon increasing the concentration of urea. At first sight, this may seem
puzzling, as urea is not an electrolyte. However, urea has a proton accepting carbonyl- group, by which it
will adsorb from the aqueous solution on proton-donating silanol groups, so that it is also capable to
displace the polymer from the interface.

An opposite trend was found at the air-water interface: we measured an increase of the adsorbed amount

with increasing electrolyte concentration (Figure 5).
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Figure 5 Influence of NaCl on ellipsometric thickness h and the adsorbed amount I"of F127 at the air-water interface.
cr127 =100 uM, pH=6, T=22°C.

Of course, the different behaviour of F127 at the air-water and silica-water interfaces comes from
different mechanisms of adsorption. At the air-water-interface triblock copolymer molecules adsorb with
their hydrophobic moiety, namely PPO towards air, and the hydrophilic PEO moiety protruding into water.
With increasing NaCl concentration the lateral repulsion between PEO-moieties becomes smaller, leading
to shrinking and a higher adsorption of polymer at the interface, whereas the anchoring affinity (y;) is not
significantly affected. We expect the same trend for an increasing concentration of Na,SO,. Because the
opposite effect of NaSCN and urea on the solvent quality for F127 (compared with the effects of NaCl and
Na,S0,) has been found, we expect the adsorption of F127 at the air-water interface to slightly decrease in
the presence of these additives. Alexandridis et al have measured that the surface pressure (on water) of a
similar triblock copolymer, Pluronic P105 (PEO;7,PPOs¢sPEQO3,) increases in the presence of urea (26).

To summarize: a clear decrease in the F127 adsorption at the silica-water interface upon increasing the
pH or the concentration of additive, (or both) is very likely dominated by the cation as a displacer, whereas
at the air-water interface an increase in the adsorbed amount of PEO-PPO block copolymer on raising the

NaCl concentration is most likely governed by the decreasing solvent quality, and determined by the anion.

3.3 Effects of pH and additives in wetting films: polymer-induced forces and drainage

behavior

3.3.1 Polymer-induced forces in wetting films

When polymer-covered surfaces of a wetting film approach each other, they interact by two mechanisms:

1) steric repulsion and 2) bridging attraction. The former case 1) dominates at high interfacial coverage and
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provides the stability of films. The latter mechanism 2) becomes important at low coverage and leads to
unstable films. The formation of bridges leads to an attraction. If the surface coverage changes, a system
can switch between a sterically stabilized and bridging-destabilized case.

Figure 6 shows the effect of adsorbed layers of F127 in dilute (10 M) NaCl on the 77 (k) curves at a
concentration of the polymeric surfactant below the cmc (400 uM). At this concentration the silica-water

interface has a saturated F127 layer, while the air-water interface has not yet reached a plateau value (/7).
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Figure 6 Reversibility of [1(h) isotherm: (o - Apy increases, O - Apy decreases). The waiting time between each point is

15 minutes. cp;3; = 400 uM, pH=6, CNaCl:]0-4 M, T=22°C.

Films are stable in the range of pressure studied (0 - 4kPa), indicating that there is repulsion between the
interfaces within the film. In order to check the reversibility, /7(k) isotherms are measured in two ways:
first by increasing the pressure difference Apy down to - 4 kPa, followed by bringing it back to 0 Pa (Fig.6).
The arrows in fig.6 indicate the way in which this cycle was completed. The film thicknesses obtained in
the first part of the cycle are slightly higher than those obtained on the way back. However, both lead to the
same thickness of ~15 nm at the end of the pressure cycle (increase/ decrease) at /7~ 0: the films behave
(almost) reversibly. Probably, a longer time (> 15 minutes) is required to reach an equilibrium thickness
when increasing the /7.

The steep /7 (h) dependence is characteristic for strong steric repulsion between adsorbed layers: the
thickness of the film at high pressure is consistent with the sum of the thickness of the two layers adsorbed
at the interfaces of the wetting films (/7).

In order to compare the total thickness of the adsorbed layers of polymer uus iayers= Pair-water T Psitica-water
with the film thickness /4y, we plot the /1, jayers (measured by ellipsometry) versus the /4, measured at /7

= 4.5 kPa for different concentrations of F127 (Figure 7, cgio; shown in pM).
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Figure 7 Equilibrium film thickness hgy,, (at A py =- 4.5 kPa) versus thickness of adsorbed layers hqgq jayers at pH=6,
T=22°C.

The dashed line in Figure 7 represents the case /= Hads.iayers fOr 10* M NaCl. The two lines in fig. 7
refer to low (10'4 M) and high (0.1 M) NaCl concentrations, respectively. In 10* M NaCl the R has
almost the same values as the /g 40 for the studied concentrations of polymer. The slope increases
somewhat with the concentration of F127, showing that /g, is slightly higher than the /4 4y for the
concentrations of F127 around the cmc. We should keep in mind that for films of a few nm, ellipsometric
readings are rather insensitive to the film thickness (adsorbed amounts are determined more accurately
from ellipsometry). The thickness depends on the film model used for the calculation: for example, the
refractive index (of the adsorbed layer n,, or the film ngy,, which have different values) is a rather
important parameter. Therefore, it is not surprising that the /4, has not exactly the same values as the
hads tayers-

In 0.1 M NaCl Ay, clearly deviates from /g japers: at given Ay jayers the Ay, 1s higher. In 0.1 M NaCl the
film thickness is almost twice the total thickness of the adsorbed layers. This seems unexpected: NaCl
causes a shrinkage and mutual attraction of the polymer molecules so that one anticipates a lower /.
Possibly, we are dealing here with a laterally inhomogeneous layer containing ‘lumps’ of polymer which
extend further out from the surface and are responsible for the disjoining pressure. In our previous work we
reported ellipsometric images of the film and observed that the film is highly heterogeneous in 0.1 M
NaCl(13).

In Figures 8 and 9 we compare the effect of the pH (fig.8) and 0.1 M additives (fig.9) on the interaction
forces in wetting films of F127. Stable films are seen for all pH; moreover, pH has a negligible effect on

hﬁlm~
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Figure 8 the effect of pH on [1 (h) isotherms at Crj,= 400 uM, Cruci=10" M, T = 22°C.

Most likely the steep repulsion comes from the steric effects driven by the adsorbed layers. Since the
ionic strength is low, electrostatic effects might play a role as well ('~ 30 nm for 10* M NaCl). Besides,
it is generally accepted that the potential of the clean air-water interface is negative ( ¥|=-35 mV) (/) and
also the silica-water interface is at neutral pH-value negatively charged (#=-30 mV) (2). If this is the case,
the range of the thickness should be higher for higher pH. However, the opposite trend is observed: a
higher thickness at lower pH. Apparently, the increase of the adsorbed amount at the silica-water interface
(Fig.2) is more important. However, the gradual repulsion between 23 and 15 nm shows that electrostatics
might play role at pH 10 and below 700 Pa.

Stable films are also obtained with different additives at pH=6 (Fig. 9). The thickness of these films was

measured after the drainage had completed.
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Figure 9 The effect of 0.1 M additives on I (h) isotherms at cp;5; = 400 uM, pH = 6, T = 22°C.
A thickness of 14-15 nm taken from the steep part of the isotherm is found for both 0.1 NaCl and urea. In
0.1 M NaSCN the Ag,, has a slightly higher value of 18 nm. It is most likely that the PEO-chains swell

more in NaSCN solution.

3.3.2 Effects of pH and additives on drainage of wetting films

In our previous paper, we demonstrated that films made of F127 in the presence of a lot of NaCl (0.1 M
or more) tend to drain very slowly. We reproduce one example here (fig.10). The thickness of the film 4 is

plotted versus time on a semilogarithmic scale.
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Figure 10 Film drainage in 0.1 M NaCl at a fixed Apy= - 4.5kPa, cr;3,=400 uM, pH=6, T=22°C.

Fast drainage is observed during the first minutes, where the thickness changes from 100 down to 40 nm.
Beyond 40 nm one sees that the drainage slows down markedly and the thickness changes from 40 down to
20 nm in 15 hours. After 15 hours the thickness changes only slightly. Below we refer to films that
undergo this kind of slow thinning as ‘non-equilibrium films’. One of the explanations given for the slow
drainage was an increase of the local concentration of F127 within the film, followed by gelation of F127
under the influence of NaCl (/3). Considering that an increase of the pH i) decreases the adsorption of
F127 at the silica-water interface (Figs. 2- 4) and ii) has no effect on the solvent quality for F127, we
studied the rate of drainage of films for different pH; if our explanation makes sense, there should be no pH

effect on the rate of drainage. In Figure 11 the drainage for different pH is shown.
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Figure 11 Influence of the pH on the film drainage at Apy = - 4.5 kPa, cr;;7=400uM, cynyci=1 0* M, T=22°C.

It is clear that the slow regime is indeed not seen at any pH: all these films drain very quickly. This
seems to hold generally as long as the additive concentration is low. However, an increase of pH from 6 to
10 in the presence of 0.1 M NaCl leads to unstable films. Moreover, the drainage slows down dramatically
in 0.1 M NaCl. Supposing that the reason of the slow drainage is the solvent quality of water for F127,
which depends on the temperature and the nature of additives, one wonders how the other additives affect
drainage. We have seen that water becomes a better solvent for the PEO blocks if urea or NaSCN is
present in the solution (salting-in effect) (/9, 26) and the cmc was shown to increase (table 1). On the basis
of the arguments above one expects that these additives would not slow down drainage. To check this, we

have studied the effect of urea and NaSCN on the drainage of films (Figure 12).
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Figure 12 Influence of 0.1 M additives on film relaxation at a fixed A py =- 4.5 kPa, cr;3; =400 uM, pH = 6, T =
22°C.
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In Fig. 12 we observe, surprisingly, a similar trend as in 0.1 M NaCl (Fig. 10): a slow drainage regime.
The films drain a little quicker: after 5-6 hours film drainage is almost completed, whereas for NaCl this
was 15 hours. Taking into account that the NaSCN displaces the gel region as well as the cloud point of
F127 to a higher concentration (/9), gel formation cannot explain the slow drainage of these films. Two
things stand out from the data: i) all additives have a strong retarding effect on drainage and on desorption
from the solid surface; ii) the retarding effects of NaCl and Na,SO, are larger than those of NaSCN and
urea.

Since all additives slow down drainage and reduce the adsorption on silica we propose that these two
observations are coupled. Liquid films under external pressure will usually develop a lateral thickness
profile. This is because there is a hydrodynamic pressure gradient in the radial direction. The rate at which
a thick film drains is therefore largely determined by the thickness at which the perimeter stabilizes: a very
thin perimeter acts as a ‘bottleneck’, which retards drainage strongly. Desorption of F127 from the silica-
water interface under the influence of additives might lead to weak bridging of polymers between the
interfaces of film. If this happens, even if the film remains stable, liquid flow is very much impeded. The
gelation effect seems to be secondary: NaCl and Na,SO, enhance the drainage time by a factor of 4 or
more, but the other two additives also induce a slowing down which cannot be attributed to solvency
effects. Note that in 0.1 M electrolyte the electrostatic effects are screened and the deviation of films from
the plane-parallel shape under the bridging attraction of polymer might indeed occur.

The shapes of curves in urea and NaSCN are different: more gradual relaxation is seen in 0.1 M urea.
Probably, the electrostatic repulsion between interfaces of the film (which is not suppressed as compared
with 0.1 M electrolyte) might resist the bridging attraction and therefore keep the film plane-parallel.

To summarize, the rate of drainage is controlled by the (thin) periphery of the film. We have seen that all
additives reduce the adsorption at the silica surface, and that an increase in pH in the presence of these
additives eventually destabilizes the films. We concluded that destabilization must be due to bridging
attraction. We therefore propose that bridges are also present at lower pH and 0.1 M additive, although the
bridging force is not strong enough to cause film destabilization under these conditions. If bridges are
indeed present, they must have a major retarding effect on solvent flow along the midplane of the film. In a

way, bridges lead to a kind of polymer network straddling the solvent film (Fig. 13b).

(-0

Figure 13 a) cyoer < 107 M: plane-parallel film; quick b) cnac> 107 M: deflection of film from the plane-parallel

drainage. shape due to bridging, slow drainage
This would have a major effect on film drainage slow down. An additional effect comes from the

reduction in solvency caused by NaCl and Na,SO,, which give the adsorbed layer a gel-like character, thus

further retarding drainage. This latter effect is noticeable, but not as important as the bridging effect. One
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might object that at high pH we observed low /" at the silica-water interface (fig.2) and yet fast drainage of
films (fig. 11). Probably, electrostatics prevents bridging in this case (by keeping the film plane-parallel).

3.3.3 Wetting

In order to assess the polymer contribution to the stability/instability of wetting films formed by aqueous
solution of F127 (see 3.3.1.), contact angles at the silica interface were measured for different

concentrations of NaCl at a given polymer concentration. The results are summarized in Table 2.

Table 2. Contact angle of aqueous solution of F127 (100 uM) at silica surface.

Crnact /M 0/°
0 <8
10 <8
0.1 10
1 12
2 13

Contact angles give us an idea about the interaction forces in wetting films. If the repulsive forces in
wetting films are strongly dominant over the attractive ones, we expect complete wetting, while in the
opposite situation we expect a finite contact angle. The slight increase of the contact angle upon raising the

concentration of NaCl suggests that the bridging attraction might indeed occur.

4 Conclusions

The main results of this paper are that additives used in this study: 1) reduce the adsorption of F127 at
the silica-water interface; 2) destabilize films at high pH; 3) slow down drainage of films. We think that
reduction of adsorption and retardation of drainage is coupled. We propose that bridges, which occur under
the influence of additives, impede liquid flow (fig. 13 b). Moreover, we suggest that destabilization comes
from the attractive contribution, which most likely is also driven by polymer bridging. Electrostatic

repulsion might give extra stabilizing effect in films at pH 10 and low salt concentration.
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Chapter 6 Interaction forces between surfaces immersed
in solutions of a polyethylene oxide-polypropylene

oxide copolymer

Abstract

The interaction between two silica surfaces, immersed in solutions of a surfactant is studied by colloidal
probe atomic force microscopy (CP-AFM). The surfactant used is Pluronic F127, which is an ABA block
copolymer, composed of hydrophobic polypropylene oxide B block (PPO) and two hydrophilic
polyethylene oxide A blocks (PEO). It has an average molecular composition PEOgyPPO¢sPEQg.
Hydrophilic and hydrophobized silica surfaces are used. Long ranged attractive forces are found between
bare hydrophobic and hydrophilic surfaces in aqueous solutions. In the presence of surfactant the attraction
disappears, and only repulsive forces are observed. Repulsive forces are also measured in the solution of
surfactant between two hydrophilic surfaces. The repulsion becomes shorter ranged when electrolyte is
added in increasing amounts. A weak adhesion between a hydrophobic and a hydrophilic surface is
measured in the presence of F127 in 0.1 M NaCl. This attraction is attributed to bridging of polymer
between a densely covered hydrophobic surface and a sparsely covered hydrophilic surface. This is
consistent with the behavior of wetting films (air/ aqueous film/ silica), which in some case destabilize in

the presence of NaCl due to the formation of polymer bridges.
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1 Introduction

Interaction forces between adsorbed layers of ABA polymeric surfactants (composed of a propylene
oxide anchoring block (B block) and polyethylene oxide buoy block (A block)) onto hydrophobic and
hydrophilic surfaces have been studied in polymer-free electrolyte solutions (/-3). The reason for the
interest in these systems is the wide use of these surfactants as colloidal stabilizers, in e.g., paints, drug
formulations, mineral flotation and other areas. In addition, they are also commonly used as stabilizers of
thin films, including wetting films. One of the interesting properties of the triblock copolymers is the
different solubility of the PEO and PPO blocks, which results, for example, in adsorption at both
hydrophilic and hydrophobic surfaces.

By measuring interactions between adsorbed layers of polymers at colloidal particles or surfaces,
information about the ranges and the types of forces acting between surfaces can be obtained. By knowing
the forces, the stabilizing ability of these surfactants can be predicted, tuned and used in practice.

Colloidal probe atomic force microscopy (CP-AFM) can be used to study the interaction forces between
a spherical probe attached to the AFM cantilever and a surface. This technique is quite young (AFM has
been developed in 1986 (4)) but also very successful. The reasons for the widespread use of the AFM
method are coming from the facts that i) it is considerably easy to use than the surface force apparatus, and
i) it is not limited to mica as a substrate. Detailed overviews of colloidal probe CP-AFM are given
elsewhere (/, 5, 6). This technique is also used in the present work.

The motivation to carry out the present study comes from our previous investigations of wetting films (7,
8), where we studied the interactions in thin films formed from aqueous solutions of surfactant { triblock
copolymer Pluronic F127 (PEO¢PPO«sPEQg)} onto silica. An interesting finding was that in the presence
of additives such as e.g., NaCl the drainage of the films decreased dramatically. We attributed this effect to
bridging attraction between a densely covered air-water interface and a very sparsely covered silica-water
interface. Bridging was correlated with the reduction of the adsorbed amount on silica, which occurred
upon increasing the concentration of the additives.

On the basis of these measurements we expected to find attractive forces between hydrophobic and
hydrophilic surfaces in the solution of surfactant, when the concentration of electrolyte would be
sufficiently high.

In recent work of McLean et al. (3), a weak attractive force is measured between two hydrophilic silica
surfaces bearing triblock copolymer (PEO;»,PPOscPEO;y,) layers in 0.15 M NaCl. These authors also
studied the forces between adsorbed layers on hydrophobized silica. In the latter case only a repulsive force

is measured. In recent studies (/, 2) Luckham also describes repulsive forces between ABA copolymers
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adsorbed onto hydrophobic surfaces. However, the effect of the electrolyte concentration and the
interactions between different surfaces in the solution of block copolymer was not studied.

The effect of electrolytes on the interaction between polyethylene oxide (PEO) -covered silica surfaces
was studied by Giesbers et al. (5, 6) . Under some conditions a strong adhesion was observed and attributed
to bridging of PEO between two silica surfaces. In Table 1 we summarize the information, published so far
(as obtained by CP-AFM) about the interactions between surfaces in the presence of water-soluble
polyethers. To distinguish various cases, we will use the abbreviations: phil/phil, phob/phob and phob/phil
indicating the nature of the interacting pairs: both hydrophilic, both hydrophobic, and the asymmetric case
with one hydrophilic and one hydrophobic surface, respectively.

Table 1Reported (or to be reported) systems on the interactions between polymer bearing surfaces, obtained (or to be

obtained) by colloidal probe AFM

Surfaces Phil/Phil Phob/Phob Phil/Phob
Polymers
PEO-PPO-PEO McLean et al. (3) McLean et al. (3),
Present study Luckham et al. (1, 2) Present study
PEO Giesbers et al. (5, 6) - -

The present study focuses on the block copolymeric surfactant and on the asymmetric case (phob/phil),

with some attention for phil/phil as a reference case.
2 Experimental

2.1 Apparatus

The force measurements are done using the MultiMode PicoForce, which is operated by a NanoScope
Ila (Digital Instruments) controller. The MultiMode PicoForce microscope is equipped with a standard
liquid cell and a PicoForce scanner. Because of the sensitivity of the AFM to thermal drifts and external
vibrations, the apparatus is located in a thermostatted room in a part of the building (basement) where

vibrations are weak.

2.2 Materials

The water used is purified using a “Barnstead pure UV” system (USA). The important purification steps
are: a pre-treatment by ion-exchanger, an UV system (to remove/ breakdown organic molecules), an active
carbon column, and a filtration trough a 0.2-micron filter. It produces water with a resistivity of 18.3

Megohm-cm (MQcm).
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The polymeric surfactant (triblock copolymer) Pluronic F127 (average molecular composition
PEO¢yPPO¢sPEQy, Sigma-Aldrich CO., USA) is used without further purification. Pluronic F127 has a
number-average molar mass, M, of 12600 and a PEO content of 70% by weight. Aqueous solutions of
F127 are prepared by dissolving the polymer in demineralised water under gentle agitation. Further in the
text the terms ‘surfactant’ or ‘F127’ are used for the triblock copolymer F127.

Solutions of NaCl are used as the continuous medium. Sodium chloride, NaCl, supplied by Baker
Chemicals (Holland), is used without further purification.

All measurements were carried out at pH~6 and T~ 294-296 K.

Hydrophilic surfaces

Polished silicon wafers, Si (p-type, boron-doped, oriented <1-0-0>, resistivity 12-18 Qcm) are purchased
from Wafer Net, Germany. The thickness of the natural silicon oxide SiO, layer on the surface is about 2
nm, as determined by ellipsometry. Wafers are cut into small strips (1x1 cm) and boiled for 5 min at 80°C
in a mixture of 25% NH3, 30% H,0, and H,O (1:1:5 by volume). The strips are then rinsed with water and
ethanol (99.8%). They were kept in a closed container under water until use. Before the strips are placed in
the cell, they were dried with a stream of nitrogen and treated for 30 seconds in a plasma cleaner (Harrick,
Model PDC-32 G). The plasma treatment is performed with air (10 Pa). After cleaning, the contact angle of
water is always lower than 8°, indicating the hydrophilic nature of the silicon oxide surface.

Hydrophobic surfaces

Cleaned silica strips are placed under hexamethyldisilazane (HMDS) vapour overnight. The silica coated
with HDMS has a contact angle of 90°, which changes to 80° after more than two hours of immersion in

water. The characteristics of HMDS- coated silica have been reported in detail by Maccarini et al. (9).

2.3 Technique and Procedure

2.3.1 Colloidal probe AFM

Butt (/0) and Ducker (/7) are the pioneers in the measurements of colloidal interactions using AFM.
They attached a colloidal particle to the end of a cantilever and measured the forces between a silica
particle and a silica plate. In this mode of operation, the bending of the cantilever with a probe is monitored
as a function of the probe/plate distance. Displacements of the particle toward or away from the surface are
achieved by applying a voltage to a piezoelectric element, and the deflection of the cantilever is monitored
by means of a reflected laser beam, which is picked up by a position-sensitive photodiode (/). An
experiment consists of simply applying a constant ramp voltage from a function generator to the piezo
element: changing the frequency changes the approach rate, whilst changing the amplitude changes the
amount of compression (/). By knowing how much the surfaces move for a given voltage on the piezo (this
can be obtained by calibration prior to the experiment) and by knowing the spring constant of the
cantilever) the force-distance profile between the particle and surface can be obtained (/). Two assumptions

have to be made: 1) the force at large separation, where the cantilever is undeflected, is assumed to be zero,
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and 2) the separation, where the constant compliance region is observed, is assumed to be zero. The first
assumption is generally valid, but the second one is frequently incorrect when a thin film of adsorbed
material with very low compressibility is present between the two surfaces (/). This is the main

disadvantage of the AFM operated as a surface force apparatus.

2.3.2 Procedure

Before setting up the CP-AFM measurements, we glued a silica sphere with a diameter of 6 pm to an
AFM cantilever using the method of Giesbers (5, /2). The cantilevers used have a spring constant of
around 0.06 N/m. The spring constant of the cantilevers is determined using the Nanoscope Illa and
applying the thermal noise method (/3) . In this method the power spectrum of the thermal vibrations of a
freely oscillating cantilever (no driving oscillation, tip far away from the surface) is analyzed (/3).

The cantilever with the silica sphere (treated for 30 seconds in a plasma cleaner) is placed into the liquid
cell, and the silica strip is positioned on the scanner. The liquid cell is closed with an O-ring and filled with
the solution studied. The surfaces are left for around 20 minutes to equilibrate before starting the
measurement. An approach/ retract rate of around 200 nm/s is used in all experiments. The data are
collected using a commercial software package called Nanoscope 6.12. Finally, the data were processed

using Excel 2000.

3 Results

3.1 Hydrophilic silica surface and silica probe (phil/phil).

In order to establish whether the surfactant had adsorbed onto the surfaces, we first have to determine the

interactions between bare surfaces. The force profile of phil/phil surfaces is given in Fig.1
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Figure 1 Force distance interaction profiles between hydrophilic silica strip and hydrophilic silica probe immersed in

water. Inset: force distance interaction profiles on a semi-logarithmic scale.

Almost no difference is seen between the forces on separation and approach. No interaction between the
surfaces is observed until they are around 40 nm from contact. Upon further approach an increasing
repulsive force is observed, which is most likely electrostatic in nature. Since such electrostatic forces are
known to decay exponentially with distance, we plot the data on a semi-logarithmic scale (inset). A linear
decay between 5 and 50 nm seems to be consistent with the data, with a decay length of 20 nm, which
would imply an ionic strength of 3x10™* M, possibly coming from traces of electrolyte in the cell.

In Fig. 2 we present a comparison of the force profiles for the phil/phil surfaces immersed in water (filled

symbols) and in surfactant (open symbols) solution, respectively.
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Figure 2 Force distance interaction profiles (upon retraction only) between hydrophilic silica strip and a hydrophilic
probe immersed in water and in 400 uM F127 solution, respectively.

Inset: force distance interaction profiles on a semi-logarithmic scale.

The characteristic feature is the same as for the previous figure: there is no interaction between the
surfaces until they are around 40 nm from contact where a repulsive force comes up for both cases. The
decay length is around 60 nm (inset), which is similar to interactions obtained in water. When we compare
the two cases it can be seen that the interaction profile in water is shifted as compared to that in the
surfactant solution. This indicates that some (weak) attractive component is present in the force profile

when surfactant is present.
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The short-ranged repulsive force is most likely due to steric overlap of the adsorbed layers. Note that the

zero of separation is almost certainly different for the two curves, as the adsorbed polymer layer is hardly

compressible (see introduction).

The effect of electrolyte on the interaction profiles for F127 solution (400 uM) is shown in Figs. 3a,b.
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Figure 3a Effect of NaCl on force distance interaction profiles (upon retraction) between a hydrophilic silica strip and

a hydrophilic probe immersed in 400 uM F127 solutions.

Inset: force distance interaction profiles on a semi-logarithmic scale.

From fig. 3a, it is clearly seen that electrostatic interactions are screened so that the decay lengths of the
repulsive force are decreased upon increasing the concentration of salt. A linear decay between 5 and 50
nm seems to be consistent with a decay length expected for the concentrations of electrolytes.

In Fig. 3b the force between phil/phil surfaces at a separation of 15 nm (obtained upon approach and

retraction) is plotted versus the logarithm of the concentration of NaCl.
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Figure 3b Force at separation 15 nm between phil/phil surfaces in 400 uM F127 versus the concentration of NaCl

A clear decrease of the force with the electrolyte concentration is observed, which levels off at around
0.5 M. This feature reveals the suppression of electrostatic repulsion for approach and retraction curves.
Note, however, that the force remains repulsive; no attractive contribution can be detected. We can also see
that the force on retraction is slightly smaller than that on approach. This holds for all force profiles
studied.

In Fig. 4 we present one of the force profiles for the phil/phil interactions in the presence of F127 (400

pM) in 1 M NaCl.
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Figure 4 Force distance interaction profiles between phil/phill surfaces immersed in 400 uM F127 + 1 M NaCl. Inset:

force distance interaction profiles on a semi-logarithmic scale.

We can see that the forces are still entirely repulsive. A careful look of the data reveals that the forces
upon retraction are slightly weaker than those on approach. This effect can be attributed either to
hydrodynamic effects or can be ascribed to very weak polymer bridging. This effect is more pronounced

for the interactions between phob/phil surfaces, which are presented in the next section (3.2).

3.2 Hydrophobized silica surface and hydrophilic silica probe (phob/phil).

As before, we first consider the bare surfaces. The interactions between phob/ phil surfaces in water are

shown in Figure 5.
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Figure 5 Force distance interaction profile between hydrophobized silica and a hydrophilic silica probe immersed in

water.

No interactions between surfaces are observed until they are some 100 nm from contact. Upon further
approach, a repulsion is observed, which exponentially increases until the surfaces are about 25 nm apart.
At this point an attractive interaction is experienced and the surfaces jump into the contact. On separation, a

strong adhesion is observed, which we tentatively attribute to capillary bridge formation (see discussion).
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In Fig. 6 we compare the force profiles between phob/phil surfaces in water and in surfactant solution.

For the sake of clarity we only show the ’retract’ force profiles.

+ water
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Figure 6 Force distance interaction profiles (upon retraction) between hydrophobized silica and a hydrophilic silica

probe immersed in water and 400 uM F127 solutions.

As can be seen from fig. 6 the long ranged attractive interactions displayed by the bare surfaces have
disappeared in the presence of polymer. There is no interaction until the surfaces are some 100 nm apart
where a repulsive increasing force is observed. This repulsion is attributed to both electrostatic and a steric
interaction (i.e. osmotic repulsion due to an increased polymer concentration between the surfaces). The
data, obtained in the present of surfactant and plotted on a semi-logarithmic scale, show a decay length of
50 nm, indicating that again electrostatic forces might be indeed present. This is similar to results obtained
for phil/phil surfaces (figs. 1,2).

Figures 7a,b reflect the effect of electrolyte on the phob/phil interaction profiles (upon retraction) for
F127 solution (400 uM). To some extent, the results are similar to those of phil/phil surfaces: upon

increasing the concentration of salt the range of the force becomes smaller.
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Figure 7a Effect of NaCl on force distance interaction profiles (upon retraction) between hydrophobized silica and a

hydrophilic silica probe immersed in 400 uM F127 solutions.

However, there is also a new feature: an adhesive force is observed in 0.1 M NaCl (Fig. 7a). Good
agreement exists between our phil/phob forces profiles in F127 in 0.01 M NaCl (fig. 7a), and those of
Musoke and Luckham (2) obtained between hydrophobic glass surfaces bearing an adsorbed layer of
PEO/P108 immersed in 0.01 M Na,SO,. A steric interaction is proposed to govern this repulsion. We will
return to fig. 7a in the discussion.

As for the phil/phil surfaces we have again plotted the force for the phob/phil surfaces at separation of 15

nm (obtained upon approach and retraction) versus the concentration of NaCl ( Fig. 7b).
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Figure7b Force (upon retraction) at separation 15 nm between hydrophobized silica and a hydrophilic silica probe

immersed in 400 uM F127 solutions versus the concentration of NaCl.

In contrast with the data of fig. 3b, in fig. 7b we observe here a (weak) attractive minimum at 0.1 M
NaCl. Since we know from adsorption studies that the polymer remains strongly attached to the
hydrophobic surface, the attraction occurring between bare surfaces (fig. 6) must be ruled out. Hence, this
minimum can only be attributed to the polymer, that is, to polymer bridging between the hydrophilic and

the hydrophobic surface.
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Figure 8 Force distance interaction profiles between phob/ phil surfaces immersed in 400 uMF127 + 1 M NaCl.
As may be expected for bridging, hysteresis in the interaction profiles is more pronounced between the
phob/phil surfaces (fig. 8) as compared to that of the phil/phil ones (fig. 4). It should be also noted that

upon increasing the concentration of salt, hysteresis becomes more marked as well.

4 Discussion

4.1 F127 adsorption and adsorbed layer thicknesses at hydrophilic and hydrophobic
surfaces.

The adsorption of non-ionic surfactants (including triblock copolymers) onto hydrophilic and
hydrophobized silica surfaces has been well studied (/4-20). Triblock copolymers adsorb both at the
hydrophilic and hydrophobic surfaces; at the former they adsorb as a thin layer, probably bound via the
EO-moiety, at the latter with the PPO enriching the surface proper and the EO-tails essentially dangling
into the solution. In previous studies (20) we have also studied the adsorption of F127 onto silica-water and
air-water interfaces as a function of concentration, by means of ellipsometry. The commonly found very
steep initial rise is followed by a plateau at ~ 200 uM and ~ 800 pM for silica-water and air-water
interfaces, respectively. Plateau levels of adsorption were 2.5 mg/m* (adsorbed layer thickness, /1,4, ~ 7 nm)
and 3 mg/m” (hugs ~ 9 nm) for silica-water and air-water interfaces, receptively (8, 20).

We have also studied the effect of electrolytes on the adsorption of F127 at the silica-water interface. A

pronounced decrease of the adsorbed amount was detected upon increasing the NaCl concentration.
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4.2 Interactions between phil/ phil surfaces

Comparison of the interactions between phil/phil surfaces immersed in water and in the solution of F127
shows a similar feature: the long ranged repulsion commencing at around 40 nm from contact. This
repulsion is most likely dominated by electrostatic repulsion between silica surfaces (Figure 2). The
measured forces decay exponentially at large separation. Only when the surfaces come closer (< 20 nm), an
attractive component decreases slightly the repulsive force in the solution of F127.

Giesbers et al (5) obtained similar interaction features on approach of two PEO-covered silica surfaces in
aqueous solution. They attributed this attractive component to bridging. Taking into account that the PEO
moiety of F127 most likely dominates the surface layer of hydrophilic silica (8, /6, 20), some sort of
bridging as observed by Giesbers might perhaps occur. The attachment of PEO to the silica surface occurs
via hydrogen bonding, which at low surface coverage leads to flat or “pancake” conformation of F127 at
silica surface (similar to the PEO). At high coverage a micellar or bi-layer structure, resulting from
hydrophobic interaction between PPO, might be formed at silica (20). The latter structure at silica surface is
most probable for 400 uM surfactant. Such structures could be heterogeneous: micellar structures might co-
exist with flat conformations of polymers. Upon approach, reconformations of the polymer layers might
take place, and additional adsorption of PEO segments is perhaps possible. Some of them might form
bridging contacts of PEO with two silica surfaces. Giesbers’ result also shows a clear adhesive force on
separation of the surfaces, which is further evidence of bridging; this does not occur in our system. Hence,
bridging interaction, if any, is extremely weak.

A long ranged shallow attractive force followed by steric repulsion is also measured by Mclean et al (3)
between Pluronic F108 (PEO,,,-PPOss- PEO,,,) layers adsorbed on hydrophilic silica in 0.15 M NaCl.
However, the range of attraction is smaller than that observed for PEO and attributed to the van der Waals
attraction, probably wrongly. The authors suggest that the presence of the adsorbed polymer layer increases
the attractive van der Waals force slightly. At the same time, they do not exclude that the weak attraction
could also be due to polymer bridging taking into account the low surface coverage of Pluronic F108 when
adsorbed onto silica.

The system studied by Mclean is similar to our system in figs.3 (a, b). However, we did not observe
adhesion in the solution of F127 between phil/phil surfaces, whereas Mclean observed very weak
attraction. One of the slight differences between our force profiles and those of Mclean and of Giesbers
could be the different density of polymer at surfaces. Our interaction profiles between phil/phil surfaces
were measured after 20 minutes of equilibration of in the presence of F127 solution. Note that adsorption
occurs very quickly: after a few seconds equilibrium is established (27). Mclean and Giesbers used surfaces
with pre-adsorbed polymer, but flushed the polymer solution out with 0.15 M NaCl. Taking into account
that the adsorption and, as a result of it, the surface density of triblock copolymer at silica surface decreases
in the presence of electrolyte, bridging formation might indeed be more pronounced in case of pre-adsorbed

surfaces.
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4.3 Interactions between phob/ phil surfaces

What is interesting and new (to the best of our knowledge) is that a clear attraction is observed between
hydrophobic and hydrophilic surfaces (phob/phil) in water (Figure 5). Capillary bridges can explain the
observed adhesion on approach of bare surfaces. The attraction range on separation is too large be
attributed to the van der Waals attraction. Long ranged attractive forces between hydrophobic surfaces
have been reported in similar measurements (2, 22, 23). The proposed explanation in these cases was the
following: on separation between surfaces a nano-bubble is formed which is capable of holding the surfaces
together before they are finally being released. Taking into account that one of the surfaces in our study is
hydrophobic, we propose that capillary bridging can also govern the attraction. Note that bridging can
occur only if the hydrophilic surface has a non-zero contact angle. Previously we have measured the
contact angle at silica (8); it is small but definitely non-zero ( ~ 8%).

If the origin of the attraction is bubble formation on the hydrophobic surfaces then this attraction is
expected disappear in the presence of adsorbing polymer. Indeed, only repulsive interactions are observed
when the surfaces coming into contact in the solution of F127 (Fig. 6). This is not surprising, keeping in
mind that the adsorbed F127 renders the hydrophobic silica more hydrophilic, thus suppressing bubble
formation, while the degree of hydophilicity of the hydrophilic surface changes only slightly.

The long ranged repulsive force, observed in the presence of polymer (fig.6), can be explained by
electrostatic repulsion between surfaces. In agreement with electrostatics, the repulsive forces are
suppressed upon increasing the salt concentration (fig.7a). This is similar to the profiles of interaction
between hydrophilic surfaces (fig. 3a).

It seems likely that bridging between surfaces in the solution of polymer also play a role when increasing
the concentration of electrolyte. Upon increasing the concentration of NaCl more and more molecules of
F127 adsorbed at hydrophilic silica will detach from the surface, leaving some “free” sites for attachments
of molecules from the hydrophobic surface. Upon approaching the surfaces, the PEO-moiety of F127 from
the hydrophobic surface can then bridge with the hydrophilic surface. Upon increasing the concentration of
electrolyte, binding of PEO at the silica surface becomes progressively weaker, and so does the repulsion
(which is essentially due to trapping of polymer between surfaces). Meanwhile, the bridging force (which
requires accessibility of the hydrophilic surface) increases.

In line with the bridging phenomenon, increasing hysteresis in the interaction profiles between phil/phob
surfaces was observed in the solution of polymer upon increasing the salt concentration (fig. 8). Hysteresis
is indeed more pronounced between phil/phob surfaces as compared to that of phil/phil ones. Finally, we
note that at sufficiently high salt concentration (1M), the PEO bridging affinity on silica becomes so weak,

that the bridging force vanishes again. This is also borne out by the data in fig. 7.

5 Conclusions

We have measured interaction forces between two hydrophilic silica surfaces, and hydrophilic and

hydrophobized silica surfaces immersed in aqueous solutions of Pluronic F127 surfactant. Attraction
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occurs between a hydrophobic and a hydrophilic surface in water, which most likely due to capillary
bridges. Purely repulsive interactions are measured between all pairs of surfaces immersed in salt-free
solution of surfactant. This repulsion is attributed partly to the action of electrostatic double layer forces
(long ranged) and partly to steric forces (short ranged). Upon increasing the concentration of electrolyte
the repulsive force becomes less pronounced. The decrease in the repulsion is primarily attributed to the
suppression of double-layer repulsion and emerging polymer bridging. An attractive force is measured
between a hydrophilic and a hydrophobic surfaces immersed in aqueous solution of F127 in the presence
of 0.1 M NaCl. It is very likely that bridging rules this attraction. There is a slight hysteresis in the
interactions between hydrophilic surfaces, immersed in the solution of surfactant, which becomes more
pronounced for the case of hydrophilic plus hydrophobic surfaces. This effect was also attributed to
polymer bridging. The present work supports our previous results on wetting films stabilized by F127,
where bridging attraction was also proposed as interpretation, in order to account for extremely slow

drainage effects (see chapter 5).
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Summary

Thin aqueous films formed on a solid surface play an important role in adhesion, spreading, and colloidal
stability. These phenomena are all relevant for paint systems. Measuring surface forces in these films is an
experimental challenge, and over the years several techniques have been developed to measure the
interaction forces as a function of the thickness of the film, the so-called disjoining pressure isotherms. A
thin film balance technique (TFB) in combination with an ellipsometer offers the possibility to study the
surface forces in aqueous films formed at a silica surface.

The aim of this project was twofold. Firstly, we wanted to set up the technique and test it by
investigating interaction forces in thin aqueous films formed between an air interface and a solid interface
(air/aqueous film/silica). Secondly, we intended to apply this technique for investigating interaction forces
in aqueous films formed between an oil interface and a solid interface (oil/ aqueous film/ silica). As
happens so often in research, we were ‘immersed’ in the first system, and as a result of it, we did not reach
the second aim. Hence, this thesis deals with the experimental investigations of the interaction forces in
thin aqueous films formed between an air phase and a solid phase. A non-ionic polymeric surfactant is used
as a stabilizer of these films. In addition, we have also used colloidal probe atomic force microscopy (CP-
AFM) in order to see if phenomena similar to those in wetting films might occur in the interactions
between two silica surfaces, immersed in solutions of the surfactant.

In chapter 1 an introduction is given to wetting films, to the surfactant used and to the technique used in
the present study. A short overview of the interaction forces in wetting films and the drainage of these films
is presented. As foam films, which are aqueous films between two air phases (air/ aqueous film/ air), have
much more extensively been studied than wetting films, we also discussed drainage of foam films, and an
interesting finding in foam films stabilized by similar surfactants.

In chapter 2 the solution behaviour of the surfactant and its adsorption on silica-water and air-water
interfaces is studied using light scattering, surface tensiometry and ellipsometry. Interaction forces in
wetting films stabilized by the surfactant are measured and are interpreted in terms of a disjoining pressure
as a function of a thickness of the film. Parameters of the systems are the concentration of the surfactant
and the concentration of NaCl. The main findings are that addition of NaCl lowers the cmc, diminishes
adsorption of the surfactant on silica, and increases the thickness of the wetting film stabilized by the
surfactant.

In chapter 3 we investigate the thinning of wetting films formed from aqueous solution of the surfactant
on silica using a TFB and an ellipsometer. In addition, imaging ellipsometry is used to visualize the film
structures at subsequent stages of their development. The main findings are that the thick films observed in
chapter 2 are metastable. The time required for the formation of steady films strongly increases with the
concentration of electrolyte. For sufficiently large amounts of salt, two characteristic relaxation regimes can

be clearly identified: after initial quick thinning, further thinning slows down enormously. The
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interpretation we give of the observed features is that these typical kinetic regimes are the result of coupled
dependencies of the bulk and interfacial properties of the surfactant on salt concentration.

In chapter 4 the time-dependent thickness of wetting films formed from aqueous solutions of NaCl on a
silica surface modified with the surfactant is revisited, because of a rather surprising finding: the thickness
as a function of time could go through a maximum. It turned out that that the thickness of the films depends
strongly on whether or not the surfactant was applied over the entire substrate or only at a spot coinciding
with the investigated wetting film. In the former case, the thickness shows a transient thickness maximum,
in the latter case, it equilibrates quickly. A possible interpretation of the transient thicknesses is given, and
the equilibrium values of the thickness are discussed.

In chapter 5 the effects of pH and different additives (NaCl, Na,SO,, NaSCN and urea) on the
adsorption of the surfactant at the interfaces of wetting films, on film drainage and on the interaction forces
in these films are examined using an ellipsometer and a TFB. These additives reduce the adsorption of the
surfactant on silica and all retard the drainage of the films stabilized by the surfactant. Moreover, the film
destabilizes at high pH values if 0.1 M NacCl is present. The reduction of the adsorbed amount is correlated
to a dramatic slow down of film drainage. We conclude that these effects must be attributed to bridging
attraction between a densely covered air-water interface and a very sparsely covered silica-water interface.

In chapter 6 the interactions between two silica surfaces, immersed in solutions of the surfactant is
studied by CP-AFM. The main findings are that (i) there are long ranged attractive forces between bare
hydrophobic and hydrophilic surfaces in aqueous solution; and that (ii) a weak adhesion occurs between a
hydrophobic and a hydrophilic surface in the presence of the surfactant in 0.1 M NaCl. Results (i) can be
attributed to capillary bridging and (ii) to bridging of the polymeric surfactant between a densely covered
hydrophobic surface and a sparsely covered hydrophilic surface, thus confirming the effect found in chapter

5.
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Samenvatting

Dit proefschrift gaat over waterige bevochtigingsfilms die door triblock-copolymeer gestabiliseerd
worden. De krachten in de films en de drainage van de films worden via de dunne-film-balans techniek in
combinatie met de ellipsometer gemeten.

In hoofdstuk een wordt een inleiding gegeven over bevochtigingsfilms en waarom ze belangrijk zijn om
te bestuderen. Vervolgens gaat dit hoofdstuk over de niet-ionogene surfactants (triblock copolymers) die in
dit proefschrift worden gebruikt. Verder worden de krachten die een rol spelen in bevochtigingsfilms
besproken. De drainage van de bevochtigingsfilms wordt vergeleken met de drainage van schuimfilms.

In hoofdstuk twee worden metingen van het gedrag van het triblock-copolymeer (Pluronic F-127) in
waterige oplossing, aan lucht-water en aan silica-water grensvlakken, en in de bevochtigingsfilms
gepresenteerd. Een onverwacht effect van zout op dunne films die gestabiliseerd worden door niet-
ionogene surfactants is gevonden. In sommige gevallen is de dikte van de films groter dan was verwacht.

In hoofdstuk drie wordt de drainage beschreven van bevochtigingsfilms die gestabiliseerd worden door
de bovengenoemde polymeren. Wij hebben gevonden dat de tijd die nodig is om stabiele films te krijgen
athangt van de zoutconcentratie. Wij concluderen dat de dikke films die in hoofdstuk twee gepresenteerd
werden, metastabiel zijn.

In hoofdstuk vier is de drainage van waterige films gevormd op met triblock-copolymeer bedekte silica
onderzocht. De dikte van de films als de functie van de tijd bleek soms via een maximum gaan. De
verklaring van het verschijnsel is besproken.

In hoofdstuk vijf kijken wij naar de gevolgen van de pH en de additieven op i) de adsorptie van de
triblock copolymers aan de lucht-water en silica-water grensvlakken van de bevochtigingsfilms, ii) de
krachten in de films en iii) de drainage van de films. Brugvorming door triblock-copolymeer tussen de
lucht-water en silica-water grensvlakken is voorgesteld als verklaring voor vertraagde drainage.

In hoofdstuk zes werd brugvorming tussen een silica deeltje en een silica oppervlak onderzocht met
AFM. Zowel in waterige oplossingen zonder het triblock-copolymeer als in aanwezigheid van het polymeer

en 0.1 M NaCl werd aantrekkingskracht tussen een hydrofoob en een hydrofiel oppervlak gemeten.
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KpaTkoe comepxaHue ans Bcex

Knuxxka, KOTOPYIO BBl A€PIKUTE B PYKE, OCBSILEHA TOHEHBKUM, TOHIOCEHBKUM, TOHYAUIITNM HIEHOUKAM.
Bbl1, unTarens, HaBepHIKAa UTPaId B IETCTBE (a MOXET M 0 CHX MOp Urpaere!) ¢ MbUIBHBIMH ITy3BIPSIMH

(pucynku 1 u 2).

Pucynox 1. MBUTBHBII ITy3BIPB.
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Pucynok 2. JleBouka-3716() Ha MBUIEHOM ITy3BIpE.

MbUulbHBIH My3bIph — 3TO MIApUK (a TouHee cdepa!), 0Opa3oBaHHBIA TOHKOH, TOHEHBKOM, TOHIOCEHBKOM,
TOHUAHIIEH naeHouKoil KUIKOCTH M 3allOJTHEHHBIA BO3IyXOM (Ta30M), W CHapyXd TaKKe OKPYKEHHBIN
BO31yxoM. ToJIuHa 3TO nieHouku Hy OYCHb, OYCHb MaJCHbKas ( TIE-TO MEXKIY HECKOJIBKHMMU HaHO- U
MuKpoMetpami, a 910 107°- 10 merpa). CienoBaTensHO, nieHouKa 5Ta OYCHD JIErKo pBETCs (Beab rie
TOHKO, TaM | .. pBercs)! CaMu Buaenu, Kak My3bIpbKu ObICTpo JomaroTcs! COCTOUT Takas HIeHO4Ka W3
CJIOSI BOJBI OKPYXXEHHOTO JIBYMsI CJIOSIMH CIIEU(DUYECKUX MOJEKYIN (HOBEPHOCHHO-AKMUBHBIX 8EUleCE)

(pucyHok 3).
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ITydrophilic headO—— ITydrophobic tail
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Pucynok 3. CocTtaB MBUTbHOM IJICHOYKH.

BaxkHblil BONPOC: TJIe MOXHO BCTPETUTHh MIOHeHbKue nienouxku? OTBeT: B 11000 KOJUIOMIHOM cUcTeMeE,
KOTJa [BE YACTUYKHA OTOM CHUCTEMBI MOAXOIAT OYECHb OJU3KO Ipyr K JApyry (paccrosHue MEXIy
YaCTHYKAMH = TOJIIMHE HaeHouKu). JIJis TFOOOTBITHBIX — OTIPEIEIICHUE KOLIOUOHOU CUCIEMbL, & TaK Ke
KOAOUOHOU xumuuy (00IACTh XMMHH, B KOTOPOH CIEIHaTN3HPOBAJICS aTOp 3TON KHIDKCUYKH, HAIMCAHO B
camoM Hu3y!). ClieoBaTeibHO, TOHKHAE HICHOYKU MOKHO HAWTH 6 KPOBU, 6 NUee, WUAMNAHCKOM, KPACKAX,
YEPHULAX, MBLIHBIX PACEOPAx u mak oaiee. “TOHKHE nieHKu UMEIOT BXHOE 3HAYCHHE JUTS 3aPOXKIACHUS
u cymiectBoBanus xu3Hu!! Ux crenuduyeckue HU3MKO-XMMUYECKHE CBOMCTBA UTPAIOT PELIAIOIIYIO POJIb
BO MHOTHX OHOJIOTHYECKMX Tporeccax. Hampumep, Ouonocuueckue membpanvt (PUCyHOK 4) MOXHO

paccMaTpuBaTh, KK MOHKUE NIEHOYKU CIOXKHOM CTPYKTYPBHI.

hydrophilic
heads

hydrophobic
tails

hydrophilic
heads

Pucynox 4. buonorudeckast MemOpana

JIpyruMy THTIMYHBIMEA TIPEMEPAMH  SIBIISIFOTCSL  Clle3Hble NICHKU, AIbBCONAPHBIN GbICIUAAIOWUL CILOH,
cmayusaiowue NieHKU 6 OUOMEXaHUUecKUX CyCmaeax, JHCuoKue nieHKu Mexcoy KiIeTKamu u T. 1. “Urak,
HU3MEPEHHUEM TOJIIHH MOHEHbKUX, MOHIOCEHbKUX, MOHYATWIUX NIICHOYKAX, A TaK K U3MEPEHHUEM CHJI B
9THUX MJICHOYKAX 3aHUMAJICS aBTOP. MajleHbKast JIeTalb: nieHKu HOPMUPOBATIM HA TBEPJON MMOBEPXHOCTH
cTekia{a TouHee okcmma cwimkoHa (Si0;)!}. XKuakocTs, U3 KOTOpPOH 00pa30BEIBANIACHh IUICHKA, XOPOIIO
CcMaunBaja MOBEPHOCTh, OTCIOJIA W Ha3BaHUE: cMauusarowan nienka. ‘Hama’ nienouxka Ha MOBEPXHOCTH

cTexna{a Tounee okcua cuinkoHa (Si0;)!} mokasaHa Ha pHCyHKe 5.
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Pucynok 5. CMaunBatonias mieHka uzyyaemas B JaHHOW KHUXKKE.

Y CTOHUNBOCTE cMauugaroujux nieHoueK UMeeT BXXHOE 3HAUCHUE, HallpuUMep, A ¢uiotanun { @romayus
(ppani.) 9TO0 cmoco® oOoramieHUs] Py HOJNE3HBIX HMCKOMAeMbIX, OCHOBAHHBIH Ha pa3UYHOMN
CMaYMBaEeMOCTH YaCTHUI] Py IHBIX MUHEPAJIOB (IIOJIE3HOTO MCKOMIAEMOT0) U ITyCTOM IOPOJIBI .

Jpyroe mpuMeHeHHe, U3 KOTOporo OepeT Hayayo 3Ta KHIKKA (!), 3TO KpackM M UX MPOMBIIIJIEHHOCTb.
Hawm yxe nonsaTHO (1), 4TO Kpacka 3TO OYCHb CJIOKHAS CHCTEMa (OUCHEepCHAst), COCTOSAINAs U3 ITUTMCHTOB
(Oucnepcuas ¢pasa), ocoboro BemecTBa (cesa3yrujeco), pa3IAYHBIX J00ABOK W PaCTBOPHUTEINS
(Oucnepcuonnas cpeda). I'napHBIE BOIPOCHI B KPACOYHOU MPOMBIIUIEHHOCTH — TO CTAOMIBHOCTH TaKOM
cucreMe u (HopMHUpPOBaHKE TUICHOK (3/1€Ch yXKe He IIeHo4ek!!) Ha TBepaol MOBEPXHOCTH. A CTaOMIFHOCTh
TaKoW CHUCTEMBI (2 IMEHHO, KPacKu B OaHKE) 3aBUCHUT OT CTaOWMIBHOCTH OISATH-TAKU MIOHKUX NIIEHOYEK,
Pa3ENSIONINX MaTeHbKHE-MaIIOCEHBKHE {OMATh-TAKH OT MHKPO- 10 HaHo-metpos (10 - 107 merpa)}
4acTU4KH (OucnepcuonHvle), HaXOJSIIMEcs BHYTPH Kpacku. MTak, W3y4eHHE YCTOWYMBOCTH TaKHX
MOHEHbKUX CMAYUBAIOWUX NIEHOUEK — OUeHb, OUCHb BaXHO (!).

Cmauusarowian nienouka, n3ydaemMasl B JaHHOW KHI)KKE, COCTOSUIA U3 PACTBOPEHHOTO B BOJIE HOIUMEPA,
oOmazmatomiero crieluUUEecCKMMHU, MHTEPECHBIMHM CBOMCTBaMHU (OAHA 4YacTh HojuMepa “JMoOuT” BOxy, a
Ipyras — “He MOOHWT’). A YTO Takoe TMOJMMEp HAKMCaHO B CaMOM HHU3Y 3ToH riaBbl! BeIIO MHTEpecHO
y3HaTh (M MBI KO€-4TO y3Haiu!), KaK 3TOT MOIMMep BeAeT ceOs Ha MOBEPXHOCTH BOJA-BO3IYX , CTEKIIO-
BO3IyX, a TaK K€ B HAIINX MOHKUX HIeHouYKax. Mbl MEHSIM KOHIICHTPALUIO HMOJIHMEPa, Pa3IHIHBIX
coneif, u pH. aTepecHo ObUIO y3HATH NMPH KaKUX yCIOBUSAX MJIeHouYKa pBercs {(npu yBenmueHnn pH B
MIPUCYTCTBUH COJIH (CM. IJIaBy 2 ) + HEKOTOpbIe crienn(pUuecKre ciiydau riasbl 4)}, a Ipyu Kakux — HET {BO
BCEX OCTAJBHBIX 3aaBacMbIX YCJIOBHSIX (cM. riaBel 2, 3, 4, 5}. OCHOBHBIMH HCCJICOBATEIHCKUMHU
urpymkamu Obutn 1) mpubop i GpopMHpOBaHMS TOHKOW IIEHKH (CIielMallbHAs sideiiKa ¢ IMOPHCTBHIM
JMCKOM) M 2) mpu0op Ul U3MEPEHHs TOHKOHM IUICHOYKH (JIUIICOMETP). A caMOil MHTEPECHOW MI'PYIIKOMH
JUTSE MEHS ObUT 3) aTOMHBIN CHIIOBOM MUKPOCKOTL. C IMOMOIIIBIO 3TOTO0 MHKPOCKOIIA MOKHO 1) YBEIMYMBATH
MaJIeHBKHE TOBEPXHOCTH W BHIETh WX (oto (!!) Ha KommbrOTEpe, 2) a TaK K€ M3MEPSATh CHIIBI MEXKIY
METbYAUITIMHU YacTUIKaMu (pa3MepoM OT MUKpo- 1o HanoMeTpoB!!). TlocienHss riaBa 6 3TON KHIKKH
MTOCBSIIEHA W3MEPEHUIO CHJ B3aUMOJCHCBUS MEXIYy MHKPO-9aCTHYKOW W TOBEPXHOCTHIO CHJIMKH B
pacTBOpe U3yyaeMoro MoJiuMepa ¢ MOMOIIBI0 aTOMHOT'O CHJIOBOTO MUKPOCKOTIA.

Crhenany JIM Mbl MHTEPECHbIE, BEJIMKUE OTKpHITUA?? Bennkne — KOHEYHO, HET, a MHTEpECHBbIE Ul Hac,

MaJICHbKHE OTKPBITHS B Y3KOH IUIEHOUHOH obiacTu — na!!
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H8K0m0pble 0npet)eﬂeulm C/106 U MEePMUHO6:

Konnouonaa xumusa Boznukia B cepenune X1X Bexa. B 1861 r. usBectHslii anrnuiickuilt xumuk T. I'pam
u3ydan Aupy3uio pa3MuHbIX BELIECTB B BOJHBIX pacTBopax. OH 0OHapy» M, YTO HEKOTOPHIE BELIECTBA
(xenmaTuH, arap-arap “ T.I.) TUGQYHIUPYIOT B BOJE BO MHOTO pa3 Me/UICHHEe, YyeM, HarpuMmep, COJId U
kuciotel.  Kpome TOro, 3T BemiecTBa MpU MEpECHIIEHUH pacTBOPOB HE KPUCTAIIIM30BAINCH, a
(hopmupoBaIH cTyTHEOOpa3HYIO KIeiKyro Maccy. ITo-0pesnezpeuecku kel Hazvieaemces ""konna', u smu
"ocoovie" eewjecmea I'pim nazean ''konnouodamu'”. Tax MOSBUIOCH HA3BaHHWE HAYKU - KOJUIOMIHAS
XUMHUSL.

Jucnepcuasa cucmema - 3T0 CMecCh, COCTOSIAs U3 MUHUMYM JBYX BEIIECTB, KOTOPbIE COBEPLICHHO WU
MIPAaKTHYECKH HE CMEIIUBAIOTCS IPYr C JAPYTOM U HE pearupyloT Ipyr ¢ ApyroM xumuuecku. IlepBoe u3
BelIecTB (QucnepcHaa ¢haza) MENKO pacIpenesicHO BO BTOPOM (OucnepcuoHHasn cpeod, OUCHEPZAMOp).
®a3pl  MOXKHO  OTHENUTH APYr OT JApyra  (QU3MYecKuM  cmocoboMm  (LeHTpUYTHpOBATH,
cenapupoBatb).OOBIYHO AUCTIEPCHBIE CUCTEMEI - 3TO KOJUIOUIHEIE PACTBOPHIL, 30ITH.

Buowt oucnepcuvix cucmem. B 3aBUCMMOCTH OT arperatHoro cocrosHus o0eux (a3 pasinyaroT
ClJIeYIOIIUe BUIBI JUCIISPCHI:

Birx Jlpcrieprarop [lpcneperast dasa. Tpuvep
Kowid aposaitb i ¢] JKATIKOCTD TymaH
Teeprpiii a3posob a3 TBEPIIOE TEJIO M
OMyITECIEST JKAIKOCTD — KATIKOCTD MOJIOKO, KpeM
Ikena SKAIKOCTD a3 1 557)

Temw PACTBOpUTE/I> MAKPOMOTEKY/IbI  Tellb, Kilei
ACCOLMMPOBAHHBIA KOTTOWTT, AWIIKOCTH ~ arperarbl MBTIO, KPacka
Brotymon KYIKOCTB  SPUIPOLIAT KpOBb
Broxomiony KOITIareH araTir KOCTh

Honumep — 310 cOKHAS GONMBIIAS MOIEKYJIA C GOMBIION MONEKYIAPHOI MACCOi (OT HECKOIBKHX THICSY
J0 HCECKOJIBKHUX MI/IJ'IJ'II/IOHOB), B KOTOpOﬁ aTOMBbI, COCAWMHCHHBIC XHMHWUYCCKHUMH CBA3IMH, O6p3,3yIOT
JIMHEHHBIEC HIIK Pa3BETBJICHHBIC LCTIU, a4 TAKKC MPOCTPAHCTBECHHLIC TPEXMEPHBIC CTPYKTYPHI. YacTo B ero
CTPOEHHMH MOXHO BBLICJIUTH ITOBTOPSIOIIUICS CTPYKTYPHBIN ()parMeHT, BKIIOYAIONIUH HECKOJIBKO aTOMOB.
K nomumepam OTHOCSTCS OenKu, HYKIeUHO8bLE KUCTIOMbL, NOIUCAXAPUObL, KAYYYK U APYTUe BELIeCTBa.
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CBeTka, TBOI 00€BOIl M Tepoiickuil AyX Bcerga jaepxai MeHs B ‘criopTuBHOM’ ¢opme. Criacubo 3a TBOIO
MOIACPIKKY, 32 TO, UTO THI Takas ¥ He Apyras. OueHb TOpXKyCch APYkKO0i ¢ ToOOH, u xenato Tede, HaKOHeI]
[MO3HAKOMUTKCS C TEM Yero xouelib (mopa Mo apyr mnopa..)!

Hpunka BecesoBckasi - Mos “crapast” MoApyXKa — cacu00 Tede 3a TBoe MOHMMaHue. ThI OfHA U3 TeX,
KOTOpbIM HE HaJ0 Bce OOBACHATH. Bce moHuMaemn ¢ mnosycioBa.. Thl Jaxke 4yBCTBYellb, KOT/a HaJo
MpOmNacTh, a KOTJa BHOBb OOBSIBUTHCA (XHU-XH)..DHEPTHH U PAaIOCTH TeOe B TBOEM YIOTHOM JOME U C TBOEH
JII00MMO#T Mrpyiikoit - Haykoit! Ctenka HukonaeBud, He MPONLIO U CTO JIET, Kak ['op/ieiiKiHA 3aKOHYNIIA
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— 9TO TOT (pyHIAMEHT, Ha KOTOPOM s Aepkych.. Cracubo 3a Balry Bepy U 3a Bamry Jto00Bb!! Ber — cambie
Jy4Illie poIUTeNH B Mupe!

AHKeJIMYKa, Tl MOH MaJCHBKHN M CaMbIi JIIOOMMBI 9eJIOBEYEK B 9TOM MHpPE, MUIasi, 1o0pas M 4ucTas
Karenbka Ku3Hu. C TBOUM MOSBICHHEM BCS MOS JKU3Hb NEPEBECPHYJIACh U MoMyajiaCb B HOBOM, HO OY€Hb
WHTEPECHOM HampaBleHuH. S| Tak Majo yzaensto Tede BPEMEHHM, W 3Hal0, KakK Thl JKIEUIb MEHS (OYEeHb,
oueHb cwibHO!!)..O0ema mpoBOIUTh ¢ TOOOW OoJbIIe BpeMEHHU (BCE, 3Ta KHIDKKA HamucaHa!), moToMy
9TO s TeOe NOJDKHA EIIe CTOJIBKO PaccKas3aTh M MOKa3aTh, & MOXET M HAy4WTh, M MPOCTO, IMOTOMY YTO C
1000 O0€3yMHO HHTEPECHO!

Omnbsra Hronp 2006
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