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Abstract

The aim of this thesis work was to investigate the adsorption of surfactants to different non-

polar interfaces. Particularly, the effects of the polar group and the nature of the hydrophobic

interface were elucidated. The interfacial behavior of the liquid-vapor interface was

investigated by means of surface tension measurements. Here the effect of the polar group and

the hydrocarbon chain length was investigated in a systematic manner. It was found that the

shorter of the two chains examined, decyl, generated a larger surface pressure contribution

than the longer, dodecyl. Furthermore, the sugar based surfactants behaved differently as

compared to the ethylene oxide based ones. The former could be modelled by assuming a

hard disc behavior of the head group while the latter displayed polymeric behavior. The

influence of salt concentration on the surface tension behavior of an ionic surfactant, sodium

dodecyl sulphate, was investigated. The result could be rationalized by employing the Gouy-

Chapman model to the polar region. Furthermore, mixtures of two sugar based surfactants

were investigated by surface tension measurements and the adsorbed amount of the two

components at the interface at different concentrations and fractions in the bulk were obtained

by applying the Gibbs surface tension equation. It was found that the molecule with the

smaller head group adsorbed preferentially, and more so as the total surfactant concentration

was increased. These findings could be explained by considering the interactions generated by

the different head groups. The adsorption of sugar surfactants to an isolated hydrophobic

surface was studied by means of wetting measurements and the behavior was similar to that at

the liquid-vapor interface. Wetting isotherms were measured on two different hydrophobic

surfaces where the covalently attached hydrophobic layers were in a crystalline and fluid

state, respectively. The wetting results revealed that the sugar surfactants anchored in the fluid

hydrophobic layer. This had a significant influence on the force profile. For example, at the

crystalline surface the surfactant monolayers were easily removed as the surface came into

contact at relatively low applied loads. This was not the case when the hydrophobic layer was

in a fluid state. Here a significant fraction of the surfactants remained between the surfaces.

Disjoining pressure isotherms were measured using a sugar based surfactant that were

thoroughly purified and compared to the as received sample. Even the purified sample

showed a double-layer force although lower as compared to the as received, one. A significant

difference in foam stability was also observed.
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Sammanfattning

Den här avhandlingen behandlar adsorption av tensider till olika hydrofoba gränsytor.

Effekten av den polära gruppen samt av gränsytan natur undersöktes. Adsorptionsbeteendet

på luftvattengränsytan undersöktes med ytspänningsexperiment där kolkedjelängen och den

polära gruppen varierades systematiskt. De etylenoxidbaserade huvudgrupperna betedde sig

som polymerer medan sockerhuvudgrupperna betedde sig som hårda diskar. Den kortare av

de två kolkedjorna genererade ett större yttryck än den längre. Påverkan av salt på

ytspänningen för en jonisk tensid undersöktes också. De experimentella resultaten

överensstämde med de teoretiska när den joniska huvudgruppen antogs följa Gouy-Chapman

modellen. Blandningar av två sockertensider undersöktes vid olika bulkbalningar. Genom att

tillämpa Gibbs ytspänningsekvation kunde halten av de två sockertensiderna vid

luftvattengränsytan bestämmas för olika koncentrationer och blandningar i bulken. Den

mindre av de två sockertensiderna adsorberad mera än den större. Detta kunde förklaras av

skillnaden i interaktioner som de två sockertensiderna ger upphov till. Ytbeteendet vid en fast

hydrofob yta var i många avseenden lik den på luftvattengränsytan. En Skillnad var att den

adsorberade mängden var något lägre. Vätningsbeteendet undersöktes hos två olika typer av

opolära ytor där kolkedjorna närmast lösningen är kristallina respektive fluida i sin natur.

Detta visade sig ha konsekvenser för ytkrafterna som genererade mellan två ytor i

sockertensidlösningar. För den ytan där ytskiktet var kristallint kunde tensiderna som var

adsorberade lätt tryckas ut. Så var inte fallet på den fasta ytan där ytskiktet är fluid. Här

trycktes en del av tensiderna ut beroende på hur hårt och hur länge ytorna trycktes mot

varandra. Trycket i tunna filmer som funktion av avståndet mättes för en tensid som noggrant

hade renats från föroreningar. Även den renade lösningen hade laddningar på gränsytorna

vilka stabiliserade filmen men laddningen var mindre än för den obehandlade lösningen.
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Summary of papers

Paper 1 deals with the difference in interfacial behavior between n-ocyl β-D glucopyranoside

and a technical mixture consisting of octyl glucosides. The polar region of the technical

mixture consists of between one and seven sugar units. The differences between these

substances with respect to surface tension, wetting, interparticle and single foam film

interactions were examined. It was found that the technical mixture had some charged

surfactants (either oxidized sugar or catalyst), which although present in very small amounts

were enough to shift the force minimum as measured between surfactant layers adsorbed to

hydrophobic surfaces. For the technical mixture the force minimum was at F/R = 0 while it

was around F/R = -1 mN/m for n-octyl β-D glucopyranoside. The technical mixture also

formed thicker layers and they were more compressible. Disjoining pressure measurements

showed that the technical mixture did not form a Newton black film while n-octyl β-D

glucopyranoside did. This demonstrates that hole formation that leads to film rupture is more

efficiently counteracted by the smaller surfactant, that is suggested to be due to the higher

adsorbed amount.

In Paper 2 the interfacial properties of n-decyl β-D maltopyranoside was investigated and

compared with the same substance after purification with the High Performance Surfactant

Purification apparatus. Interestingly, the small amounts of impurities present had an impact on

both the surface forces and the disjoining pressure isotherm as measured with the MASIF and

the thin film pressure balance, respectively. The repulsive force close to contact was slightly

more repulsive for the purified sample while the adhesion was higher for the as received

sample. This was shown to be consistent with the lower surface elasticity for the layers

formed by the as received solution. The effect of the hydrophobic surface was also

investigated. It was found that some surfactants could anchor within the hydrophobic layer,

which consists of hydrocarbon chains in the fluid state. This affected, especially, the adhesion

values when compared to those obtained using a crystalline hydrophobic surface. Foam films

formed from these two solutions generated a repulsive double-layer force. The area/charge as

deduced from the DLVO-fit however showed that the charge was significantly lower for the

purified sample (16000 Å2/charge compared to 10000 Å2/charge for the as received sample).
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In Paper 3 surface tension isotherms were measured for n-decyl β-D maltopyranoside (Mal),

n-decyl β-D glucopyranoside (Glu) and five mixtures thereof. The adsorbed amount of the

two surfactants at the interface as a function of surfactant concentration and bulk composition

was determined by applying conventional surface thermodynamics. The cmc was between 2

and 2.2 mM for all compositions. Interestingly, Glu packed 10-11 Å2 tighter at cmc as

compared to Mal. This difference was reflected in the fraction of Mal at the interface for the

mixtures. As the area/molecule for the mixtures approached that of the cmc, a desorption of

Mal actually occurred for several of the mixtures. For example for the 1:1 mixture the amount

of Mal at cmc was a mere 27 %. The adsorption and surface pressure behavior are indicative

of a hard disc behavior of the two sugar surfactants where the effective cross section area is

10-11 Å2 larger for Mal.

Paper 4 deals with surface forces measurements between two crystalline (thiolated)

hydrophobic spheres in solutions of n-decyl β-D maltopyranoside and n-decyl β-D

glucopyranoside above the cmc (1.5 cmc). The force behavior clearly differed from that

observed on silanated and Langmuir-Blodgett films. It was found that the surfactants were

easily forced out from the contact zone as the applied pressure increased. Already at F/R = 1.5

mN/m most of the surfactants were removed. The slipping plane as seen from the local

velocity profile was located at the point of monolayer-monolayer contact. Furthermore, the

short ranged repulsive force showed a dependence on the driving velocity, the force increased

as the velocity increased demonstrating that the time scale of equilibrium is of the order of

seconds. The smaller head group, Glu, had a higher resistance against being depleted, 15 %

higher. This was attributed to the higher adsorption density causing a larger cohesive strength

in these surfactant layers.

In paper 5 surface tension isotherms were conducted on six surfactants, n-decyl β-D

maltopyranoside, n-dodcyl β-D maltopyranoside, C10E4, C12E4, C10E5 and C12E5 (E

denoting ethylene oxide). The results are consistent with the notion of a hydrocarbon layer,

liquid-like in nature and independent of the polar group. The interactions generated within the

polar region differed for the different head groups. The maltoside head group could be

described with a hard disc expression down close to the molecular area obtained at the cmc

where an additional short-ranged repulsion was observed. The head group behavior of the
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ethylene oxides could be described with a two-dimensional Flory-Huggins expression where

the difference in monomer units determined the difference in interaction generated by the

shorter E4 and the longer E5. Surprisingly, the shorter chain, decyl, was found to generate a

higher surface pressure than the dodecyl chain.

In Paper 6 surface tension isotherms were conducted on SDS at different concentrations of

NaCl. The effect of the salt on the free energy of the interface and on the surface pressure

isotherm was calculated from the experimental results. These results were compared with

theoretical estimates where the polar group was assumed to follow the Gouy-Chapman model.

Good agreement was obtained showing that the Gouy-Chapman model treating the interface

as a contiuum of charges works well for SDS and NaCl. Thus the surface pressure isotherm is

almost insensitive to the amount of salt while the surface tension isotherm is greatly affected.
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1. Introduction

1.1 Introduction to surfactants

A common characteristics among chemical substances are that they are either soluble in oil or

in water. Substances, which are well soluble in water are usually poorly soluble in oil and

called polar. Substances, which are well soluble in oil are often sparely soluble in water and

called apolar. A surfactant is a molecule composed of a polar and an apolar part. The polar

part is called the head group (hydrophilic). The apolar part is called the tail (hydrophobic).

This mix of a water and an oil loving part provides this class of substances with a range of

interesting features. For example, they have the ability to form closed aggregates called

micelles as well as other self-assembled structures (1). Micelle formation occurs when the free

monomer concentration reaches a critical concentration called the cmc (critical micelle

concentration). As the concentration is increased, after the cmc is reached, most surfactants

are involved in micelle formation and the free monomer concentration changes very slowly.

The driving force for micelle formation is the hydrophobic effect (2), which is associated with

the unfavorable situation of the solvent (water) molecules in close proximity to the apolar tail.

This is the reason why the tails, in water solution, form the interior of the micelle, which is oil

like in nature, and the head groups are directed towards the surrounding solution. The

enrichment of the head groups on the micelle surface and the conformational restrictions on

the tails in the interior oppose micelle formation (3). Depending on type of surfactant (and

temperature) the micelles normally change size and structure with increasing concentration.

First they usually form small and spherical micelles consisting of around 100 surfactants. As

the concentration is increased they grow in size and change shape. At even higher

concentrations liquid crystalline phases are formed.

Polar and non-polar phases do not mix to any significant degree (water and oil, or water and

air), instead they try to minimize the contact between them. The interface between them is

very unfavorable and is associated with a significant excess free energy (high surface tension).

Hence, the system strives to minimize the area of the interface, which for example is the

reason why a water drop is spherical in shape (in the absence of other forces). Surfactants, due

to their amphiphilic nature, are ideally suited for adsorption to interfaces between a polar and

non-polar phase. The tail adsorbs towards the non-polar phase while the polar region is

directed towards the polar phase. The adsorption of surfactants greatly reduces the surface
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tension of the interface creating a less frustrated situation for the system, i.e. the free energy is

reduced. The surfactant adsorption thus greatly reduces the energy needed to disperse for

example oil in water forming an emulsion. Although the surfactants have decreased the

surface tension of the interfaces in the emulsion, it is still well above zero and the system is in

a meta-stable thermodynamic state (due to the large surface area). It is the interactions

generated by the adsorbed surfactants that create the barrier against coagulation and

coalescene. Since it are the head groups that point towards the solution most of the interaction

between two opposing interfaces stems from the polar groups. Thus, the interactions (force

profile) between the head groups govern to a large degree the stability (life time) of the

emulsion. The forces occurring within the layers also influence the emulsion stability.

 Surfactants are usually classified according to the nature of the head group, as non-ionic,

cationic, anionic, or zwitterionic. Depending on the nature of the head group, different

adsorption and dispersion properties are experienced. For example, ionic surfactants have

higher critical micelle concentration, for a given tail length, as compared to non-ionics. The

difference being the high free energy cost of enriching the charges at the interface and the

associated double-layer of counter ions. The adsorption and force profiles between surfactant-

coated surfaces also differ greatly between nonionics with different head groups (4).

1.2 Sugar based surfactants

There are two main classes of nonionic surfactants that are used in detergent-like applications,

which is the largest gross consumer of surfactants. Surfactants consisting of carbohydrates as

polar group have in recent years regained interest due to increasing demands from the

consumer. Nowadays the consumer values not only a high performance and low cost of e.g.

household surfactant formulations, but also the environmental impact in terms of low toxicity

(5), biodegradability (5) and the use of renewable raw materials. Alkyl polyglucosides are

regarded as "environmentally friendly surfactants” and are today mostly used in e.g. heavy-

duty laundry and light-duty liquid dish detergent formulations (6).

Commercial alkyl polyglucosides are produced via Fisher glucosidation in which a mixture of

different alkyl glucosides is produced. The polar group is polydisperse containing from one to

several glucose units. There is also stereo isomerism (α and ß), binding isomerism and ring

isomerism in the polar part (7). The linkage between the alkyl chain and the polar group also

shows stereo isomerism giving rise to alkyl α-D glucosides and alkyl β-D glucosides. These
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two isomers have different solubility with the α-anomer being considerably less soluble (8).

Also gluconamines show poor solubility as compared to glucosides (9). Thus, the solution

properties of sugar-based surfactants are very sensitive to small alternations in the structure of

the head group. Some of the interfacial properties are not affected to the same degree. An

example is that n-octyl α-D glucopyranoside and n-octyl β-D glucopyranoside have the same

surface tension isotherms up to 20 mM (solubility limit of n-octyl α-D glucopyranoside) (10).

However, the foaming properties of the two surfactants are significantly different (10). The

reason for this is still poorly understood. The difference in solubility between the α and β

anomer is believed to be due to differences in the crystal packing, which is clearly different

for the two anomers (11, 12). No cloud-point has been observed for micellar solutions of octyl

ß-D glucopyranoside and octyl α-D glucopyranoside (13). However, mixtures of n-nonyl ß-D

glucopyranoside and n-decyl ß-D glucopyranoside show a cloud point, which is sensitive to

small shifts in composition and concentration (13). Also technical mixtures of alkyl

polyglucosides show a cloudpoint (14). The cmc for n-decyl β-D glucopyranoside and n-decyl

β-D maltopyranoside is the same but the bulk behavior is very different. n-decyl β-D

glucopyranoside has a cloud point at cmc at room temperature and goes through a lot of

different phases at intermediate bulk concentrations whereas n-decyl β-D maltopyranoside

have a large micellar region (15). Hence, small changes in the head group structure have

considerable influence on the bulk behavior whereas the forces generated by monolayers of

these surfactants at a hydrophobic surface are very similar as is demonstrated by data in this

thesis. For instance, at cmc (20 mM) of n-octyl ß-D glucopyranoside there is an attractive

force minimum (F/R≈-1.2 mN/m) close to monolayer-monolayer contact followed by a steep

hydration/protrusion force (16). The force minimum is mainly due to the van der Waals force.

The force curve for 1.3-di-O-octyl-2-(ß-glycosyl)pentamaltoside is very similar (4) to that of

n-octyl ß-D glucopyranoside. No long-range repulsive force is present, and a jump into

contact occurs from a distance of about 20 Å from monolayer-monolayer contact. The

attractive minimum is similar to that observed for n-octyl ß-D glucopyranoside, F/R≈-1.2

mN/m. The force minimum is at shorter separations followed by a very steep

hydration/protrusion force having approximately the same slope as for n-octyl ß-D

glucopyranoside. Hence, for this class of surfactants it is not sufficient to increase the size of

the polar group (1.4 -α-glucoside linkages) to remove the attraction seen close to contact. The

sugar surfactants, just as the ethylene oxide based ones (17), show an effect of temperature on

cmc, although smaller in magnitude and having a minimum at around 310 K (18, 19). The



4

cmc, the surface tension value at cmc, γcmc, and the surface excess at cmc, Γcmc, for some

common sugar surfactants are displayed in Table 1.

Table 1.

Surfactant cmc (mM) γcmc (mN/m) Γcmc (µmole/m2)

n-octyl β-D
glucopyranoside (20, 21)

20 30.8 4.4

n-decyl β-D
glucopyranoside

2 28.3 4.4

n-decyl β-D
maltopyranoside

2 37.3 3.5

n-dodecyl β-D
maltopyranoside

0.2 35.3 3.6

1.3 Ethylene oxide based surfactants

The properties of alkyl ethylene oxide based surfactants are strongly affected by temperature

changes. Aqueous solutions of these surfactants phase separates on heating and their cmc

decreases with increasing temperature (17). This demonstrates that the polar ethylene oxide

group acquires a more hydrophobic character with increasing temperature. Three explanations

of this effect has been proposed. The model of Karlström (22) attributes the change in

hydrophilicty of the polar group to a change in conformational order. The model of Kjellander

(23) assumes that the water molecules around the polar group has an chlatrate like structure,

similar to water near hydrocarbons, and that the effect is due to a change in the balance

between the entropic and enthalphic contributions to the free energy of association. The last

model proposes a decrease in hydration of the polar ethylene oxide group with temperature,

thus rendering it more hydrophobic (24-26). This is the reason why the forces between two

hydrophobic surfaces coated with monolayers of C E12 5  become less repulsive, and at some

distance regimes attractive, with increasing temperature (27). The interactions within the

monolayers also become less repulsive when the temperature is increased, which results in

formation of thicker adsorbed layers. The force acting between two monolayers of C E12 5  on

hydrophobised mica at 1.5*cmc (27) is repulsive at short distances showing no minimum in

the force curve at any distance down to monolayer-monolayer contact at room temperature.
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The reason for this repulsive force close to contact is a combination of entropic effects, i.e.

loss of conformational degrees of freedom and a confinement in the motion of adsorbed

molecules perpendicular to the surface (protrusion force), and dehydration effects. Even such

a small polar group as tetra ethyle oxide (dodecyl chain) shows polymeric behavior (28-30),

which is in contrast to the sugar surfactants that are more rigid in their structure. The cmc, the

surface tension value at cmc, γcmc, and the surface excess at cmc, Γcmc, for some common

ethylene oxide based surfactants are displayed in Table 2.

Table 2.

Surfactant cmc (mM) γcmc (mN/m) Γcmc (µmole/m2)

C10E4 0.7 29.2 3.8

C12E4 0.05 27.6 3.9

C10E5 0.7 29.9 3.5

C12E5 0.06 29.7 3.6
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2. Methods

2.1 Surface tension measurements

The surface tension was measured with a Krüss K12 tensiometer, employing the Wilhelmy

plate method. The principle is as follows. A vertical plate with known thickness and width is

immersed into the liquid of consideration. The force acting on the plate, buoyancy and surface

tension, is measured with a balance as a function of immersion depth. The surface tension is

then extracted from

F L L L L ghT W LV T W= +( ) +2 γ θ ρcos ∆                                                                                        1)

where everything except γ LV cosθ is known. γ LV  is the surface tension of the liquid-vapor

interface,θ  is the contact angle at the three-phase line, ∆ρ  is the density difference between

the liquid and the vapor phase, g  is the gravitational constant and h  is the immersion depth

of the plate in the liquid. If the surface tension is the objective of investigation it is common to

work with a very hydrophilic surface, which has a contact angle of zero degrees towards the

liquid. Hence, Eq, 1 gives the surface tension directly. In this work the plate was made out of

platinum, sand blastend to ensure a contact angle of zero degrees at the three-phase line. It had

a thickness and width of Lt =0.4 mm and Lw=12.5 mm, respectively.

2.2 Wetting measurements

The principle behind wetting measurements with the Wilhelmy plate method is identical to

that used for surface tension measurements. The surface of interest and known geometry is

immersed into the liquid and the weight on the balance in the liquid is measured as a function

of depth on immersion and retraction. Eq. 1 then gives cosθ when γ LV  is known. γ LV cosθ is

called the wetting tension, τ, and is given by

τ γ θ γ γ= = −LV SV SLcos                                                                                                             2)

which is the Young’s equation. Here the right hand side of the equation can either be

interpreted as the difference in surface tension between the solid-vapor and the solid liquid-
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interface (no absolute values are thus needed) or it can be given specific values relative some

suitable reference (se the Wetting section for a more thorough discussion).

2.3 MASIF

There exist several different techniques for measuring the force between solid surfaces (31).

The instrument most used in this thesis is the MASIF (Measurement and Analysis of Surface

Interaction Forces) technique, shown in figure 1.

To charge 
amplifier

LVDTPiezo tube

Teflon 
diaphragm

Bimorph

Teflon seal

Glass surfaces

Motor 
translation

Teflon sheath

Clamps for the
bimorph

Figure 1. Schematic drawing of the MASIF.

For a thorough description of the technique see (31). The MASIF, as the AFM, measures the

distance between the surfaces relative hard wall contact. With hard wall contact means that

the lower surface moves the same distance as the upper one. This, of course, requires that the

surfaces used are hard enough so they do not deform as they are pushed together. With the

MASIF the force as a function of separation between two spherical surfaces is measured. The

radius of the spheres is ∼ 2 mm. The upper surface is attached to a piezoelectric actuator,

which regulates the surface separation. A linear variable displacement transducer measures

the movement of the upper surface in order to compensate for any non-linearity in the
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expansion of the piezoelectric crystal. The lower surface is attached to a force sensor

(bimorph), which produces a charge in proportion to the bending. The measurement is

computer controlled and the expansion rate of the piezoelectric crystal, the maximum load,

the number of data points, and the waiting time in contact before separation is predetermined.

During measurements the computer records the time, the voltage applied to the piezoelectric

actuator, the LVDT-signal and the bimorph signal. The spring constant, which differs from

measurement to measurement, can be determined in several different ways. Two methods

were used. In paper 2, the spring constant was determined using an oscilloscope to record the

eigen frequency of the spring as a function of weight. The spring constant was then obtained

from

ω =
m

k
                                                                                                                                     3)

by interpolation. In Eq. 3 m is the weight of the spring plus added weight, k the spring

constant and ω the eigen frequency.

In paper 4, the spring constant was determined by adding a weight to the spring and measure

the deflection with a magnifying ocular.

2.4 Surface force apparatus

The surface force apparatus (32) utilizes cylindrical surfaces instead of spherical ones as used

in the MASIF. The surfaces are mounted in crossed cylinder geometry with the upper one

attached to a piezoelectric crystal and the lower one mounted onto a double cantilever spring.

The distance between the surfaces can be changed either by varying the potential over the

piezoelectric crystal or by moving the lower surface, which is connected to a motor. The

surface separation is measured interferometrically which has several advantages, e.g. the

adsorbed layer thickness and the refractive index can be determined. Since the distance is

measured interferometrically, the material that is glued onto the crossed cylinders (silvered on

the backside) must be transparent. Muscovite mica is such a material. It is a layered

aluminosilicate mineral, with a surface that is strongly negatively charged in solution due to

desorption of surface ions that (in the crystal and on the surface in air) compensates the

negative charge due to isomorphous substitution of aluminium for silicon. The chemical state
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of mica can be changed by depositing one (or several) layer of an insoluble molecule with the

Langmuir-Blodgett technique. For example to make mica hydrophobic one layer of DDOA

(dimethyldioctadecyl ammounium bromide) is deposited on each surface. The force acting

between the surfaces is determined by measuring the deflection of the spring to which the

lower surface is attached. The detection limit is about 10 7−  N. A schematic drawing of the

SFA is shown in Fig. 2.

Figure 2. Schematic drawing of the Surface force apparatus.

2.5 Thin film pressure balance

Microscopic symmetrical foam films with a radius in the mm range were studied with a thin

film balance (33-35). The measuring cell consists of a porous glass frit with a hole drilled in

its center. The frit is welded to a glass capillary tube. The glass frit is equilibrated with the

surfactant solution to be studied during several hours. After equilibration it is placed in a

hermetically sealed Plexiglas box where only the capillary is open to the surrounding

reference pressure (atmospheric). Some surfactant solution is placed in the bottom of the

Plexiglas cell to saturate the atmosphere in the measuring chamber. A syringe pump, which

alters the pressure in the box, is used to change the capillary pressure and thus the resulting

film thickness. A schematic drawing of the experimental set-up is provided in Fig. 3.
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Figure 3. Schematic drawing of the TFB.

The disjoining pressure in the plane parallel part of the film is at equilibrium equal to the

capillary pressure and given, for this setup, by

Π ∆= − + +P P
r

ghg r
LV2γ

ρ                                                                                                        4)

In equation 4 a contact angle of zero degrees at the three-phase line at the capillary wall is

assumed. Pg  is the gas pressure in the box, Pr  is the reference pressure, γ  is the liquid-

vapour surface tension of the solution, r  is the radius of the capillary, ∆ρ  is the density

difference between the solution and the surrounding reference gas (atmospheric), g  is the

gravitational constant and h  is the height of the solution in the capillary relative to the center

of the thin foam film. Each term in equation 4 is measured independently providing a direct

measurement of the disjoining pressure Π . The thickness is measured interferometrically by

using white light, which is directed normal to the flat portion of the film. The reflected light is
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directed into a microscope and split into two beams using a beam splitter. One beam is

directed into a light sensitive video camera that allows the film to be viewed in real time on a

monitor during measurement. A portion of the other beam is transmitted to a small fiber optic

probe that collects reflected light from a small part of the flat film. The probe is located inside

a microscopic ocular. The light from the fiber optic cable is led into a monochromatic filter ( λ

= 546 nm) before the light intensity is measured with a photomultiplier tube. The equivalent

film thickness is calculated as first suggested by Scheludko (36)

h
n R

R

eq
s

=










+
−( )

−( )

λ
π2 1

4 1
1 2

arcsin
∆

∆
                                                                                          5)

where λ  is the wavelength of the measured light, ns  is the refractive index of the solution,

∆ = −( ) −( )I I I Imin max min/ , R n ns s= −( ) +( )1 1
2 2

/ , I  is the instantaneous intensity of the

reflected light and Imax  and Imin  corresponds to the maximum and the minimum values in

intensity. The equivalent film thickness corresponds to a homogenous thin liquid film where

the refractive index in the film is identical to that of ns  everywhere. This equivalent film is

slightly thicker than the true film. The reason for this is that the refractive index of the

adsorbed surfactant layers at each liquid vapor interface is higher than the refractive index of

the solution in between the two interfaces. To obtain the film thickness, h , the multilayer

correction model of Duyvis (37) is utilized

h h h
n n

n
h

n n

neq hc
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s
pg
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= −
−
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2                                                                                  6)

where hhc is the thickness of the surfactant hydrocarbon tail and hpg is the thickness of the

surfactants polar group. n, npg  and nhc  are the refractive indices of the solution, polar and

hydrocarbon region, respectively. The thickness of the aqueous core is given by

h h h haq hc pg= − +( )2                                                                                                                   7)



12

2.6 Derjaguin approximation

The Derjaguin approximation enables a direct comparison of the forces measured between

surfaces of different size and shape (38) with the Gibbs free energy of interaction/unit area

between two parallel slabs. For example for crossed cylinders of radius R, the relation

becomes

F D

R
G Dcc ( )

( )= 2π                                                                                                                       8)

The Derjaguin approximation is valid when R D>>  and when the local radius is independent

of surface separation.

2.7 Substrates

The thiolated substrate surfaces used in wetting experiment were silicon wafers and the ones

used in the force measurements were pyrex glass. Onto the substrate was a thin layer of

titanium evaporated (binding material) onto which a layer of gold was evaporated (for more

details see (39)). After evaporation the surfaces were placed in a 1 mM hexadecylthiol in

ethanol solution. Before use the surfaces were placed in an ultrasonic bath to remove

physiosorbed thiols. The silanated surfaces were obtained by first cleaning the surfaces with

bichromatic acid (microscope slides for wetting plates and pyrex glass for MASIF surfaces)

followed by a gas phase reaction with (3,3 dimethylbutyl)-dimethylchlorosilane. The pressure

inside the reaction vessel was lowered with a water vacuum pump, and the reaction allowed to

proceed overnight at room temperature. All surfaces were cleaned with ethanol before use.
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3. Surfactants at the liquid-vapor interface, theory and experiment

3.1 Nonionic surfactants

Gibbs famous work (40), on the equilibrium of heterogeneous substances, laid the foundation

for the thermodynamic of interfaces. Here the extensive surface variables (dependent of

volume), Xs, of the surface are defined as excess parameters ascribed to an infinitesimally thin

interfacial region, the dividing surface. The surface excess is defined by

X X V xs tot
i

i
i
b= − ∑                                                                                                                      9)

Where Xtot is the system’s total value of the extensive parameter, Vi the volume of phase i and

xi
b is the value of the extensive parameter per unit volume in phase i. Hence, Xs is the excess

in X due to the presence of the interface. Furthermore, the surface excess of the solvent, water,

is usually taken to be zero (Γwater = 0).

Let us consider a system consisting of a soluble surfactant in water where the surfactants

located at the liquid-vapor interface is in equilibrium with the solution and vapor phase. We

note that the interface is open to transfer of energy and molecules with the surrounding

phases.  Furthermore, the molecules (surfactant and water) constituting the interface are few

in comparison with the amount in the bulk solution. Hence, the grand potential is the proper

thermodynamic potential to work with and it is given by

Ω ≡ Fs – N2µ2                                                                                                                            10)

 Fs denoting the Helmholtz free energy and µ2 the surfactant chemical potential and N2 the

number of surfactants in the surface. The corresponding free energy differential is

dΩ = γdA – SdT - N2dµ2           (Γwater = 0)                                                                               11)

In Eq. 11 A stands for the surface area and S for the surface entropy. Integration at constant T

and µ2 yields
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 Ω = εN2 = γA = γa2N2                                                                                                             12)

where a2 is the mean area/molecule and ε the Ω-potential/molecule. Furthermore, the surface

tension is given by

γ ε
µ

= /d da
T2

2
( ) ,

                                                                                                                        13)

Thus, the surface tension corresponds to the change in free (omega) energy/molecule

necessary to increase the molecular area with da2 while T and µ2 remain constant.

From a macroscopic perspective the adsorbed amount at the interface at a given concentration

is given by the difference in free (Omega) energy of the surfactant in the bulk and at the

surface, ε. Furthermore according to Eq. 13 the free energy contributions which depend on the

mean area/molecule are the only ones which directly influences the value of the surface

tension at a given bulk concentration. From an application point of view, an understanding of

the influence of the polar and apolar part of the surfactant in the adsorption and surface

pressure process is valuable. Such a knowledge would enable the tailor making of surfactants

to obtain a desired behavior. Hence in order to properly take all free energy contributions into

account a more detailed knowledge of the interface is needed. Due to new powerful surface

sensitive techniques such information is now available. Recently sum frequency generation

spectroscopy (SFG) has been used to investigate Gibbs monolayers (41, 42). From the

spectrum obtained with SFG, e.g. angles of different molecular groups relative to the surface

normal can be extracted. Two investigations of particular interest were conducted by Bain et

al (41, 42). In the first study the effect of the chain length of CH3(CH2)n-1N
+(CH3)3Br- (n = 12

– 18) at an area/molecule of 44 Å2 was investigated using SFG and ellipsometric

measurements. It was found that the sum frequency spectra of the terminal methyl group were

independent of the chain length, and that the ellipsometric parameters of the interface were

consistent with methylene groups being added with a liquid like density as the hydrocarbon

chain length increased. In the second paper C12Em (m = 2 – 8) was investigated at an area

(Å2)/molecule of 62 and 45 (for m = 2 – 5). They found from sum frequency spectra and

ellipsometric measurements at an area/molecule of 62 Å2 that the hydrophobic region has a

density close to that of liquid hydrocarbon, and a structure that varies little with the length of

the ethylene oxide group. The measurements at 45 Å2/molecule gave the same picture except

for m = 2. These studies show that the hydrocarbon chains at the interface behave as a liquid
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(when the polar group is enough “hydrophilic” so it avoids mixing with the hydrocarbon

chains), which is expected since the vapor phase is a bad solvent for the hydrocarbons. Hence,

viewing the interface as composed of two parts, one consisting of hydrocarbons, with liquid

like character, and one where the polar group and water mix, is consistent with experimental

investigations. Now, when the structure of the interface is established we turn our focus to the

different contributions to the free energy, which affect the adsorption equilibrium between

surfactants in the bulk and at the interface. Thus we need to take due account of the changes

in free energy occurring upon transfer of the hydrocarbon chain and the polar group from the

bulk to the interface, and the interactions occurring within the two regions of the interface.

Then there are some macroscopic changes in surface tension, which need consideration. The

free energy expression for the interface becomes

ε  = εTan + εconf + εcontact + εmix + εpg                                                                                          14)

where εTan is the free energy change due to transferring the hydrocarbon chain from the bulk

to the interface as tabulated by Tanford (2). εconf is the free energy change due to the

restrictions in configurations imposed upon the hydrocarbon chains as a consequence of the

anchoring to the polar group. εmix + εpg is the free energy change due to transferring the polar

group from the bulk to the interface and εcontact takes due account of the changes in the

macroscopic surface tension that occurs upon surfactant adsorption. The corresponding

surface pressure expression becomes

γ0  -γ  = π = γ0 + (πTan + πconf +πcontact + πmix)                                                                           15)

where γ0 is the surface tension value of water.

First we consider the case when there is enough surfactants to cover the entire surface with

hydrocarbon, i.e. a liquid expanded monolayer where the interface is covered with a thin film

of “liquid” hydrocarbon. For a decyl chain this occurs at an area/molecule of around 70.5

Å2/molecule (assuming cylindrical shape) and at 62.5 Å2/molecule (assuming rectangular

shape).

The first contribution to consider is the hydrophobic effect. The hydrophobic effect is

associated with the unfavorable situation of the water molecules in close proximity to the

hydrophobic solute. Thus, if the water hydrocarbon contact can be diminished the system
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lowers its free energy considerably. Tanford composed a lot of solubility data for different

hydrocarbons in water, which reveal the importance and nature of the hydrophobic effect. The

chemical potential for a hydrocarbon in water is

µ µ =   +   +  HC W RT X RT f/ ln ln0                                                                                            16)

where µHC W/
0  is the standard chemical potential at infinite dilution in water, X  is the

concentration in mole fraction units and f the activity coefficient. The activity coefficient

takes account of the interactions between the solute molecules but due to the low solubility of

hydrocarbons in water it can safely be ignored. The term RTlnX contains, as usual, the

contribution to the chemical potential from the ideal mixing of the solute with the solvent.

Hence µHC W/
0  contains information regarding the local interaction occurring in the vicinity of

the solute. The chemical potential of the solute in its pure liquid phase is

µ = µ0                                                                                                                                       17)

At the solubility limit in water the chemical potential of the solute is identical to that in its

pure liquid form and Eqs. 16 and 17 give

µ0 - µHC W/
0  = RTlnX                                                                                                                 18)

Thus the solubility of a hydrocarbon in water contains information regarding the local

interactions of the solute with the solvent. When the difference in local interactions for a

solute in its pure liquid and in water is plotted against the number of the carbon atoms for

different hydrophobic homologous, a linear relation is obtained. From these measurements a

knowledge of the gain in free energy obtained upon transfer of a hydrocarbon solute form

water to a hydrocarbon environment is obtained. The cost associated with a terminal CH3

group is almost three times larger than that of an internal CH2 group for straight chain

alkanes. The free energy gain for a saturated and linear C12 and C10 hydrocarbon chain is

εTan/kT =  - (19.96 + ln x2)                                                                                                       19)

εTan/kT = -  (16.98 + ln x2)                                                                                                       20)
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at 298 K. Interestingly εTan seems to be roughly proportional to the surface area in contact

with the adjacent water molecules, which could be fortuitous. The effect of temperature on the

solubility of hydrophobic solutes in water allows a separate determination of the entalphy and

entropy from the following relations

µ0 - µHC W/
0  = H0 - H HC W/

0 - T(S0 - SHC W/
0 )                                                                                21)

and

d(µ0/T - µHC W/
0 /T)/d(1/T) = H0 - H HC W/

0                                                                                    22)

The entalphy can also be measured directly from calorimetric measurements. Interestingly,

the solubility data vs. temperature of hydrocarbons give rise to a curved plot. For example

near room temperature, the solubility of the smaller aliphatic hydrocarbons decreases with

increasing temperature meaning that the process is energetically favorable (the entalphy is

negative). Since µ0 - µHC W/
0  is positive this means that the entropy is negative. These results

clearly show that the process of transferring a hydrocarbon solute to water is accompanied

with an ordering of the local solvent molecules. Amphiphilic molecules display similar

features as hydocarbons concerning the heat capacity (Cp), enthalphy and entropy. One

interesting feature is that the heat capacity for transfer to water is much larger than the heat

capacity for the pure hydrocarbon. It was argued that such a large Cp-value could not be due

to the effect of temperature on the internal motion of the solute molecules. Instead it was

suggested that it is associated with changes in the state of the solvent molecules due to the

presence of the solute. Water, which is believed to have a locally tetrahedral arrangement

(like ice) would intuitively lose some of it bonds upon introduction of a hydrocarbon solute,

which is incapable of forming hydrogen bonds. Breakage of hydrogen bonds would require

energy and the corresponding entalphy would be positive. However, instead some aliphatic

hydrocarbons (the smaller ones) give rise to a negative entalphy of solubility showing that the

solvent molecules around the hydrocarbon solute are able to rearrange to form a dynamic

hydrogen bonding network that around some hydrocarbons are even slightly stronger than in

pure water. This is accompanied with a local ordering, producing a negative entropy making

the overall process very unfavorable. The notion that the hydrocarbon core of micelles is
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liquid like was well known from spectroscopic experiments as well as from the fact that

micelles dissolve hydrocarbons. The same was believed for common Gibbs monolayers, but it

is more recently with the introduction of new powerful surface sensitive techniques such as

Sum Frequency Generation spectroscopy that strong experimental results show that the

hydrocarbon part of a monolayer indeed behaves very similar to a hydrocarbon liquid (41,

42). The hydrophobic effect is the prime cause of surfactant adsorption to hydrophobic

interfaces. The hydrophobic effect explains a lot of the adsorption behavior observed for

different surfactants. For example it explains why, for a given head group, the adsorption to a

hydrophobic interface increases at a given concentration (below cmc) with increasing length

of a hydrocarbon chain. Lastly we note the very important result that

πTan = - (dεTan/da2) = 0                                                                                                            23)

stating that the hydrophobic effect do not contribute to the surface pressure directly.

As the area/molecule is changed with da2, a corresponding change in the macroscopic surface

tensions occurs. On the side towards the vapor, where “liquid” hydrocarbon is in contact with

vapor a change of γhvda2 occurs, while the corresponding change towards the solution is

γhwda2. Taking the full integral expression for the change in free energy due to the

macroscopic surface tensions we note that the cross section area of the polar head group, apg,

shields some of the unfavorable hydrocarbon-water contact. The surface tension of alkanes

towards the vapor phase is around 25 mN/m depending on chain length (43, 44). The surface

tension value of the hydrocarbon water interface is around 50 mN/m also depending on chain

length (43, 44). Hence, the free energy change due to the changes in the macroscopic surface

tension is

εcontact = γhca2 + γhw(a2 – apg)                                                                                                      24)

and the corresponding surface pressure contribution is

πcontact = -  (dεm/da2) = - (γhc + γhw)                                                                                           25)
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Thus, this effect only contribute with a constant, γhc + γhw, independent of a2. Although the

surface tension value of decane and dodecane towards water and vapor (43, 44) differ, the

decyl and dodecyl chains are expected to have values differing from their alkane counterpart.

The reason is that the surfactant tails are anchored to the interface and that the high lateral

pressures existing close to the polar group opposes the presence of methyl groups from this

part of the interface. Thus, the expression below is an approximation,

γ0 = γhc + γhw                                                                                                                             26)

The difference between the state of the hydrocarbon tails at an interface and in the bulk is that

the chains are attached to the interface via the polar group and that they are in contact with the

vapor phase. As a consequence of this, the number of available configurations will depend on

the area/molecule. Gruen and Lacey (45) and Gelbart. et al. (46) carried out calculations for

different alkyl chain lengths and different geometries. The results obtained were very similar

and the result by Gruen and Lacey showed that the free energy has a local minimum at 48

Å2/molecule for a bilayer of straight C12 hydrocarbon chain. This means that the hydrocarbon

chains have a preferred mean area where the configurational entropy has a maximum. The

presence of this free energy minimum requires that the surface pressure turns repulsive at

smaller areas. Eriksson and Ljunggren (47) studied the surface pressure versus area isotherm

for dodecyl ammonium chloride and their calculations supported the use of the numerical fit,

Eq. 27, for the conformational free energy for dodecyl chains. The result is also in good

agreement with the numerical fit obtained from Langmuir-Blodgett films with dodecyl chains

(48). Thus we approximate the conformational free energy for a C12 chain with

εconf/kT = 3.126301 – 1.155336L + 0.1827336*L2 – 0.01407631L3 + 0.0004774232L4         27)

where L is the thickness of the interface, given by L = V/a2, V being the molar volume (351

Å3/molecule for a straight C12 hydrocarbon chain). The corresponding surface pressure

contribution becomes

π conf kT
a

L L L L/ = -
1

( . * . * - * . + * . )
2

2 3 41 155336 2 0 1827336 3 0 01407631 4 0 0004774232+     28)
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The surface pressure isotherms for the six surfactants, C10Mal, C12Mal, C10E4, C12E4,

C10E5 and C12E5 are shown in figure 4.

10

15

20

25

30

35

40

45

50

40 45 50 55 60

AAAArrrreeeeaaaa((((ÅÅÅÅ2222))))////mmmmoooolllleeeeccccuuuulllleeee

SSSS uuuu
rrrr ffff

aaaa cccc
eeee     

pppp rrrr
eeee ssss

ssss uuuu
rrrr eeee

    ((((
mmmm

NNNN
//// mmmm

))))

C12E4 C10E4 C12E5

C10E5

C12Mal

C10Mal

Figure 4. The experimentally deduced surface pressure isotherm for the six surfactants,

C12E4, C10E4, C12E5, C10E4, C12Mal and C10Mal.

The smallest of the ethylene oxide surfactants, C12E4 is the one that has the highest adsorbed

amount at cmc. C12E5 and C12Mal have the same adsorbed amount at cmc. The surface

pressure at cmc is highest for the two ethylene oxide based surfactants. Furthermore we note

that the C12 chains, for a given head group, has a lower surface pressure than the C10 chain.

According to our model, the interactions occurring at a given area/molecule in the polar

region is independent of the length of the hydrocarbon chain. Thus, by taking the difference in

surface pressure between C10X (π(C10X)) and C12X (π(C12X)) we obtain the difference in

the configurational surface pressure between the C10 and C12 chains. We obtain

πconf(C10) - πconf(C12) = π(C10X) - π(C12X)                                                                           29)

This is done in figure 5 and we see that the difference in configurational surface pressure

between the C10 and C12 chains is similar for all head groups, supporting our model.
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Figure 5. Difference in surface pressure between a C10 and C12 chain.

We also note, surprisingly, that the shorter chain, decyl, generates a higher surface pressure at

a given area in contrast to the results obtained by (45, 46). We note however that this behavior

seem rather general since the extensive results obtained by (17, 49) on CxE8, x = 10 to 18,

show an almost constant surface tension value at cmc, within 1 mN/m, for all x while the

packing increases with chain length for all 9 studied surfactants. The difference in

area/molecule between C10E8 and C18E8 is 25 Å2/molecule.

The surface pressure for the C12 chain according to Eq. 28 and for the C10 (obtained from

Eq. 28 and by taking the difference in surface pressure between C12E4 and C10E4 as

depicted in Fig. 5 into account) is shown in Fig. 6.
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Figure 6. The surface pressure generated for a C10 and C12 chain.

From simulations (46) it was demonstrated, as expected, that the lateral pressure is highest in

the part of the chain nearest to the head groups. This imposes restrictions in the mixing of the

terminal methyl group with this part of the interface. This effect gives rise to a surface

pressure effect, which differs between the C10 and C12 chain and could be the reason for the

observed difference. Assuming ideal mixing between the CH3 and CH2 groups and

recognizing that the volume of a CH3 group is twice that of a CH2 group leads to

d S

dn

k n

n
mix∆

 =  -  
+2 2

ln








                                                                                                         30)

where ∆Smix is the mixing entropy per chain and n the number of CH2 groups participating in

the mixing. The corresponding surface pressure expression becomes

π mix
mixkT

d S

dn

dn

da

kT n

n

dn

da
=  =  -  

+
 

∆

2 22 2
ln









                                                                         31)

Putting dn/da2 = 1*10-20 and n  = 4 and n = 6 for decyl and dodecyl, respectively leads to

Πconf(C10) - Πconf(C12) = 2.3 mN/m. Furthermore at shorter distances dn/da2 is expected to
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fall faster for the shorter chain generating a larger surface pressure increase for the shorter

chain as depicted in figure 6.

Thus, the length of the hydrocarbon chain greatly influences the surface tension isotherm (see

figure 7 below). The difference in the hydrophobic effect greatly influences the adsorption

(see figure 8 below) and surface tension value at a given concentration (figure 7) whereas the

configurational repulsion influences the surface pressure behavior.

The free energy due to the head group also greatly affects the adsorption and surface pressure

behavior. The surface tension isotherms for the six surfactants, C10Mal, C12Mal, C10E4,

C12E4, C10E5 and C12E5 are depicted in figure 7. From figure 7 we clearly see that for a

given concentration Mal has a higher value of the surface tension as compared with the E:s

for corresponding hydrocarbon chain lengths.
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Figure 7. Surface tension isotherm for C10Mal, C12Mal, C10E4, C12E4, C10E5 and C12E5.

Similarly, from the corresponding adsorption isotherms as depicted in figure 8 it is clearly

seen that a given adsorption density is achieved at lower concentration for the E:s than for the

maltoside.
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Figure 8. Adsorption isotherm for C10Mal, C12Mal, C10EO4, C12EO4, C10EO5 and

C12EO5.

Since the surfactants have the same hydrocarbon chain this effect is solely due to the

difference in free energy generated by the different polar groups upon transfer from the bulk

to the interface. We can estimate the difference in free energy, εmix + εpg upon transferring the

head groups from the bulk to the interface from Eqs. 12, 14, 19, 124 and 26. We note that εmix

takes the interactions occurring within the polar part of the interface into account, while εpg (a

constant) takes the difference in free energy upon transferring the polar group from the bulk to

the interface into account. The free energy of bringing the polar group to the interface is

shown in figure 9 where εmix + εpg as a function of a2 is plotted.
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Figure 9. The free energy of bringing the polar group to the interface from the bulk for the

three head groups, Mal, E4 and E5.

It is clear that the free energy cost of transferring a maltoside head group from the bulk to the

interface is highest (2 kT higher than for E5), while transferring the E4 group costs the least

for the dodecyl surfactants. Hence, the maltoside head group is the most hydrophilic polar

group of the three.

It is well known from surface force measurements (4, 16, 27-29, 50-52) that these nonionic

surfactants behave very differently. Force measurements employing a hydrophobic substrate

surface where the head groups of the adsorbed surfactants are located towards the solution

reveal significant interactions between opposing head group layers. This behavior is expected

to be reflected in the interactions occurring within a surface layer. Several force studies have

been performed on the ethylene oxide based surfactants (27-29, 50) and they all show a

repulsive force starting a couple of nm from monolayer-monolayer contact. Sugar surfactants

on the other hand (4, 16, 51-52) show significantly less long-range repulsive forces prior to

monolayer-monolayer contact. Even such a large head group as pentamaltoside shows a

significantly less long-range repulsive force before monolayer-monlayer contact. On the other

hand, the behavior of even such a short E group as C12E4 shows polymeric behavior (28-30).

Hence, it seems as a good approximation to describe the head group interactions in the polar
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region of the ethylene oxide based surfactants with a model taking into account the large

flexibility in the mixing potential with water. The sugar based surfactants on the other hand

seem to be more rigid in nature and hence are expected to have less mixing degrees of

freedom as compared with the ethylene oxide based surfactants.

Turning to the head group expression for the ethylene oxide based surfactant we start with the

three dimensional Flory-Huggins theory

  
ε φ

φ
φ φ χ χφmix

pg
pgkT

M
M

M M= − + + − +1 1
1 1ln ln                                                                        32)

where φ1 (=1-apg/a2) and φpg (=apg/a2) are the volume fractions of the water and the polar

group, respectively. M=vpg/vw=apg/aw where apg=vpg/τw and a w=vw/τw. vpg and vw are the

molecular volumes and τw is the thickness of the headgroup layer. The volume of a single

ethylene oxide unit is around 65 Å3 (53) and its length is 3.6 Å (53). Equation 32 takes two

effects into account. The first effect is purely of entropic origin, originating from the mixing

of water with the polymeric chains. The second term is of entalphic origin, taking the

difference in interactions between polymer-polymer, solvent-solvent and solvent-polymer into

account via the Chi-parameter, χ. The corresponding surface pressure relation becomes

π
χmix
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pg pg
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One short-coming with the three dimensional Flory-Huggins model is that the ends are not

fixed. Taking this into account as done in the appendix, in paper 5, leads to the following free

energy expression for the head group region

ε
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ln ln                                 34)

where as is the oligomer area, and χ = 0.2, M the number of monomer units per chain and r is

given by
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r = M/t                                                                                                                                    35)

t being the thickness of the polar region. Surprisingly, in contrast to what might be expected,

the standard Flory-Huggins entropy-of-mixing expression can be applied also for the case of

polymer chains attached to an interface essentially without change. The corresponding surface

pressure equation becomes

π
χmix

s

s s

kT

M

ra

a ra

a

M

a
M

ra

a
= −

−







 −

−
−ln 2

2 2 2
2

1
                                                                              36)

We also note that the two Flory-Huggins expressions assume that the segment density is

constant in every layer adjacent to the interface. It has however been shown that this

approximation is not too severe as it turned out that the results obtained from the Flory-

Huggins model gave very similar results as those obtained from the Schjeuten-Fleer model

even for rather high adsorption densities (54).

The head group of the sugar surfactants are modeled with the following analytical hard disc

expression, which is consistent with simulations (55-56)

ε φ

φ

φ

φ
mix pg pg

kT
=









 +









 −ln

1 1

1                                                                                                         37)

Eq. 37 gives the following surface pressure expression

 
π mix

kT a
 =  

1

2 1
2Φ

                                                                                                                        38)

We note that all of the head group expressions have the right limiting value as a2 approaches

infinity, i.e.

π =  
kT

a2

                                                                                                                                  39)

which is valid in the Henry region.
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The complete surface pressure expression becomes

π = πconf + πmix                                                                                                                          40)

Before we procede to take due account of the head group interactions it is informative to

compare the surface pressure generated by the different head groups. From the surface

pressure relation we know that by subtracting the surface pressure isotherm for different head

groups with each other (for a given chain lengths) we obtain the difference in head group

interactions. Thus, we get two curves for each tail (one from the decyl and one from dodecyl,

respectively) and we obtain three combinations of head group differences. This is done in

figure 10 where it is seen that the E5 generates the largest surface pressure at a given a2 while

Mal generates the smallest surface pressure effect except close to its cmc value where it

passes E4.
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Figure 10. Difference in surface pressure between the different head groups.

The surface pressure isotherm for C12Mal and C12E5 is given in figure 11 where the

experimentally deduced and the theoretical curves are plotted together.
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E5

Mal

Figure 11. Experimental surface pressure isotherm (dashed lines) for Mal and E5 and the line

are calculated surface pressure curves. The lower curve is the ideal surface pressure Eq. 39.

In the calculations for Mal (Eq. 38) a hard disc area of apg = 21 Å2/molecule was used while

ras = 20 Å2/molecule was used for E5 (Eq. 36). The lowest curve in Fig. 11 is the surface

pressure according to ideal surface pressure behavior (Eq. 39).

First we note that taking the van der Waals force acting through the interface into account

would give rise to a surface pressure effect (acting to thin the interface). We also note that the

applicability of the Lifshits theory to the small thickness is uncertain. Making a rough

estimate for the difference in surface pressure generated at 70 Å2/molecule and 50

Å2/molecule for the C10 and C12 chains give a surface pressure change of 1.1 mN/m and 0.8

mN/m where the surface pressure due to the van der Waals force is given by (57)

π=AH/4Πh2                                                                                                                               41)

where AH = 0.5*10-20. Taking this into account would slightly improve the theoretical fit.

At high surface packing (low area/molecule) the theoretical model underestimates the surface

pressure. This is expected because the head groups are only separated by a thin layer of

hydration water. Hence additional short range forces are expected to be important, i.e.
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hydration forces. We note that the difference in interaction between the E-groups, between

water, and between water and E-groups as invoked in the χ-parameter gives rise to a negative

surface pressure component, i.e. it compresses the interface against the mixing entropy which

strives towards expanding the interface where the latter term is larger in magnitude. We note

that the hard disc repulsion will not work for the head group of the ethylene oxide chains

since they have the same cross section area, which according to Eq. 38 would predict identical

surface pressure isotherms for the two. A polymeric behavior of the head group of Mal would

predict much too large surface pressure (87 mN/m at 60 Å2/molecule according to Eq. 33).

The constant εpg can now be estimated since εmix for the different head groups have been

calculated. This is done in figure 12 and we note that it is nearly constant as required.
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Figure 12. The constant εpg for the three head groups.

In Figs. 13 and 14 are the different contributions to the free energy plotted for C12Mal and

C12E4 in the liquid-expanded region as a function of the average area/molecule.
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Figure 13. The different contributions to ε  for C12Mal.
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Figure 14. The different contributions to ε  for C12E4.

The thermodynamic driving force for surfactant adsorption is the hydrophobic effect (εTan),

which is counteracted by the change in head group free energy and the considerably smaller

configurational energy. When comparing Mal and E4 we note that the hydrophobic effect is
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larger for Mal which is due to the higher concentration of surfactants in the bulk at a given

area.

Finally we conclude that the head group repulsion as envisaged in the surface pressure

isotherm (Fig. 11) stems mostly from the mixing of the head group with water in the polar

region of the interface and that the different flexibility of the head groups of Mal and ethylene

oxide greatly affects the nature of the isotherms. Furthermore, from figure 9 depicting the free

energy of the polar region no evidence of inter-molecular hydrogen bonds between the sugar

molecules is seen since the free energy increases monotonically with decreasing

area/molecule. The same conclusion holds when noting that the experimentally deduced

surface pressure of the head group, Fig. 11, greatly exceeds that of the theoretical model

between 48 and 46.7 Å2/molecule. This means that an additional energy term has to be

included which has to be positive and increase fast with diminishing area/molecule, although

small in magnitude.

3.2 Ionic surfactants

Surface tension isotherms of sodium dodecyl sulphate (SDS) were measured at different

background concentrations of sodium chloride (NaCl). The Gibbs surface tension equation at

constant T reads

d dSDS SDSγ µ= −Γ                                                                                                                        42)

The chemical potential of SDS in the bulk becomes

d RTd c
c c

c c

c

cSDS SDS
SDS NaCl

SDS NaCl

SDS

tot

µ =
+
+

−








ln

.2 1 17
                                                                          43)

where ctot is the total electrolyte concentration. The first term in the parenthesis is due to that

the change in chemical potential with SDS-concentration of DS- and Na+ differs when NaCl is

present in the solution. The second term accounts for the change in the activity factor (Debye-

Hückel limiting law). We also note that the surface excess of DS- (Γ ΓSDS DS
= − ) includes the
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adsorbed amount in the top monolayer (Γ
DS

m
− ) as well as a small negative contribution from

the surface excess in the double layer. Taking this into account gives

Γ Γ
DS

m

DS
x− −= −( )1                                                                                                                      44)

where x is amount of DS- in the double-layer divided by the total amount in the interfacial

region (i.e. at the surface and in the double layer) and given by (58)

1
1

1
1 12+

−
= + −( )x

x S
S                                                                                                               45)

where S is defined below, Eq. 49. This effect, however, will be less and less pronounced as

the salt concentration of NaCl is increased. The reason is that the diffuse part of the double-

layer decreases in extent while the bulk concentration of SDS also decreases. The same goes

for the activity factor since the SDS concentration becomes small in comparison to the total

salt concentration. Thus, as the salt concentration of NaCl is increased, SDS behaves more

and more like a nonionic surfactant. We also note that for a given adsorption density the

change in surface tension with ln c is twice as steep when comparing the situation with no

added salt with that of high salt concentrations. This effect is clearly seen in Fig. 15 below,

depicting the different surface tension isotherms
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Figure 15. Surface tension isotherm for SDS at different salt concentrations of NaCl. From

right to left, 0, 30, 50, 100 and 300 mM.

The excess free energy due to a layer of surfactant ions can be calculated from the Gouy-

Chapman theory. The Gouy-Chapman theory is based on the Poisson-Boltzmann

approximation assuming a smeared out surface charge. Although the model neglects ion-ion,

correlation and volume effects it has been shown to hold for 1:1 salts. One reason is that the

size and ion-ion correlation effects approximate cancel (59). We adhere to the formalism of

(47) and obtain

gmix = eΦ + γela2                                                                                                                        46)

where Φ is the surface potential against which the system has to do work on bringing the

surface charge to the interface and e the charge of the monovalent ion. The second term

accounts for the negative work of expanding the surface area by a2 at the (negative) surface

tension γel. The surface potential and the electrical contribution to the surface tension are

given by

Φ = + +
2

12kT

e
S Sln( )                                                                                                           47)
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                                                                                                      48)

the reduced charge parameter S is given by

S
RT cr tot

 =  
σ
ε ε

2

08
                                                                                                                   49)

Where σ is the surface charge density, εr the relative dielectric constant for the solution, εO the

permittivity constant and ctot the ion concentration in the bulk (csds + cNaCl).

In figure 16 is the electrical surface pressure component, Eq 48, plotted as a function of salt

concentration in the bulk at a fixed molecular area of 40 Å2/molecule.
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Figure 16. The surface pressure effect of the ionic head group according to Eq. 48 at a fixed

molecular area of 40 Å2 as a function of salt concentration in the bulk.
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The change in surface tension with increasing salt concentration is quite modest. Comparing

SDS without any salt (c = 10 mM) with 300 mM salt in the bulk results in a mere change of 2

mN/m in surface pressure. The reason for the lower surface tension value at cmc with

increased salt concentration is that the adsorbed amount increases, from around 40

Å2/molecule to 36 Å2/molecule. Thus, it is the conformational surface pressure from the

hydrocarbon chains that leads to the decrease in the surface tension value at cmc with

increasing bulk concentration of NaCl. The surface pressure isotherm without salt in the bulk

is depicted in Fig. 17 below together with the theoretically predicted one (Eqs. 28 and 48).
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Figure 17. The surface pressure for SDS in 0 mM NaCl. The thin line is the experimentally

deduced isotherm while the thick line is according to the model (Gruen and Gouy-Chapman).

The surface pressure isotherm according to the model and the experimentally deduced one for

the 300 mM NaCl case is plotted in Fig.18.
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Figure 18. The surface pressure for SDS in 300 mM NaCl. The thin line is the experimentally

deduced isotherm while the thick line is according to the model (Gruen and Gouy-Chapman).

This shows that the simple Gouy-Chapman model of the interface, assuming a smeared out

surface charge, accounts well for the observed features especially at high salt concentrations

of NaCl. The less good agreement at lower concentrations of NaCl could be due to trace

amounts of impurities. This effect is expected to be less severe at higher concentrations since

the surface activity of SDS increases significantly with increasing salt concentration. Another

possible explanation is that the DS- ion, which is coion in the salt free case, is large and

hydrophobic in contrast to Cl- which acts as coion at higher salt concentrations.

We also note from Fig. 15 that a given adsorption density occurs at lower concentrations as

the salt concentration in the bulk is increased. By comparing the effect of increasing the salt

concentration at a constant molecular area we can calculate the free energy from the

experimental result and compare it with the prediction of the Gouy-Chapman model. The free

energy of a surfactant at the interface at a constant surface density, is given by (ε = g - µ)

g a f x
DS DS

− = +− −±µ γ0
2 ln                                                                                                          50)
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Thus, inserting the experimental value of the surface tension and the mole fraction (and the

fugacity constant) of SDS at a constant molecular area gives the free energy relative a fixed

standard state. The fugacity constant was taken from (60). Furthermore, from the model we

obtain (47)

g g kT g g g kT
DS el conf contact pg el pg− = − + + + = + −−µ ε ε0 19 96 14 31. .                                          51)

where as before εpg is a constant accounting for the difference in free energy of the polar

group in the bulk and at the interface besides the electrostatic interactions The theoretical and

experimental result for the free energy of bringing a molecule from the bulk to the interface is

displayed in Fig. 19 for two molecular areas (40 Å2 and 50 Å2).
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Figure 19. The free energy of a surfactant molecule at the interface. The filled squares and

circles are the experimental results ( Eq. 50) and the unfilled squares and circles are according

to Eq. 51. The circles are the result for a = 50 Å2 and the squares are for a = 40 Å2. The

difference between the two curves gives the constant εpg (0.85 kT).

Thus, increasing the salt concentration in the bulk decreases the free energy of transferring a

head group to the surface resulting in a higher adsorbed amount with salt concentration for a
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fixed surfactant concentration. The Gouy-Chapman model agrees well with experimental

findings both for the surface tension and adsorption behavior of SDS as the salt concentration

of NaCl is increased.

In conclusion we note that the strength of the model is that no free parameters are needed

when considering the surface pressure isotherm. Furthermore, we plan to change the counter

ion of DS-, which affects the cmc (61) to see if the observed salt behavior is consistent with

the model, i.e. if the counter ion only affects εpg.

3.3 Mixtures of nonionic surfactants

By studying surface tension isotherms as a function of bulk fraction of two surfactants, n-

decyl β-D glucopyranoside and n-decyl β -D maltopyranoside, information regarding

synergism concerning micelle formation can be obtained. Furthermore, by employing

conventional surface thermodynamics, a determination of the separate adsorbed amounts of

the two surfactants can be obtained as a function of bulk concentration and composition. The

starting point is the Gibbs surface tension equation, which for a system consisting of two

surfactants reads (constant T)

d d dγ µ µ= - -Γ Γ1 1 2 2                                                                                                                    52)

The surface tension isotherms were measured for n-decyl β-D maltopyranoside, n-decyl β-D

glucopyranoside and mixtures thereof. The bulk fraction of Mal was, 0.9, 0.8, 0.65, 0.5 and

0.35 respectively, for the mixtures. In figure 20 is the surface tension isotherm for Mal, Glu,

and the two mixtures 0.8 and 0.5 displayed (the other isotherms have been omitted for

clarity).
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Figure 20. Surface tension isotherms for n-decyl β-D glucopyranoside, n-decyl β-D

maltopyranoside and for the two mixtures 0.8 and 0.5 (bulk fraction of Mal). In order of

highest value of the surface tension at the cmc, Mal, 0.8, 0.5 and Glu.

We note that the cmc is around 2 mM for all bulk fractions and hence no cmc-synergism is

observed. For the case of constant composition (x) of surfactant 1 and 2 in the bulk, as the

case is for the surface tension isotherms depicted in figure 20, the change in chemical

potential with increasing total surfactant concentration is the same independent of

concentration (assuming ideal bulk behavior). Gibbs surface tension equation thus becomes

 

 
∂γ

∂ ln ,c
RT RT

T x
tot









 = − +( ) = −Γ Γ Γ1 2                                                                                          53)

 

Thus, the slope in figure 20 is proportional to the surface excess. As seen from figure 21,

which shows the total adsorbed amount for the different compositions at high concentrations,

the adsorbed amount is higher the larger the fraction of Glu is in the bulk.
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Figure 21. The surface excess of surfactants at the interface as a function of bulk

concentration for n-decyl β-D glucopyranoside, n-decyl β-D maltopyranoside and the

mixtures. From top to bottom (mole fraction of Mal in the bulk), 0, 0.35, 0.5, 0.65, 0.8, 0,9

and 1, respectively.

By recording the variation of surface tension with respect to composition at a fixed total

surfactant concentration we can calculate the surface mole fractions of the two surfactants

from

∂γ
∂x

RT
z

x

z

xT c
Tot









 = − −
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2

2

                                                                                                      54)

where x≡x1, z1  and z2  are the mole fractions of Components 1 and 2 at the interface

( z1+ z2 =1). For a derivation of Eq. 54, see paper 3. As demonstrated in paper 3 the surface

fractions of Components 1 and 2 can also be computed from the variation of the bulk

concentration with respect to the composition at a chosen fixed value of the surface tension

from
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The fraction of the different species at the interface can also be calculated in a third way, by

plotting the surface tension at fixed concentration of one surfactant vs. the varying

concentration of the other, i.e. using the relation

∂γ
∂ ln

,
c

RT
T c1

1

2









 = − Γ                                                                                                                   56)

and analogously for Component 2. In figure 22 is the surface tension value at cmc displayed

vs. the mole fraction of Mal in the bulk and vs. the mole fraction of Mal at the interface.
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Figure 22. The surface tension at cmc for the different mixtures vs. the mole fraction of Mal

in the bulk (unfilled squares) and at the interface (filled squares).

The average area (Å2)/molecule at the cmc is displayed in Fig. 23 vs. the fraction of Mal in

the bulk and at the interface (unfilled and filled squares, respectively).
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Figure 23. The average area (Å2)/molecule at cmc for the different mixtures vs. the mole

fraction of Mal in the bulk (unfilled squares) and at the interface (filled squares).

From Figs. 22 and 23 it is clear that the surface tension and the average molecular area

decreases as the fraction of Glu in the bulk is increased at the cmc. We also note the change is

roughly linear when plotted vs. the fraction of Mal at the interface. In figure 24 is the fraction

of Mal at the surface calculated as a function of bulk concentration for the 5 mixtures.
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Figure 24. Fraction (mole) of Mal at the interface vs. bulk concentration for the five mixtures.

From top to bottom (mole fraction of Mal in the bulk), 0.9, 0.8, 0.65, 0.5 and 0.35,

respectively.

We clearly see that for all mixtures the fraction of Mal decreases with increasing overall bulk

concentration. In Fig. 25 below is the surface excess of Mal and Glu plotted for three of the

mixtures, 0.9, 0.5 and 0.35 (fraction of Mal in the bulk).



45

0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.5 1 1.5 2 2.5

CCCCoooonnnncccceeeennnnttttrrrraaaattttiiiioooonnnn    ((((mmmmMMMM))))

AAAA
dddd ssss

oooo rrrr
bbbb eeee

dddd     
aaaa mmmm

oooo uuuu
nnnn tttt

    ((((
µµµµ mmmm

oooo llll
eeee ////

mmmm
2222 )

)))

Figure 25. Adsorbed amount of Glu (unfilled symbols) and Mal (filled symbols) at the

interface for three mixtures as a function of concentration. The mole fraction of Mal in the

bulk is 90/10 (diamonds), 1:1 (squares) and 35/65 (spheres).

We can see that the fraction of Glu in the surface exceeds the fraction in the bulk and that the

adsorbed amount of Mal actually decreases as the concentration reaches the cmc for the two

highest bulk fractions of Glu depicted in figure 25. The surface pressure isotherms for the

different mixtures of the two surfactants are plotted in Fig. 26 below.
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Figure 26. The surface pressure isotherms for the different bulk fractions of Mal and Glu.

From top to bottom, fraction of Mal in the bulk, (1, 0.9, 0.8 0.65, 0.5, 0,35, 0).

It is clear that the higher the fraction of Mal there is, at a given area, the higher is the

generated surface pressure. Hence as the surfactants in the film start to interact and the

available area/molecule decreases, the difference in free energy upon incorporating a Mal

instead of a Glu increases the denser the film becomes.

As stated before, the head group behavior of the sugar based surfactants can be adequately

described with a hard disc approximation. apg is around 11 Å2 and 22 Å2 for Glu and Mal,

respectively (paper 3). The reason for the difference in apg is probably due to that the head

group of Mal is tilted towards the surface normal (62, 63). The thickness of the head group

region is 6 (62) to 7 Å (63) instead as the expected 10 Å. The fraction at the interface down to

a mean molecular area of 60 Å2/molecule is around that in the bulk (48 % of Mal for the 1:1

mixture). Hence, here the ideal mixing entropy governs the behavior. As the density is further

increased the fraction of Mal decreases fast due to that the repulsive interactions generated by

the larger head group increases faster in this region as compared to Glu. Hence at cmc there is

only 27 % of Mal at the interface (a desorption even occur as c > 0.3 mM).
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3.4 Low surface concentrations

The surface tension variation at low concentration follows an ideal solution behavior where

the change in adsorbed amount as well as the surface tension lowering is found to be

proportional to the bulk concentration (17, 47). That is

γ  = γ0 -  bc                                                                                                                               57)

and

Γ = bc/RT                                                                                                                                 58)

where γ0 is the surface tension value for pure water and b being a constant. From the detailed

study of the surface tension behavior at low surface coverage of n-decyl β-D glucopyranoside

and n-decyl β-D maltopyranoside we can draw some interesting conclusions. Lets first

consider the chemical potential of a surfactant in the interface at low surface coverage, which

can be written as

µ µ γ= + ±s kT a0 lnΦ                                                                                                                 59)

Where a is the eigen area (the area that the surfactant covers) of the molecule and Φ is the

area fraction of surfactants at the interface. By rewriting µ as

µ µ γs a0 0= * +                                                                                                                             60)

we arrive at

µ µ π= * + +kT alnΦ                                                                                                                 61)

At low surface density of surfactant, the Henry law range,

π =
kT

a2

                                                                                                                                     62)
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holds, and since a2 >> a (the area occupied by the surfactant (a) is much less than the area

available to the surfactant (a2)). Eq. 61 becomes

µ µ= * +kT lnΦ                                                                                                                       63)

The chemical potential in the bulk is

µ µ µ µ= + + +b b
H O

bkT x kT
c

c
kT

c0
2

0 0

2
55 56

ln ln ln
.

≈ =                                                               64)

where x2 is the mole fraction of component 2 in the bulk. Combining Eqs. 63 and 64 leads to

µ µb kT a c0 55 56− * ln= ( . / )Γ                                                                                                       65)

Thus, from Eq. 65 we can estimate the difference in local interaction in the bulk and at the

interface. To be more specific µ µb
0 − * contains the difference in local interactions in the bulk

at infinite dilution and at the interface at the hypothetical standard state Φ = 1. In figure 27 is

the surface tension behavior at low bulk concentrations depicted for n-decyl β- D

maltopyranoside, n-decyl β-D glucopyranoside and for a 1:1 mixture of Mal and Glu.
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Figure 27. Surface tension vs. bulk concentration. The circles are the result for Glu, the

triangles for the 1:1 mixture and the unfilled squares for Mal. The lines are least square fits to

the experimental data.

We clearly see that the surface tension lowering is the same for Glu and Mal and the mixture,

and thus Γ is also the same. From this we can draw some interesting conclusions. The eigen

area of the two surfactants at the interface is expected to be close to that of the hydrocarbon

chain. Thus, we put a = 65 Å2/molecule. The identical surface tension behavior of the sugar

surfactants at the interface suggests that the additional sugar group on Mal does not contribute

to the difference in local interactions at the interface and in the bulk. This means that the

second sugar group has an environment similar to that in the bulk, and this indicates that it is

directed away from the interface. It also suggests that already a couple of Ångströms down

from the interface no effect is felt on the second sugar group. Inserting the eigen area in Eq.

65 gives µ µb
0 − * = - 13.5 kT. Thus, there is a large gain in free energy upon transferring the

surfactant from the bulk to the interface. We can estimate the gain in free energy upon transfer

of the hydrocarbon part of the surfactant from the bulk to the interface at low surface

coverages. Let us consider the transfer of one decyl chain from the bulk to the interface. One

side of the chain will be in contact with the vapor phase instead of with water. Hence a gain in

free energy of (γsv  - γsl)a occurs. Furthermore the contact between air and water will be
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diminished with a reducing the free energy with γlva . Thus the gain in macroscopic energies

is around 100 mN/m when a carbon chain is transferred from the bulk to the interface. This

corresponds to

µ0 - µHC W/
0   = - 15kT                                                                                                                66)

which is close to the value obtained by Tanford from solubility data upon transfer from bulk

water to bulk hydrocarbon. This provides a strong driving force for the hydrocarbon tails to

lie down covering the interface at low surface concentrations. Thus we can now estimate the

difference in local interactions in the bulk and at the interface for the polar group. We arrive

at a cost of around 1.5 kT upon transfer of the sugar groups to the interface at low surface

coverages.

The surface tension behavior at low bulk concentrations is depicted in figure 28 for Glu.
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Figure 28. Surface tension values at low bulk concentrations for n-decyl β-D

glucopyranoside.
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As clearly seen in figure 28 there is a sudden change in the surface tension isotherm around a

concentration of 10 µM. From surface tension measurements alone it is impossible to

determine if the phase transition is first order or not. Anyhow the change in adsorbed amount

is very abrupt and changes from 430 Å2/molecule to 150 Å2/molecule for Glu (550

Å2/molecule to 200 Å2/molecule for Mal). This is a very large change in area/molecule and it

implies that the system has found a way to decrease its free energy as compared if the

adsorbed molecules continued to act as an ideal solution. This finding is difficult to rationalize

by assuming a homogenous phase after the “phase” transition. The reason is that at 150

Å2/molecule, less than half of the interface is covered with hydrocarbon. If the area/molecule

after the phase transition would have been around 70 Å2/molecule it could have been ascribed

to formation of a homogenous phase driven by the hydrophobic effect since at this area the

entire interface is covered by hydrocarbons and the hydrocarbon-water contact would

diminish for the surfactants. Thus, the large area/molecule found after the “phase transition”

leads to the suggestions of formation of two-dimensional micelle like structures. Such a

structure would diminish the unfavorable hydrocarbon-water contact and thus act as a

possible mechanism for lowering the free energy. The difference between surface aggregation

and bulk micelle formation is that the chemical potential is still increasing with bulk

concentration for the latter. Hence, the free surfactant concentration at the interface is still

increasing after the break point in the surface tension isotherm. Assuming that the aggregates

behave as hard discs (Eq. 38) and that the Henry law range for the free surfactants continues

beyond the transition region makes a calculation of the surface pressure possible. The total

adsorbed amount is known from the experiment and the amount of the free monomers is

obtained from Eq. 58. Hence the surface density of the free monomers and the surface

micelles is known. Thus, the only fitting parameter is the eigen area of the surface micelle. A

fit according to the model for Mal is provided in Fig. 29 where the eigen area of the micelles

is set to 660 Å2 corresponding to an aggregation number of 10 to 11.
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Figure 29. Experimental surface pressure data for Mal (triangles), and the solid line is

according to the model where the area/micelle was set to 660 Å2.

It is plausible that the surface pressure effect in this region is due to formation of surface

micelles. The fit between theory and experiments could easily be improved by allowing the

size of the surface micelles to vary with concentration. However, this would be to draw the

comparison between theory and experiments too far. The break down of the hard disc model

at concentrations > 16 µM is expected because here the average area/molecule is 100

Å2/molecule and the volume fraction of micelles is Φm ≈ 0.5. Thus, here the micelles are

expected to change size and structure or even start to break forming a liquid expanded phase.
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4. Wetting

The contact angle is a central property in the field of wetting. The contact angle is the angle

formed at the three-phase line where two liquids meet a vapor, or where a solid, liquid and a

vapor meet as shown in figure 30. Contact angles give information relevant for several

applications, i.e. flotation, cleaning, dispersion. The application of Young’s equation (Eq. 67)

for the case of two liquids and one vapor phase is straightforward. Here the contact angle can

be independently controlled because the three interfacial tensions can be measured separately.

Furthermore, the three tensions balance each other in all directions. This is in contrast with

contact angles involving a solid surface. As seen from figure 30 the normal component of the

liquid-vapor surface tension must be balanced by mechanical stresses in the solid.

γsl γsv

γlv

θ

Figure 30. The tensions acting at the three-phase line.

Thus, in order to apply Young’s equation, which is based on the ordinary quasi-

thermodynamic approximation, it is required that the stress on the solid does not infer any

changes of the structure of the solid during measurement. If this happens, the state of the solid

and the corresponding tensions will change during measurements. The central thermodynamic

relation in wetting is the Young’s equation.

γsv – γsl = γlvcosθ                                                                                                                      67)

which relates the interfacial energies at the three interfaces to each other. The interpretation of

Young’s equation is not straightforward since it is difficult to obtain an absolute value of the

surface tension value of the solid – vapor and solid – liquid interface. The reason is

fundamental. For fluid systems the molecules in the surface are in chemical equilibrium with

those in the bulk. This is not the case for a solid. Here the state of the molecules at the surface

is independent of the state of the molecules in the bulk. For example, if a crystal is cut along

different planes or if a surface is chemically modified this will give rise to changes in the

surface energy but not affect the state of the molecules in the bulk of the solid. One appealing
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feature of Young’s equation is that a knowledge of the absolute value of the tensions at the

solid-liquid and solid-vapor interface is not necessary for interpretations of wetting results.

Instead γsv – γsl can be seen as the difference in surface tension between the solid – vapor and

the solid – liquid interface. Thus, absolute values can be ignored. This difference is called the

wetting tension, τ, and is the driving force for spreading of a liquid on a solid. The wetting

tension is given by

τ = γsv - γsl                                                                                                                                68)

The surface energy can be given an absolute value but it is important to realize that such a

definition has to be done for each particular surface state. Thermodynamically the surface

tension is defined by

γ = (dΩ/dA)µ, T                                                                                                                          69)

which is the free energy (Omega potential) of creating a unit area of the surface at constant

chemical potential and temperature. One way to achieve a value of the surface tension is by

measuring the free energy cost of cleaving the solid in the vapor phase and in the liquid phase

along a given crystal plane (64). Analogously, the surface tensions of the solid – liquid and

solid – vapor interface can be estimated by separating to planar surfaces from contact to

infinity in the respective medium. Thanks to the Derjaguin approximation this situation can be

realized by measuring the adhesion force between curved surfaces. We obtain

−
= −

F R
ss

/
2

2
π

γ γ                                                                                                                        70)

where γ is the surface tension of the solid against the medium in which the measurement is

carried out. γss can be viewed as a boundary free energy between the two planes in contact and

it may differ from zero depending on the surfaces (65). Furthermore it is required that the

contact is ideal, i.e. that no deformation occurs on separation and that the surfaces are smooth

(no roughness). Thus, to utilize Eq. 70 it is required that no solvent or surfactant molecules

are present at the point of contact. If this situation is realized γss is the same irrespective of

solvent or surfactant concentration. Thus, the solid – liquid and solid – vapor surface tension

can be given values relative γss.
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One mayor problem in wetting tension measurements is that the advancing contact angle (the

one obtained on immersion) differs from the receding one (obtained on withdrawal). This

hysteresis is usually attributed to three factors, surface heterogeneity (patches of different

surface energy as compared to the main constituent), surface roughness and microfriction at

the three-phase line (66-68). Experiments (66) have shown that the receding contact angle is

very sensitive to heterogenity whereas the advancing one is significantly less sensitive.

Theoretical models taking roughness and heterogenity into account show that a large number

of local free energy minima exist (69). These minima have contact angles differing from the

equilibrium one. The experimental conclusion is that the advancing contact angle is a more

reproducable quantity. This conclusion is also supported by the measurements conducted in

this work. The surface tension of a hydrophobic liquid alkane against air is around 25 mN/m

(depending on chain length (43, 44)). Hence the solid – vapor surface tension of a solid

hydrocarbon interface is expected to have a similar value. Intuitively it is expected that no

surfactant adsorption will occur on a perfect hydrophobic surface in air. For example, a

monolayer situation is difficult to realize since the hydrophilic head group would either be in

contact with the underlying hydrophobic surface or with the surrounding vapor phase. A more

probable situation would be a bilayer type of adsorption where the head groups are located

towards each other. However, it is an experimental fact, as seen in figure 31 that the wetting

tension increases with concentration. From Eq. 72 we know that if the adsorbed amount is

larger at the solid-vapor interface than at the solid-liquid interface then the wetting tension

would decrease with increasing surfactant concentration, a situation which is in contradiction

with measurements.
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Figure 31. Dynamic advancing (unfilled squares) and receding (filled squares) contact angles

for n-decyl β-D glucopyranoside on a C16-thiol surface.

 Thus we can conclude that the adsorbed amount at the solid-liquid interface at all

concentrations is larger than that at the solid-vapor phase for these kinds of surfaces. However

for certain hydrophilic surfaces with certain surfactants (usually a charged surface and an

oppositely charged surfactant) the opposite holds at low surfactant concentrations. For a mica

surface in a cationic surfactant solution, it has been shown that the solid-vapor interface at

very low concentrations becomes saturated with a monolayer (head group towards the solid

and the hydrocarbon chains towards the vapor phase) while very little adsorption occurs on

the solid-liquid interface (70). At higher concentrations the surfactants form bilayer like

structures at the solid-liquid interface while the adsorption at the solid-vapor interface remain

a monolayer. Hence in such a system at low concentrations there is an excess in adsorption at

the solid-vapor interface over that at the solid-liquid interface while the opposite holds at

higher concentrations. Thus, the differential of the wetting tension with concentration changes

sign when the adsorption at the solid-liquid exceeds that at the solid-vapor interface as

demonstrated by (70).

In this work the effect of surfactant adsorption was investigated on two kinds of hydrophobic

substrate surfaces. The first kind of surface was ordinary microscope slides which were

chemically reacted with (3,3 dimethylbuthyl)-dimethylchlorosilane (see Materials and
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Methods for details). The second type of surface consisted of a crystalline layer of hexadecyl

chains (thiolated gold, see Material and Methods for details). This is in contrast to the

silanated surface where the hydrocarbon chains are in a fluid state. The contact angle in water

was between 105° and 108° on immersion and between 89° and 92° degrees on retraction for

the silanated surface. The reproducibility of the contact angles was higher for the thiolated

surfaces and the advancing and receding angle was usually 112° and 105°, respectively. The

wetting tension is more negative for the thiolated surface, - 27 mN/m vs. - 18 to - 22 mN/m

for the silanated surface (based on the advancing contact angle) showing that the thiolated

surface is more hydrophobic (in the sense that there is a larger difference in surface tension

between the solid-vapor and the solid-liquid interface).

In figure 32 is the dynamic contact angle shown for three consecutive wetting cycles in 0.5

mM (0.25*cmc) of n-decyl β-D glucopyranoside. The data for the three cycles clearly

coincides.
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Figure 32. Three consecutive wetting cycles in 0.5 mM n-decyl β-D glucopyranside on

hydrophobic silanated surface.

At concentrations > 0.5*cmc the advancing contact angle changed between the first and the

subsequent immersion cycles for the silanated surface (a small change of the contact angles
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occurred for all concentrations on the thiolated surface which was attributed to the edges

which are hydrophilic). The receding contact angle remained the same during all cycles. The

advancing contact angle was significantly higher during the first immersion compared to

during subsequent immersions. The effect is shown in figure 33 where two consecutive

immersion cycles is displayed for a 3 mM solution of n-decyl β-D maltopyranoside.
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Figure 33. The filled squares is the first cycle in 3.0 mM n-decyl β-D maltopyranoside and the

unfilled squares are the data for the second wetting cycle on the silanted surface.

Thus, something happens with the state of the solid-vapor interface during the first immersion

cycle. If the surface after the wetting cycles in the surfactant solution is immersed in pure

water a stick-slip motion is observed at immersion as displayed in figure 34 (no such behavior

was observed for the thiolated surface).
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Figure 34. Two consequitive wetting cycles in water after wetting cycles in 2.0 mM (cmc)

solution of n-decyl β-D glucopyranoside. The unfilled squares is the first immersion in water

while the filled squares is the second immersion cycle in water.

On subsequent retraction and immersion cycles the angles was the same as that of pure water.

Thus, the following mechanism seems most plausible. As the surface is immersed into the

solution a monolayer is formed at the solid-liquid interface. When the surface starts to retract

the surfactants are expected to fully desorb leaving a hydrophobic solid-vapor interface. This

is obviously the state of the solid-vapor interface during the first immersion, whereas on

subsequent retraction and withdrawal some surfactant remains adsorbed at the solid-vapor

interface. We can estimate how the solid-vapor surface tension changes due to this surfactant

adsorption. Taking the measurement at cmc (2.0 mM) of Glu where the contact angle changes

from 48° to 20° we obtain

∆γsv = 8 mN/m                                                                                                                       71)

Thus, this adsorption of surfactants increases the surface energy dramatically and we conclude

that the situation with surfactants remaining on the surface is not the equilibrium state. Thus

the surfactants remain on the surface by kinetic reasons. The fact that the contact angle

remains the same for the advancing and receding contact angles after the first immersion
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indicates that the surfactants trapped within the hydrophobic layer have a slow desorption

kinetics. This surface anchoring has consequences also for the adhesion behavior of two

silanated surfaces immersed in these surfactant solutions as described later. We also note that

the effect was of similar magnitude for Mal at the cmc (∆γsv = 9 mN/m).

The wetting tension behavior for Mal on the two hydrophobic surfaces are displayed in figure

35.
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Figure 35. Wetting tension isotherm for n-decyl β-D maltopyranoside. The filled squares are

for the silanated surface and the unfilled squares are for the thiolated surface. The wetting

tension against water was - 27 mN/m for the thiolated surface and - 18 mN/m for the silanated

one.

The wetting tension is higher for Mal on the silanated surface for all concentrations. This is

just a reflection of the difference in wetting tension against water for the two surfaces. Let us

explore this a bit further. If we instead look at the change in wetting tension (as compared to

that of water) we note that the change at cmc is ≈ 34 mN/m for the silanted surface and ≈ 33

mN/m for the thiolated one. This is similar to the change in surface pressure at the liquid-

vapor interface at cmc, ≈ 35 mN/m. This is expected since the solid-vapor tension is expected
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to remain constant irrespective of surfactant concentration. Furthermore, the adsorption

behavior at the solid-liquid interface should be similar to that at the liquid-vapor interface (see

below). By utilizing Gibbs surface tension equation for the solid-vapor and solid liquid

interface together with Eq. 68 we arrive at

(dτ/dµ)T = Γsl - Γsv                                                                                                                72)

Thus, to estimate the difference in adsorption excess between the solid-liquid and solid-vapor

interface equilibrium wetting tension data is needed. In figure 36 is equilibrium contact angles

obtained on advancing and receding compared to dynamic advancing contact angles at five

different surfactant concentration for n-decyl β-D glucopyranoside.

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

-2.5 -2 -1.5 -1 -0.5 0

llllnnnn    cccc    ((((mmmmMMMM))))

WWWW
eeee tttt

tttt iiii
nnnn gggg

    tttt
eeee nnnn

ssss iiii
oooo nnnn

    ((((
mmmm

NNNN
//// mmmm

))))

Figure 36. The filled squares are equilibrium wetting tension data obtained on retraction and

the unfilled data are the ones obtained on immersion. The triangles are the data obtained for

the dynamic advancing angle. All points are for n-decyl β-D glucopyranoside.

The slope, which is proportional to the adsorbed amount is very similar for the dynamic and

the equilibrium angles. Hence we utilize the dynamic ones when considering the adsorbed

amount from Gibbs surface tension equation since they are much easier to obtain. Instead of
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using Eq.72 we can obtain the adsorption excess relative that at the liquid–vapor interface. By

combing Eq. 72 with the adsorption equation for the liquid-vapor interface we obtain

(dτ/dγlv)T = (Γsv - Γsl )/ Γlv                                                                                                         73)

The wetting tension against the surface tension is plotted in figure 37 using the data obtained

for n-decyl β-D maltopyranoside on the silanted surface together with data obtained on the

thiolated surface. The wetting tension vs. surface tension data for the thiolated surface is for

n-decyl β-D maltopyranoside, n-decyl β-D glucopyranoside and a 1:1 mixture of Glu and

Mal, respectively.
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Figure 37. Wetting tension vs. surface tension. The filled squares are the data for n-decyl β-D

maltopyranoside on the silanted surface. The unfilled squares are the data obtained on the

thiolated surface for n-decyl β-D maltopyranoside, n-decyl β-D glucopyranoside and for a 1:1

mixture of Mal and Glu.

A linear fit gives (Γsl - Γsv)/Γlv ≈ 0.95 and setting Γsv = 0 we note that the adsorption is slightly

higher at the liquid-vapor interface as compared to at the solid-liquid interface, in agreement
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with ellipsometric and surface tension measurements (71). These results imply that the surface

pressure due to adsorbed surfactant layers is similar on the liquid-vapor and solid-liquid

interface and furthermore similar for different hydrophobic surfaces as demonstrated in figure

36 for the silanted and thiolated surface. Exploring these results taking the free

energy/molecule of transferring the molecule from the bulk to the interface into account as

previously described for the adsorption to the liquid–vapor interface offers an explanation. As

for the liquid-vapor case we obtain

ε = εTan + εconf + εcontact + εpg +εmix                                                                                            74)

where εTan and εpg +εmix are the same as for the liquid-vapor interface. εcontact will differ and

becomes

εcontact = γhc/hca2 + γhw(a2 – apg)                                                                                                   75)

where γhc/hc is the surface tension between the hydrocarbon chains of the surfactant and the

hydrocarbon chains of the surface. Just as for the case at the liquid vapor interface the surface

pressure effect from the macroscopic tension will be approximately the same as that of the

surface against water. The only difference is that stemming from the configurational part of

the surface pressure which is due to the restrictions invoked upon the hydrocarbon chains due

to the anchoring of the chains to the polar part. The difference here as compared to the liquid-

vapor interface is that the presence of the surface further restricts the available conformations.

Hence, we expect the free energy due to restrictions in the conformational degrees of freedom

for the hydrocarbon chains to be higher for the solid-liquid interface, explaining the slightly

lower adsorbed amount. Furthermore, for a given value of the surface tension at the liquid-

vapor interface we expect different surfactants to lower the wetting tension (or solid-liquid

tension) with an equal amount just as seen for n-decyl β-D maltopyranoside, n-decyl β-D

glucopyranoside and for a 1:1 mixture of Mal and Glu on the thiolated surface as displayed in

figure 37. Thus, these results imply that the more a surfactant lowers the surface tension at

cmc the better a wetting agent it will be. Hence, in order to obtain a good wetting agent on a

hydrophobic surface it seems sufficient to use a surfactant that lowers the surface tension at

the liquid-vapor interface considerably. Of course, this reasoning applies to equilibrium
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wetting. In practical applications also kinetic aspects may be of importance. This implies that

a rapid transport to the interface (i.e. low molecular weight) and the absence of any barrier for

adsorption are beneficial.

From the wetting tension isotherms we can also predict how large a force that is necessary in

order to separate the two hydrophobic surfaces from hydrophobic-hydrophobic contact. This

is relevant information for cleaning processes. For example considering a spherical

hydrophobic particle attached to a hydrophobic surface in air. The force necessary to separate

it in air is - (F/R)sv/4π  ≈ 25 mN/m, the exact value depending on the type of hydrophobic

surface. Immersing the particle in a surfactant solution changes the force necessary to separate

the surfaces with - F/4πR = 25 - τ. If the solution wets the surface, i.e. has a contact angle

below 900, then the adhesion force is less than in air. It is instructive to consider the adhesion

between two hydrophobic particles in water. The decrease in adhesion relative that of water is

given by

F c F c

R
c c

( ) ( )
( ) ( )

− =
= − =

0
4

0
π

τ τ                                                                                              76)

This clearly shows that the surfactants outside the contact position create a pressure trying to

press surfactants into the contact zone hence decreasing the adhesion when compared with

water. Glu has a considerably higher wetting tension as compared to Mal and is expected to

have a lower adhesion force. Hence, the adhesion force needed to separate two hydrophobic

particles from contact will be lower the lower the surface tension value of the liquid-vapor

interface is.
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5. Surface forces

5.1 Introduction to surface forces

The forces generated between two particles as they approach each other in a solution

determines whether they flocculate, coagulate or remain dispersed in solution. Uncharged

hydrophobic particles in water coagulate since there is no long-range repulsive force between

them, only an attraction. Adding a surfactant together with the hydrophobic particles greatly

affects the force profile. The reason as discussed before, is the minimazation of the systems

free energy, leading to adsorption of surfactants with the tail towards the hydrophobic particle

and the polar group towards the solution. For nonionic surfactants, the short ranged forces

become important for balancing the attractive van der Waals force. For example, ethylene

oxide based surfactants generate a repulsive force of polymeric nature (28-30), which is larger

than the van der Waals force at room temperature hence stabilizing such a system.

5.2 The DLVO-theory

There are two common forces, the ever-present van der Waals force and the electrical double-

layer force, which are considered to be additive in the DLVO-theory (72). The van der Waals

force is due to interactions among the dipoles of molecules, and this force is very important in

interface and colloid science. The three most important dipole related interactions are the

Keesom (between permanent dipoles), Debye (between a permanent dipole and an induced)

and the London force (induced dipole-induced dipole interaction). These three interactions are

usually termed the van der Waals interaction. At a certain distance between two molecules or

surfaces, the distance dependence of the interaction changes. The two regions are referred two

as the retarded (large distances) and non-retarded region (small distances). The interpretation

in terms of classical physics is that the interactions mediated by electromagnetic waves are at

a certain distance no longer perfectly correlated and this is perceived as a change in the energy

of interaction dependence from r-6 to r-7 for two molecules. The van der Waals force (non-

retarded) between two spheres of radius R is (72)
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F/R = - A/6D2                                                                                                                           77)

where A is the Hamaker constant and D is the closest distance between the two particles. The

Hamaker constant can be calculated from the approximate relation
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where Aijk is the non-retarded Hamaker constant for media i and k interacting across medium

j. ε and n are the static dielectric constant and the refractive index of the different media.ve  is

the main electronic absorption frequency, taken as 3*1015 s-1. T is the absolute temperature, k

is Boltzmann’s constant and h is Planck’s constant. When the surface consists of several

layers of different dielectric properties the multiplayer model of (73) is used. The non-

retarded van der Waals force between two crossed cylinders of radius R for a surfactant layer

on a hydrocarbon surface is (three layer model) (72)
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where A232 is the headgroup-solution-headgroup Hamaker constant, A123 is the hydrocarbon-

headgroup-solution Hamaker constant and A121 is the hydrocarbon-headgroup-hydrocarbon

Hamaker constant. T being the thickness of the headgroup region and AEff is the effective

Hamaker constant. The amount of water in the head group region greatly affects the strength

of the attraction between two hydrocarbon surfaces with a layer of adsorbed surfactant. For

example, for the technical mixture of octyl glucosides, studied in paper 1, where the polar

group consists of between one and seven sugar units the amount of water shows a clear effect

on the attractive force. In Fig. 38 is the van der Waals attraction displayed according to Eq. 78

and 79 for a water content of 60 and 20 % in the polar sugar region.
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Figure 38. The van der Waals force assuming 20% and 60% water content in the polar region.

The thickness of the polar region was set to T = 21 Å. Zero distance is defined at monolayer-

monolayer contact.

Thus, the water content in the polar region greatly affects the strength of the van der Waals

attraction for nonionic surfactants.

The basis when considering the interaction between charged surfaces is the Poisson-

Boltzmann equation (72)

d

dD

zen
e

r

ze kT
2

2
0

0

φ
ε ε

φ= − − /                                                                                                                80)

where D is the distance from the surface, n0 is the number density of ions with valency z, e the

elementary charge, ε0 is the dielectric constant, εr the dielectric permittivity constant, k the

Boltzmann constant, T the absolute temperature and φ the potential. Solving Eq. 80 gives the

potential, the electric field and the counterion density as a function of the distance between

the surfaces. At low surface potentials (below 25 mV) the double-layer force between two

spheres of radius R can be given an analytical expression. We obtain (72)
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where σ0 is the surface charge density which is related to the surface potential through

σ ε ε κφ0 0 0= r                                                                                                                               82)

and κ−1 is the Debye screening length given by κ
ε ε− =
( )∑

1 0
2

0

r

i
i

kT

ze n
. Thus, as the salt

concentration is increased both the range and magnitude of repulsive force decreases for a

given surface charge as well as the surface potential. The double layer force at higher surface

potentials is calculated by employing the numerical algorithm given by (74). This is the

method used throughout the thesis.

An example of a force profile consistent with the DLVO-theory is given in figure 39 where

the surface force between two silanted silica spheres in 0.1 mM NaCl is shown.
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Figure 39. Application of the DLVO-theory to a measurement in 0.1 mM NaCl between two

hydrophobic (silanated) silica spheres. The Hamaker constant used was A=0.5*10-20 J and the

absolute value of the surface potential was Φ = 90 mV. The constant charge approximation

was used for the calculation of the double-layer force.
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We note that although the surface of the pyrex sphere has been chemically altered the surface

still remains charged.

5.3 Force between two thiolated surfaces

The thiolated surface consists of hexadecyl chains attached to the underlying gold via thiol-

bonds. The hydrocarbon chains are in a crystalline state and they are uncharged (75). The

force on approach in a solution of 1 µM of n-decyl β-D maltopyranoside is shown in Fig 40.
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Figure 40. The force between two thiolated surfaces in 1 µM of n-decyl β-D maltopyranoside.

Here the adsorbed amount at the solid-liquid interface is very low. Assuming the same

adsorbed amount as on the liquid-vapor interface gives 4500 Å2/molecule as an estimate. The

attraction is due to the van der Waals force. We also note that the adhesion force is very high,

the surfaces could not be separated by the piezo meaning that the adhesion force is higher

than F/R = 100 mN/m. Adding high amounts of a surfactant changes the force profile. This is

shown in Fig. 41, where the surfactant concentration of n-decyl β-D glucopyranoside is 3.0

mM.
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Figure 41. The force between two thiolated surfaces in 3.0 mM (cmc = 2 mM) n-decyl β-D

glucopyranoside.

The attraction close to contact has disappeared and an additional repulsion at around 3 nm

from hard-wall contact has developed. This is the point of monolayer-monolayer contact and

the surfactants thus give rise to an extra repulsion. On separation, when most of the

surfactants have been removed from the contact zone, the adhesion was between F/R = - 4 to -

10 mN/m. Thus, the presence of the surfactants reduces the adhesion force significantly. The

thiolated surface is uncharged and thus the hydrodynamic repulsion will dominate the long-

range force behavior. For this reason it has to be subtracted from the total force in order to

study the surface forces generated outside the adsorbed monolayers. The hydrodynamic

repulsion is given by (76)

F D D

R

R

D

dD

dt
Slip( )−

=
2 3

2
µ

                                                                                                          83)

where µ is the viscosity of the draining solution, dD/dt the local velocity that, due to the

hydrodynamic and surface forces, changes with position, D the separation between the

surfaces and Dslip the position from where the solution drains and R is defined as R
R R

R R
=

+
1 2

1 2
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where R1 and R2 are the radius of the two surfaces. One interesting finding is that the position

of the slipping plane coincided with the layer thickness of the adsorbed monolayer of

surfactant as clearly seen in Fig. 42 where the local velocity as a function of surface

separation is displayed.
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Figure 42. The local velocity as a function of distance between two thiolated surfaces.

The forces obtained after subtracting the hydrodynamics, as shown in Fig. 43 for three

different driving velocities, are independent of approach velocity. Clearly, an attractive force

is detectable from around 20 nm separation.
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Figure 43. The force obtained after subtraction of the hydrodynamic force in a 3.0 mM n-

decyl β-D maltopyranoside solution between two thiolated surfaces for three different driving

velocities.

Due to the many layers of these thiolated surfaces, silica, titanium, gold, sulfur, crystalline

hydrocarbon, liquid hydrcarbon, sugar mixed with water, a detailed analysis utilizing the

many–layer model of the Lifshitz theory becomes to cumbersome. The reason for the large

attraction is the gold layer as shown by Ederth (77) who analysized the Hamaker constant for

thiolated gold across water. He obtained an effective Hamaker constant of A=8*10-20 J at D =

10 nm. For the case of cmc solutions of sugar surfactants we obtain a Hamaker constant of

A=2.5*10-20 J where D=0 was set at the hard wall contact. The lower value obtained in our

case is due to the presence of the surfactant layer. The force seen at distances below 3 nm,

which reflects the resistance of the surfactants from being pushed out of the gap, showed an

effect of the driving velocity. As the velocity increases the repulsion increases as seen in Fig.

44.
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Figure 44. The force close to contact at different driving velocities in a 3.0 mM n-decyl β-D

maltopyranoside solution. The following driving velocities, from top to bottom, 65, 45, 14

nm/s was used.

This clearly shows that the time for reaching equilibrium in the compressed film is of the

timescale of seconds. At the lowest driving velocity experimentally viable, 14 nm/s, the force

is almost constant from 2 nm into contact. At comparable driving velocities, Glu gave rise to a

larger repulsion as compared to Mal (15 % higher). The cause of this is suggested to be the

higher adsorbed amount of Glu (40 Å2/molecule as compared to 50 Å2/molecule for Mal),

which would make the cohesion force between the hydrocarbon chains higher. This effect will

be further discussed below for the force results obtained with silanated hydrophobic surfaces.

5.4 Force between two silanated surfaces

The force between two silanted (3,3-dimethylbutyl)-dimethylchlorosilane) surfaces in 1.0 mM

n-decyl-D maltopyranoside is shown in Fig. 45.
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Figure 45. The force in 1.0 mM n-decyl β-D maltopyranoside in 0.1 mM NaCl between two

silnated surfaces.

The long-range force is still dominated by the electrostatic double-layer force present between

the silanated surfaces prior to surfactant adsorption. However, the attraction seen on approach

in water between bare silanated surfaces has disappeared (see Fig. 39). The force at short

distances is shown in Fig.46 together with the DLVO-fit.
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Figure 46. The force close to hard-wall contact in a 1.0 mM n-decyl β-D maltopyranoside (0.1

mM NaCl) between two silanated surfaces. The solid line is a fit to the DLVO-theory.

When comparing the force behavior with that observed for the thiolated surface we note that

the surfactants are not removed from the gap at low compressive forces. This has nothing to

do with the electrostatic double-layer force because the same force behavior was seen at short

distances when the long-range force was screened by adding 0.1 M NaCl. Instead the

difference is attributed to the state of the hydrocarbon chains constituting the outermost layer

of the silanated surfaces. They are in a fluid state instead as crystalline for the thiolated

surfaces. This is the reason why no “well defined” pressure induced desorption is observed.

Instead the surfactants are gradually being depleted the rate depending on the time the

surfaces spend in contact and the applied load. Before we proceed to the results obtained on

separation we note that the force behavior on approach was independent of surfactant

concentration (0.5 to 3 mM). This is expected since the adsorbed amount at the solid-liquid

interface only changes marginally, thus having a small effect on the attractive van der Waals

force and the repulsive protrusion (28)/hydration force (78). The difference between the

concentrations is observed on separation from hard wall contact, i.e. in the adhesion force.

Here at lower concentrations the adhesion force changes with time in contact and with the

applied load and becomes less the higher the surfactant concentration becomes. This is

depicted in Fig. 47 where the adhesion as a function of the time the surfaces spend in contact
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is shown at three surfactant concentrations, 1, 1.8 and 3 mM. We also remember that the

adhesion force when separating two sugar surfactant layers form head group-head group

contact is around F/R = - 1 mN/m (4, 16, 51-52). The interpretation of the data is that at the

highest concentration the surfactants essentially remain on the surfaces even during long

contact times. However, at lower surfactant concentrations some surfactants leave the gap as

the time in contact is increased. The reason that some surfactants remain on the silanated

surface (but not on the thiolated gold surface) is that they can anchor in the hydrocarbon layer

of the silanated surface as also demonstrated in the wetting section. We can further support

this conclusion by applying some surface thermodynamics.
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Figure 47. The adhesion force as a function of the time the surfaces are in contact at three

different surfactant concentrations of n-decyl β-D maltopyranoside. From top to bottom 1, 1.8

and 3.0 mM.

The change in the adhesion force (force at contact minus the force at infinite separation) with

chemical potential is proportional to the difference in adsorbed amount, ΓD, at contact and at

infinity separation, ΓSL. We obtain (79, 80)
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The adsorbed amount at full monolayer coverage is around 50 Å2/molecule corresponding to

ΓSL = 3.3 µmole/m2. Making a linear interpolation gives ΓD - 2ΓSL = - 2.5 µmole/m2 clearly

showing that a large part of the surfactants remain in the gap, and also of course that the

assumption that D at contact is the same at the different surfactant concentrations is invalid.

The reason that the surfactants become more difficult to remove as the surfactant

concentration is increased is due to that the interactions within the layer increases

dramatically as the surfactant concentration is increased from 1 mM to the cmc although the

adsorbed amount only changes marginally. This affects the surface elasticity/cohesive

strength and increases the resistance towards surfactant depletion (the wetting tension also

increases). This effect is linked to the formation of stable Newton black films in thin foam

films as discussed later.

In another set of experiments the surface interactions were investigated with the SFA for a

technical system of octyl glucosides and compared with n-octyl β-D glucopyranoside (Fig.

48). This technique, unlike the MASIF, allows direct measurement of the layer thickness.
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Figure 48. Surface forces measured between two hydrophobized mica surfaces with the SFA.

The open circles are the result for n-octyl β-D glucopyranoside while the triangles are the

result for a technical octyl glucoside mixture (the head group consists of between one and

seven sugar units).
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The head groups in the technical system are polydisperse and consist of glucose units ranging

from one to seven sugar groups explaining the thicker and more compressible adsorbed layer

as compared to n-octyl β-D glucopyranoside. We also note that the technical mixture

generates an electrostatic double-layer force, which is in contrast to n-octyl β - D

glucopyranoside. The repulsive double-layer force, of course, counteracts the attraction due to

the van der Waals force. The origin of the charge is believed to originate either from some

oxidized sugar groups or from the charged catalyst used during manufacturing.

5.5 Dispersion stability

The free energy as a function of distance determines the equilibrium behavior of particles in a

solution. The free energy is obtained from the force curves by

G

R

F

R
dD =  

D=

D=D*

∞

∫                                                                                                                         85)

where G is the free energy and R the radius of the particles. The Gibbs free energy of

interaction between two thiolated particles (R = 50 nm) in a 3 mM n-decyl β-glucopyranoside

solution is plotted in Fig.49.
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Figure 49. The free energy between two thiolated surfaces in a 3 mM n-decyl β-D

maltopyranoside solution. The radius of the particles is 50 nm.

We note that the energy minimum is very deep, ≈  20 kT, indicating that the equilibrium

situation is a strongly flocculated system. There is also a weaker energy minimum, located at

the repulsive side, close to particle-particle contact. Hence, adding surfactants to a water

solution of coagulated particles would eventually lead to a flocculated system where

surfactants spontaneously enters in between the surfaces. We note that the sugar surfactants

do not disperse uncharged hydrophobic particles because of the repulsive forces generated by

the head groups are of too short range but that small amounts of charges at the interface would

stabilize such a system at low salt concentrations.
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6. Thin Foam Films

The formation, dynamics and equilibrium behavior of thin foam films have been widely

studied (10, 21, 81-89). Here we just consider disjoining pressure isotherms performed on

single foam films as measured with the thin film balance (or thin film pressure balance). A

requirement for a foam to be stable is that the disjoining pressure at some point increases with

decreasing thickness otherwise small thickness fluctuations, such as those created by the

inherent capillary waves, would inevitably lead to film rupture. Thus, repulsive forces

generated by the polar group is needed. Furthermore, thin foam films that are charged can

have two repulsive distance regimes (depending on the balance between repulsive short-range

forces and the attractive van der Waals force). First, at very large distances the van der Waals

attraction dominates then there is a repulsive region due to the double-layer force followed by

an attractive regime again caused by the van der Waals force and finally a repulsive regime at

short distances due to short-range repulsive forces between the head groups. The disjoining

pressure isotherm was measured for the technical mixture (Fig. 50) consisting of octyl

glucosides where the polar group contains between one and seven glucose units and compared

with the disjoining pressure isotherm for n-octyl β-D glucopyranoside.
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Figure 50. Disjoining pressure isotherms for the technical mixture, circles, and for n-octyl β-

D glucopyranoside. The surfactant concentration is 5.84 g/L and 6.13 g/L, respectively.

Good agreement was found between the forces measured between two hydrophobic surfaces

(Fig. 48) and in a single foam film for the technical mixture. The charge at the interface was

similar for both types of surfaces (4400 Å2/charge and 4700 Å2/charge for the foam and solid

surface, respectively) and it was concluded that the origin of the charge was either from

oxidized sugar, from the manufacturing process, or from the ionic catalyst used. The technical

mixture did not form any stable Newton black film (thin bilayer films) demonstrating that

hole formation leading to rupture is more efficiently counteracted by n-octyl-β-D

glucopyranoside where such Newton black films could form. The transition from a common

black film to a Newton black film is dependent on the surfactant concentration. For example,

C8-Glu (21, 82) and C12-Mal (84) both form Newton black films as the surfactant

concentration is sufficiently high. Thus, the packing density at the interface is crucial to

prevent hole formation and film rupture during the transition caused by the van der Waals

force. There is also an effect of the length of the hydrocarbon chain for the stability of foam

films as (87) measured for CnTAB, n ranging from 10 to 16. The longer chains could

withstand higher pressures as compared to the shorter. These results clearly points to the

importance of the intralayer film cohesion for foam stability and for formation of Newton

black films, which is important for formation of stable foams with a low water content.

Contrary to intuition, nonionic surfactants (10, 21, 81-84, 88-89), both ethylene oxide and

sugar based ones generate repulsive forces of electrostatic nature as also shown in Fig.51 for

1.0 mM n-decyl β-D maltopyranoside solutions (0.1 mM NaCl). A common trend in foam

films for nonionic surfactants is that the surface charge increases with salt concentration. The

effect of pH however differs in different reports. Usually, the surface charge is found to

increase as the pH is raised to intermediate values as the case is for n-dodecyl β-D

maltopyranoside between pH 4 and 8 (84). The effect of increasing the surfactant

concentration usually results in a decrease in surface charge, especially as the concentration

approaches the cmc. Furthermore in all of the above studies the surface charge decreases

significantly as micelles are formed.

The effect of small amounts of a surface-active impurity is seen in Fig.51.
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Figure 51. Disjoining pressure isotherms for 1.0 mM n-decyl β-D maltopyranoside solutions

in 0.1 mM NaCl. The filled symbols are result for the as received sample while the open

symbols are for the purified sample.

Here C10-Mal has been used as received, (SIGMA 98% GC) and after purification with the

High-performance surfactant purification apparatus (90). After purification, when the total

adsorbed amount at the interface has decreased, it was very difficult to obtain a stable foam

film and the area/charge increased from 10000 Å2/molecule to 16000 Å2/molecule in contrast

to the usual behavior.

The most common explanation of the origin of the charge is adsorption of OH--ions to the

interface. It is difficult to explain the origin of the charge, since also air bubbles and oil drops

in water bear a charge as revealed by zeta potential measurements (91, 92) whereas perfect

hydrophobic solid surfaces (such as the thiolated ones) in water are uncharged. The decrease

in surface charge as the cmc is reached further complicates matter. At first sight one expects

charged surface-active impurities to be the reason for the surface charge. The effect of

increased salt concentration would decrease the free energy of bringing them from the bulk to

the interface and the desorption at high surfactant concentration could be rationalized in terms

of a higher free energy cost of bringing them to the interface just as the case is for n-decyl β-

D maltopyranoside when comparing mixtures of Mal and Glu (see Mixtures of nonionic

surfactants). However, this does not explain the charge for air bubbles or oil drops in water or
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why measurements performed between solid surfaces bears no charge when these surfactants

are used. Furthermore, it may not be unrealistic, assuming specific ion adsorption that the

charge decreases with increasing surfactant concentration because although the adsorbed

amount increases slowly with concentration near the cmc the interactions within the interface

increases fast. The data presented in this thesis is consistent with previous reports, but they do

not solve the issue of the origin of the charge at the air-water interface.
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7. Conclusions

The adsorption of surfactants to single hydrophobic interfaces as well as to interacting

hydrophobic interfaces was studied by means of surface tension, wetting, surface force and

disjoining pressure measurements. Surface tension measurements supported the notion of the

interface as composed of two regions, one hydrophobic where the hydrocarbon chains are

liquid-like in nature and one hydrophilic where the polar groups mix with water. Furthermore,

the interaction within the polar region was investigated for sugar based and ethylene oxide

based surfactants as well as for an ionic surfactant, SDS. The head group behavior was very

different for these three types of head groups. The surfactants with sugar head groups behaved

as hard discs except close to the surface density obtained at the cmc where an additional

short-ranged repulsive interaction was envisaged. The ethylene oxide based surfactants in

contrary to the sugar based ones behaved as polymers and could be described by the Flory-

Huggins theory. The ionic head group, on the other hand, showed good agreement with the

behavior predicted by the Gouy-Chapman theory, both with respect to how the surface

pressure and adsorption changed with increasing salt concentration. The interactions within

the layers have similarities to that between opposing monolayers interacting through the

solution as measured in force measurements. Furthermore, by studying surface tension

isotherms at different bulk fractions of two sugar surfactants enabled a separate determination

of the surface excess of the two as function of bulk composition and concentration. One

experimental finding was that the surfactant with larger head group even started to desorb as

the concentration in the mixed system approached the cmc. This could be explained by

considering the difference in free energy of the two polar groups. The adsorption to a

crystalline hydrophobic surface was shown to be similar to that at the liquid-vapor interface

for the sugar based surfactants and the same free energy contributions are involved. The effect

of changing from a surface where the outer hydrocarbon layer is crystalline to a surface where

the hydrocarbon chains towards the solution are in a fluid state greatly affected the wetting

behavior of sugar surfactant solutions. It was found that the sugar surfactants were able to

anchor within the fluid hydrocarbon layer, which also had consequences for the surface force

behavior close to contact. For the crystalline layer, most of the surfactants were readily

pushed out from the contact at relatively low applied loads and an attractive force regime was

observed. On the other hand, on the surface with fluid-like hydrocarbon chains a large portion

of the surfactants remained between the surfaces also under a high load increasing the
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repulsive barrier and decreasing the attractive force minimum. From the force profile between

two hydrophobic surfaces the equilibrium behavior of such a system is obtained by

calculating the free energy. From this, the depth of an eventual energy minimum as a function

of distance as well as any energy maximum can be obtained. The sugar surfactants were

shown to have a deep free energy minimum at monolayer-monolayer contact for uncharged

hydrophobic surfaces, around 20 kT for particles with a radius of 50 nm, whereas on a charged

hydrophobic surface the energy minimum is located at the repulsive side. The same was true

for a technical mixture of octyl glucosides, where the polar group consists of between one and

seven sugar units. The reason for this is that the polar region, to some extent, is charged. The

charge originates either from oxidized sugar or from the catalyst used during the production

process.
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