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Abstract 
 
The aim of this thesis is primarily to investigate the adsorption of surfactants, in particular to the air-
water interface. The effects of the head-group and the hydrocarbon chain are of special interest. Using 
thermodynamical models we were able to predict that the transition from the Henry range to the 
liquid-expanded phase is controlled by the formation of small clusters of surfactants oriented in the 
plane of the surface. Hence, the transition from the Henry range can not be of first-order, and 
additionally the phase formed after the onset of the micelle formation does have a liquid-like 
character. We refer to this phase as the dilute surface micellar range. Interactions between the micelles 
in the dilute surface micellar range can be accounted for by excluded area interactions using the hard-
disc model. The stability of the micelles can be attributed to the line tension acting on the micelle 
edge, which stops unlimited growth of the surface micelles. With increasing density of surface 
micelles a new phase is formed, referred to as the granular phase. The granular phase exhibits very low 
compressibilty and an almost constant area/molecule in an extended surfactant bulk concentration 
interval. For three sugar-based surfactants carrying decyl hydrocarbon tails at room temperature the 
defining area/molecule is in the close vicinity of 79 Å2. In the granular phase the lines of the surface 
micelles are intact, but distorted probably into a more hexagonal shape to cover the surface. For a 
sugar-based surfactant carrying dodecyl hydrocarbon tail the defining area/molecule in the granular 
range was found to be close to 70 Å2. For one of the decyl surfactants 70 Å2 was also observed, 
indicating the existence of a few seemingly discrete adsorption modes for surfactants in the granular 
range. The transition from the granular range to the true liquid-expanded phase, defined by a complete 
coverage of the entire surface of fluid hydrocarbon tails, is seemingly a first-order transition. This is 
indicated in the surface tension isotherm by a “knee” with an abrupt change from a constant surface 
density (granular phase) to a lower molcular area and an increasing adsorption with increasing 
surfactant chemical potential (true liquid-expanded phase). In the liquid-expanded phase the role of the 
hydrocarbon chain restriction in the surface was investigated by applying the hard-disc model on 
mixtures of sugar-based decyl surfactants to account for the head-group surface fractions obtained by 
applying Gibbs surface tension equation to mixtures of sugar-based surfactants. The behaviour of the 
head-groups at the interface was accurately described by a hard-disc model, and hence this resulted in 
a prediction of the decyl hydrocarbon chain configurational pressure as a function of molecular area. 
Applying the deduced configurational pressure on pure surfactants yielded accurate models on the 
surface pressure and excess free energy contribution from the head-groups. Futhermore, the limits of 
the prediction capability of the model separation of head-group and hydrocarbon tail phase was tested 
by means of systems exhibiting partial interpenetration of the head-group into the hydrocarbon tail 
phase. For ethylene-oxide-based surfactants a weak interpenetration effect was observed. However, for 
the thiomaltoside head-group a large effect due to interpenetration was encountered. This was deemed 
to be related to the reorientation of the head-group due to the preferential mixing of the sulphur with 
the hydrocarbon tail phase. From measurements of surface tension after the cmc the average micelle 
size of n-dodecyl-β-D-maltopyranoside was determined to be 76 monomers. Surface forces 
measurements using crystalline hydrophobic surfaces in sugar-based surfactant solution proved that 
surfactants desorb at low applied loads. Surface forces measurements on adsorbed layers of cationic 
polymer containing β-cyclodextrin (β−CD-EPN) adsorbed onto mica in solutions of admantane-
grafted polyethylene-oxide polymers (Ad-PEO) were performed to investigate the interaction between 
β-cyclodextrin and admantane. In the absence of Ad-PEO very low adhesion was observed between 
the β−CD-EPN coated mica surfaces, on addition of Ad-PEO a significant increase was detected in 
both layer thickness and adhesion. This was attributed to the interaction between admantane and β-
cyclodextrin. 
 



Sammanfattning 
 
Denna avhandling behandlar främst adsorption av tensider till luft-vatten gränsytan. Stor vikt har fästs 
vid detaljer rörande kolkedjans och huvudgruppens roll vid adsorptionsförloppet. Genom tillämpning 
av termodynamiska relationer har vi lyckats påvisa sannolikheten av att fasövergången från Henry 
området till det flytande tvådimensionella vätsketillståndet beror av bildningen av tvådimensionella så 
kallade ytmiceller. Detta innebär att fasen som vanligtvis kallas det flytande tvådimensionella 
vätsketillståndet i egentlig mening inte har vätskekaraktär och följaktligen är övergången inte av första 
ordningen. Den resulterande fasen kallas följaktligen för den utspädda ytmicellära fasen. 
Interaktionerna mellan ytmicellerna har kunnat beskrivas med hjälp av en mekanism baserad på 
uteslutning av yta, den så kallade hårda disk modellen. Ytmicellerna hindras att växa till oändlighet 
genom en linjespänning som agerar på ytmicellens rand. Vid högre adsorption övergår den utspädda 
micellära fasen till en granulär fas. Den granulära fasen kännetecknas en ytterst låg kompressibilitet 
och en nästintill konstant area/molekyl i ett relativt stort koncentrationsintervall. Arean per molekyl 
vid rumstemperatur för tre socker-baserade tensider med decylkedja är i stort sett densamma, kring 79 
Å2. I den granulära fasen bibehålls ytmicellens rand, men den deformeras kraftigt till en mer 
hexagonal form för att täcka ytan. För en socker-baserad tensid med dodecylkedja är den molekylära 
ytan 70 Å2 i den granulära fasen. För en av tensiderna med decylkedja uppmättes även 70 Å2, vilket 
skulle kunna indikera ett antal diskreta adsorptionstillstånd för dessa molekyler i den granulära fasen. 
Övergången mellan den granulära fasen och det äkta flytande tvådimensionella vätsketillståndet, som 
definieras av en heltäckande ytfilm av kolvätekedjor i ett flytande tillstånd, är sannolikt av första 
ordningen. Övergången uppfattas som ett “knä” i ytspänningsisotermen, med en abrupt förvandling 
från en konstant area/molekyl till en lägre area/molekyl som minskar med ökande kemisk potential av 
tensiden. I det äkta flytande tvådimensionella vätsketillståndet tillämpades en hårda disk modell för att 
beskriva förändringar av ytfraktionen, som erhållits genom Gibbs ytspänningsekvation, av en 
huvudgrupp i en blandning av sockerbaserade tensider. Detta resulterade i en god beskrivning av 
huvudgruppen och följaktligen användes detta till att undersöka det konfigurative yttrycket från en 
decylkolkedja. Det erhållna konfigurativa yttrycket kunde sedan vidare användas för att med god 
noggrannhet beskriva huvudgruppernas interaktioneroch överskott i fri energi vid ytan. Vidare 
undersöktes gränserna på tillämpligheten av en modellenlig separation av huvudgrupps- och 
kolkedjebidrag till yttrycket genom studier av system som uppvisar blandning mellan huvudgrupps- 
och kolkedjefas. Etylenoxidbaserade tensider uppvisar en svag blandningseffekt mellan huvudgrupp 
och kolkedja. Tiomaltosider, å andra sidan, uppvisar en mycket stor effekt på grund av ovanstående 
blandbarhet. Detta ansågs till stor del orsakas av en omorganisation av huvudgruppen på grund av 
svavels större blandbarhet med kolkedjefasen. Med hjälp av ytspänningsmätningar efter cmc 
bestämdes medelstorleken på miceller av n-dodecyl-β-D-maltopyranosid till 76.Ytkraftsmätningar 
utfördes på kristallina hydrofoba ytor i sockerbaserad tensidlösning. De visade att en förhållandevis 
låg kraft desorberar tensiden från ytan. Ytkraftsmätningar utfördes på katjonisk polymer innehållande 
β−cyklodextrin (β−CD-EPN) adsorberat på glimmer i lösning innehållande polyetylenoxid polymer 
med kovalent bundet admantan (Ad-PEO) för att undersöka interaktionen mellan β−cyklodextrin och 
admantan. I frånvaro av Ad-PEO uppmättes en låg adhesion mellan de β−CD-EPN-täckta 
glimmerytorna, men vid tillsats av Ad-PEO uppmättes en ökning i tjockleken av ytskiktet och en 
påtaglig ökning av adhesionen mellan ytorna. Detta tillskrevs växelverkan mellan admantan och 
β−cyklodextrin. 
 



 



Summary of papers 
 

In Paper I the adsorption of n-decyl β-D glucopyranoside (Glu) and n-decyl β-D 

maltopyranoside (Mal) and five mixtures thereof to the air-water interface was investigated. 

In a mixed solution it was found that the larger molecule (Mal) initially is favoured in the 

surface, but with increasing adsorption Mal is readily replaced by the smaller Glu molecule, 

and eventually expelled from the surface. At the cmc the surface fraction of Mal is around 27 

% in a 1:1 mixture.  

 

In paper II the surface forces between hydrophobic crystalline surfaces immersed in Glu and 

Mal solutions above the cmc was investigated. It was found that the forces required to desorb 

the molecules from the surfaces were low, considerably lower than for silanated surfaces or 

LB-deposited surfaces. The smaller molecule, Glu, with the higher adsorbed amount had a 15 

% higher barrier towards desorption than the larger Mal. Adhesion measurements indicated 

that despite high forces all molecules were not expelled between the surfaces, yielding low 

adhesive forces between the surfaces. Hydrodynamic fitting of the forces indicated that the 

time-scale of equilibration was on the order of seconds. 

 

In paper III surface tension measurements at different temperatures and at low bulk 

concentrations of Glu and Mal were studied to in detail investigate the transition from the 

Henry range to the liquid-expanded range. The conclusion emerging was that transition with 

great likeliness is related to the formation of two-dimensional so called surface micelles. The 

stability of the surface micelle was related to the line tension acting on the edge of the surface 

micelle, which stops unlimited growth. The well-established hard-disc model was used to 

account for the interactions between the surface micelles.  

 

In paper IV surface tension measurements on Glu, Mal and n-decyl β-D thiomaltopyranoside 

(S-Mal) were conducted and the formation of a so-called granular phase was investigated. The 

granular phase exhibits low compressibility and an almost constant area/molecule in an 

extended surfactant chemical potential interval. The defining area/molecule at room 

temperature was found to be around 79 Å2 for all three surfactants. The granular phase is a 

result of the severe distortion of the surface micelles into a more hexagonal shape to cover the 

entire surface, without disruption of the surface micelle lines. Measurements of surface 



tension isotherms at different temperatures indicated an entropy minimum in the granular 

phase.  

 

In paper V the surface fractions of Mal and Glu obtained from surface tension measurements 

in paper I were used to investigate the head-group and hydrocarbon chain surface pressure 

and excess free energy contributions using a hard-disc model that predicts the surface fraction 

of Mal. It was found that a mixture of two hard discs accounts well for the head-groups in the 

mixed monolayer. Hence, this hard-disc model was used to estimate the configurational 

surface pressure of the hydrocarbon chains. The configurational pressure obtained was used to 

in detail investigate the hard-disc model on pure surfactants. The Mal head-group was best 

described by a two-state hard-disc model, whereas the Glu head-group was accounted for by a 

single hard disc. The effect of mixing between head-groups and hydrocarbon tails was 

investigated for ethylene-oxide based surfactants and thiomaltosides. It was found that the 

effect of interpenetration of the head-group was weak for ethylene-oxide based surfactants, 

whereas the effect was considerable for thiomaltosides. The large effect for the thiomaltosides 

was deemed to be related to the reorientation of the head-group upon the favourable mixing of 

the sulphur with the hydrocarbon tail phase.  

 
In paper VI surface forces measurements were performed on cationic polymers containing β-

cyclodextrine (β−CD-EPN) adsorbed onto mica in solutions of admantane-grafted 

polyethylene-oxide polymers (Ad-PEO). The adhesion and the layer thickness increased 

considerably upon addition of a four-arm tetra-grafted-Ad-PEO. This was deemed to be a 

result of the interaction between admantane and β-cyclodextrine. 
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1. Introduction 
 

1.1 Carbohydrate-based surfactants 
 

On the basis of measurements of surface tension isotherms of simple sugar-based surfactants 

we have found evidence supporting some important conclusions on the nature of surfactant 

adsorption to the air-water interface. For the general descriptions of the physico-chemical 

properties of sugar-based surfactants see ref.1-3. In order to account for the behaviour it was 

deemed necessary to build comprehensive molecular models, which proved to be an 

interesting and challenging endeavour. An isotherm can be divided into a number of regions 

corresponding to phases with particular properties. In fig. 1. surface tension data of n-decyl-

β−D-maltopyranoside (C10-Mal) at 22 °C is displayed.  
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Figure 1. Surface tension isotherm of n-decyl-β−D-maltopyranoside (Mal) at 22 °C. The 

adsorption of Mal to the air-water can be subdivided into four main ranges, the initial Henry 

range (I), the dilute surface micelle range (II), the granular range (III) and finally the true 

liquid-expanded range (IV).  
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The isotherm can for C10-Mal be subdivided into four main regimes, each phase change is 

marked by a line. The initial stages of the isotherm corresponds to dilute ideal behaviour, this 

regime is referred to as the Henry range. In the Henry range the average molecular area is 

considerably greater than the molecule itself, whereby interactions between the molecules can 

be neglected4,5. Towards the end of the Henry range clusters of molecules will start appearing 

in the surface. Initially the number of clusters is very low, but with small increases in 

surfactant bulk concentration the surface density of clusters grows very rapidly. The clusters 

are mainly oriented in the surface plane and arranged in a way that the hydrocarbon tails are 

primarily oriented towards the center of the cluster forming a dense hydrocarbon core. The 

head-groups, on the other hand, are located on the edge of the cluster and fully immersed in 

the water phase. This structure bears great resemblance to the more familiar bulk micelles, 

whereby we chose to call them surface micelles. Other types of surface micelles have been 

observed, for instance on hydrophilic solid substrates in ethylene-oxide based surfactant 

solutions6-10. The surface micelle can hence be subdivided into two main compartments, the 

center with a fluid hydrocarbon core, and the edge. A schematic depiction of a surface micelle 

is presented in fig. 2.  

Air

Water

O

 
Figure 2. A schematic depiction of the surface micelle of C10-Mal at the air-water interface, 

wiggly lines correspond to hydrocarbon chains and ellipses to head-groups.  
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Theoretical treatment of the center is rather straightforward, whereas the edge is more 

complicated. The surface micelle will not form very small surface micelles due to the 

inadequate hydrocarbon-hydrocarbon contact, and simultaneously not form too large micelles 

due to the head-group repulsion and excessive hydrocarbon tail stretching. Using the Helfrich 

expression11 for a short cylinder to account for the line tension acting on the surface micelle 

edge we are able to achieve a free energy minimum for a certain number of participating 

molecules in the micelle. Importantly, we also get a maximum from the model, indicating that 

unlimited growth of the micelle does not occur. A typical size of a small circular surface 

micelle is around 8-15 molecules. With increasing bulk fraction of surfactant, however, this 

maximum will gradually become less pronounced, and eventually it will vanish with the 

following formation of a surface-covering fluid hydrocarbon tail phase. The interactions 

between the surface micelles will here foremost be treated according to the excluded area with 

the hard-disc model.12,13 In the initial stages of surface micelle formation this will generally 

account very well for the interactions, but with increasing density there will be other forces, 

and more importantly shape fluctuations involved. This inevitably leads us into the third 

region, namely the granular range. The most striking feature of the granular range is the very 

strong decrease in surface tension with almost constant area/molecule (close to linear slope of 

the surface tension decrease with respect to the logarithm of the bulk concentration). The 

granular range is the continuation of the surface micelle range to very high surface densities. 

In this regime the micelle lines are still intact, although severely distorted. Thus, the micelles 

reshape to cover the surface by packing hexagonally. The increase in surfactant chemical 

potential in this regime hardly yields any increase in the surface density at all. In these 

distorted surface micelles, which we refer to as grains, the fluid hydrocarbon in the center of 

the grain might not be severely affected by the phase change from dilute surface micellar to 

granular phase. The increase in chemical potential results in a slight compression of the grain 

boundaries in this range. As the chemical potential is increased to a point where it is equal in a 

fluid surface-covering hydrocarbon film the adsorption will increase step-wise by the 

annihilation of the grain boundaries. At this point we note that there is an appearance of a 

“knee”, a sharp change in slope, in the surface tension isotherm. When increasing the 

chemical potential from this point we simply increase the height of the hydrocarbon tail layer, 

and increase the density of head-groups in a layer mixing with water. Hence, we can chose to 

treat the hydrocarbon tail film and the head-group film separately in this monolayer and 

achieve a model concept of the separate free energy contributions affecting the adsorption 
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equilibrium. A depiction of the adsorption through these phases (I to IV in fig. 1) is presented 

in fig. 3. 

 

∆µ

∆µ ∆µ

∆µ or ∆µ=0

 
Figure 3. The adsorption of C10-Mal through the phases presented above. Straight lines 

correspond to ideal molecules, circles to surface micelles, hexagons to grains and wiggly lines 

to hydrocarbon tails in a fluid state. 

 

1.2 Non-ionic surfactants: Basic theory 

 

A bulk of condensed media will contain a limited number of molecules. Thus, there has to be 

a border between the condensed media and the surroundings. This border is the surface. When 

equilibrium prevails between the condensed bulk and the surrounding vapour phase the 

molecules in both phases will experience the same chemical potential. In the condensed bulk 

energetic contributions between the molecules will be strong, whereas the entropy will be 

low. On the other hand in the vapour phase the entropy will be high, whereas energetic 

contributions will be low. At the surface where the two phases meet the properties of the 

condensed bulk phase will over a limited thickness vary to attain the properties of the vapour 

phase. Thus, surfaces will have the character of both bulk phases. The study of surfaces 
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reveals a fascinating plethora of phenomena due to the ambivalence of the surface itself. 

Fundamental forces of nature can be studied by the equilibria at surfaces. In this thesis we will 

study the related phenomena of surface tension and adsorption of some basic molecules. The 

surface activity of surfactants is related to the hate, phobein in Greek, of one part of the 

molecule to the surrounding media and the love, philein in Greek, of the other part. This 

means that surfactants are composed of love-hate pairs joined by covalent bonding yielding 

very particular properties. Adsorption of surfactants to an air-water interface is very strongly 

linked to the driving force of breaking the unfavourable water structure around the water-

hating, hydrophobic, moiety. This means that in a mixture of surfactant in water we achieve 

very high concentrations of surfactant molecules in a very limited space, namely in the 

surface. The density of surfactants in the surface can be millions of times higher than in the 

bulk. On one extreme surfactants can be regarded as insoluble, when the saturation 

concentration in the bulk is exceptionally low. The surface films of these molecules are called 

Langmuir monolayers. In this thesis we will focus on surfactants with some solubility in the 

water bulk. Monolayers consisting of these molecules are called Gibbs monolayers.  

 

The groundbreaking work of Gibbs, on the equilibrium of heterogeneous substances14, 

founded the thermodynamical study of surfaces. The properties of the surface were treated as 

excess variables to the bulk acting over an infinitesimally thin surface, 

∑−=
i

ii
tot xVXX σ      (1) 

where Xtot is the total of an extensive parameter for a system, Xσ the value of the extensive 

parameter for the surface, Vi the volume of phase i and xi the density of the extensive 

parameter in phase i. For a system of a water bulk containing surfactants with low volatility 

and with some solubility in water the surface can be considered as an open system free to 

exchange matter and energy with the bulk. Thus, the free energy of the surface can be treated 

with a grand potential expression15, 

∑−=Ω
i

iinF µσσ      (2) 

where Ω is the grand potential, Fσ the Helmholtz free energy of the surface, ni
σ the number of 

molecules of component i in the surface and µi the chemical potential of component i. The 

differential of the above expression hence yields, 

∑−−=
i

ii dndTSdAd µγΩ σσ     (3) 
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where γ is the surface tension, A the area, Sσ the surface entropy and T the absolute 

temperature. At constant chemical potential of all components and constant temperature the 

integral of equation (3) yields: 

AγΩ =       (4) 

Using the definition of Gibbs dividing plane, or equimolecular dividing plane, where the 

surface excess of water is defined to be nil, which means that water molecules experience 

bulk conditions up until an infinitely thin dividing plane where vapour phase conditions 

become prevalent. However unrealistic this model assumption may seem, it yields results 

reflecting that at constant temperature all variation of free energy can be linked to the change 

of the chemical potential of the solute, the surfactant. Thus, equation (4) can be rewritten as, 
σσ γεΩ ss ann ==      (5) 

where the subscript s denotes the surfactant and ε the free Ω potential per molecule and a the 

average molecular area. Hence, at constant chemical potential and temperature, 

STda
d

µ

εγ
,







=       (6) 

Equations (5) and (6) relate typical macroscopic properties of the system to the average 

molecular state and thus constitute building blocks for obtaining an understanding of the 

processes involved in the adsorption of a surfactant molecule to an interface. From both a 

fundamental and practical perspective comprehension of the free energy contributions 

affecting the adsorption equilibrium are of immense importance. As previously mentioned 

surfactant molecules contain “the best of two worlds” with a hydrophobic, water-fleeing, part 

and hydrophilic, water-loving, part. The adsorption will herein be treated in two distinctly 

separate processes, namely the formation of a hydrocarbon monolayer with the following 

attachment of head-groups to the anchored hydrocarbon chains. For the most part we will 

assume that the head-group is strictly separable from the hydrocarbon chain phase which very 

much ease calculations, but we will also study the limitations of this approach. 

 

In order to be able to operate these thermodynamic relations we need to have an accurate 

description of the density in the surface. The density in the surface is not directly accessible to 

us when working with soluble surfactants. This is granted by the Gibbs surface tension 

equation, 

∑−−=
i

ii dndTSAd µγ σσ      (7) 
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Using the notation of the Gibbs dividing plane we can directly link the adsorption of a 

surfactant to the change in the surface tension upon change of the chemical potential at 

constant temperature. The easiest assumption we can make is that the chemical potential is 

ideal, or that the change in the activity factor is nil. This gives us the well-known result of the 

Gibbs adsorption equation, 

Γγ
µ
γ σ

−=−=







=








A

n
ckTd

d
d
d

pTpT ,, )ln(
    (8) 

where c is the bulk concentration of surfactant and Γ the surface density. This result is exact 

for non-ionic surfactants with quasi-ideal, constant activity factor, behaviour in the bulk. 

Thus, we need to obtain fitting functions describing the surface tension change with the 

change in chemical potential, or the natural logarithm of the bulk concentration of surfactant.  

 

Thermodynamically the separation of processes leads to a sum of separable contributions to 

the total free energy. The adsorption equilibrium will thus have the form16, 

contactmixpgconftransa εεεεεγε ++++==    (9) 

where εtrans is the free energy of transfer of a hydrocarbon chain from the water bulk to the 

interface, εconf the contribution from attaching the hydrocarbon chain to the interface with 

consequent losses in rotational free energy of the hydrocarbon chain, εpg+εmix the free energy 

of transferring the head-group to the interface, with the subsequent interactions between head-

groups εcontact accounts for the changes in macroscopic surface tension upon adsorption of a 

surfactant molecule.  

 

Our basic assumption is that in the true liquid-expanded (LE) range, a<65 Å2, the “bulk” 

density of the hydrocarbon tail phase is assumed to be invariant and the nature of this part of 

the monolayer is considered to have liquid-like properties. This choice can be justified by 

geometric analysis of the hydrocarbon chain. The volume of a decyl chain is 291 Å3 and at 

dense packing 22 Å2 can be reached for a typical n-alkane hydrocarbon chain, thus using 

cylindrical geometry the area/hydrocarbon chain oriented in the plane of the surface is 70 Å2 

and using rectangular geometry 62 Å2.  

 

Results using sum frequency generation spectroscopy (SFG) techniques have in recent years 

found support for the idea of a surface-covering hydrocarbon tail phase of fluid properties17. 

However, results using neutron reflection techniques yield a totally different image of the 
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hydrocarbon tail phase, with considerable increase in the density of the hydrocarbon tail phase 

upon change of the tail length18. This is an indication of the difficulties surrounding the 

description of the hydrocarbon tail in an adsorbed monolayer.  

 

Tanford tabulated the transfer free energies based on the solubility of hydrocarbons in water19. 

By using the solubility data of n-alkanes in water one can obtain a measure of the gain in free 

energy of transferring a hydrocarbon chain from water solution to a pure liquid hydrocarbon 

phase. The natural logarithm of the solubilities of n-alkanes as a function of chain length is 

fortunately a straight line and thus the expression becomes simple, 

)ln(xK
kT
trans −=

ε
     (10) 

where K is a constant depending on the length and the isomery of the chain and x the bulk 

molar fraction of hydrocarbon in the bulk. For a decyl-chain the constant K is –16.98, and for 

a dodecyl-chain –19.96. Thus, the gain in free energy upon transfer of a methylene group of a 

straight chain is –1.49 kT and for the terminal methyl about twice the magnitude, -3.57 kT. 

Since this expression takes care of the transfer of the hydrocarbon chain into a vast bulk of 

liquid hydrocarbon we need to consider additional contributions to the total free energy due to 

the restriction of the hydrocarbon chain in the surface upon anchoring the chain to the head-

group. 

 

Upon adsorption the hydrocarbon chain will lose some configurational free energy due to the 

restrictions imposed on it in the surface and the pressure from surrounding chains. For a non-

linear molecule the total rotational free energy is 1.5 kT, not including the internal rotational 

states of the trans-gauche equilibrium. Upon attachment to the surface the hydrocarbon chain 

will lose some of the rotational states. The free energy loss for a dodecyl chain in a bilayer has 

been calculated by Gruen et. al.20 longer chain hydrocarbons by Szleifer et. al. 21. The 

numerical fit used by Eriksson et al. achieved good agreement in the prediction of the surface 

pressure of n-dodecyl trimethyl ammonium chloride monolayers at the air-water interface16, 

supporting the calculations of Gruen et al. We will use a numerical fit for attaining the 

configurational free energy losses upon adsorption to the liquid-expanded monolayer, 

432 0004774232.001407631.01827336.0155336.1126301.3 LLLL
kT
conf +−+−=

ε
 (11) 

where L is the thickness of the hydrocarbon chain layer.  
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Further the hydrocarbon chain will yield surface tension contributions in contact with the 

vapour phase and the water phase, we will refer to them as the macroscopic surface tension 

contributions since we approximate them as the contact between liquid hydrocarbon and 

water/air. The typical magnitudes of these surface tensions for a planar surface are around 50 

mN/m for the contact between hydrocarbon-water and around 20 mN/m for the contact 

between hydrocarbon-air. The surface tension of liquid n-alkane hydrocarbons is dependent 

on the chain length and increases upon lengthening of the chain22,23. The free energy due to 

the formation of these interfaces is accounted for in εcontact, 

aa hahwcontact γγε +=      (12) 

where γhw is the surface tension between hydrocarbon and water and γha the surface tension 

between hydrocarbon and vapour phase. 

 

The sum of the macroscopic contributions is rather well approximated by the surface tension 

of water, hence it is justifiable to make the approximation,  

hahw γγγ +=0      (13) 

where γ 0 is the surface tension of pure water, which is 72.5 mN/m at 22°C. Hence we assign 

the values of 50 mN/m to γhw and 22.5 mN/m to γha for the n-decyl chain. This concludes our 

treatment of the hydrocarbon chain. 

 

The remaining free energy contributions are all related to the transfer of head-group to the 

interface. If the head-group is highly hydrophilic and does not intermingle with the 

hydrocarbon chains the treatment is rather straightforward. The head-group will shield some 

of the hydrocarbon-free water contact. This is expressed as an excluded area a0 reducing the 

contact and the considerable free energy cost of the surface tension between hydrocarbon and 

water. The head-group will interact with the other head-groups of the monolayer by an array 

of long-range and short-range forces these interactions are treated in εmix. Further, the 

situation for the head-group in the surface will clearly be different from the bulk with regard 

to the close proximity to a hydrocarbon tail phase. This could alter hydration states and the 

local polarisabilty of the head-group. This contribution is treated in εpg. εpg is usually assumed 

to be constant to simplify the treatment of the remainder of the head-group free energy. In 

simple terms, εmix accounts for the interactions between the head-groups sideways in the plane 

of the surface by using well-established mean-field free energy functions and εpg normally 

accounts for the interactions between the head-group and surroundings normal to the surface. 
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So unless there are some dramatic changes in the polarisability of the head-group or changes 

in the hydration of the head-group with increasing adsorption it is well founded to assume that 

εpg is largely constant.  

 

The true liquid-expanded region corresponds to a two-dimensional liquid state, whereas in the 

Henry region surfactant molecules behave ideally and experience no net lateral interactions. 

From the Henry region to the formation of the true liquid-expanded monolayer there must be 

intermediate stages of adsorption. In this thesis we will attempt to resolve some of the issues 

related to the surface densities between the Henry and the true liquid-expanded region.  

 

2. Methods 
 

2.1 Surface tension measurements 

 

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

plate method. The method is based on using a highly hydrophilic substrate of known 

dimensions (in our case thickness 0.4 mm and width 12.5 mm) attached to a balance. When 

the substrate is immersed into the liquid the forces acting on the plate are the buoyancy and 

the surface tension. Surface tension values were obtained from 

F = 2 LT + LW( )γ cosθ + LT LW∆ρgh     (14) 

where F is the force measured and γ is the surface tension of the liquid-vapour interface,θ  the 

contact angle at the three-phase line, LT and LW the thickness and width of the plate 

respectively, ∆ρ  the density difference between the liquid and the vapour phase, g  the 

gravitational constant and h  the immersion depth of the plate in the liquid. By using a 

platinum plate, sand blasted to ensure a contact angle of zero degrees at the three-phase line 

and having a zero immersion depth relative to the flat surface, surface tension can be obtained 

readily from equation (1). The temperature in all measurements was controlled to ±0.2 °C. 

 

2.2 MASIF 

 

For a more detailed description of the MASIF instrument see ref.24. The MASIF is a non-

interferometric technique, whereby distances can be measured relative to hard wall contact, 

which in this case means that both surfaces are moving with the same speed. With the MASIF 
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two spherical surfaces, with typical radii of around 2 mm, are used. The uppermost surface is 

attached to a piezoelectric actuator, which regulates the separation between the surfaces. A 

linear variable displacement transducer (LVDT) measures the movement of the upper surface 

in order to compensate for any non-linearity of the expansion of the piezoelectric crystal. The 

lower surface is mounted on a bimorph, which acts as the force sensor producing charge 

proportional to the bending. During measurement the voltage applied to the piezoelectric 

crystal, the bimorph charge, LVDT-signal and time are recorded. In solution at large 

separations when no forces act between the surfaces the bimorph signal is zero, as the 

separation diminishes forces emerge and the lower surface will accelerate. When the surfaces 

reach hard-wall contact they will move at the same velocity. Hence, one needs to define the 

zero net acceleration regions, out of force range and in hard-wall contact. This produces the 

force vs. separation plot. The spring constant was in this thesis determined by adding weight 

to the lower surface and recording the deflection. The radii were determined by measurement 

with a micrometer screw.  

 

2.3 SFA 

 
In the surface forces apparatus (SFA)25,26 cylindrical surfaces arranged in crossed 

configuration, which produces a point-like contact, are normally used. The upper surface is 

mounted on a piezoelectric crystal and the lower to a double cantilever spring. The choice of 

materials in the SFA is limited by the required transparency. The most commonly used 

substrate is muscovite mica, an aluminosilicate material with a layered structure. This makes 

cleaving the material to µm thickness possible. Two mica pieces of about 1 cm2 each of equal 

thickness with evaporated silver mirrors on the backside are glued onto cylindrical silica 

discs. The discs are then mounted on the piezoelectric crystal and spring, respectively. The 

zero separation can then be measured by placing the surfaces in contact with white light 

shining through the surfaces, producing an interferometric pattern, which is observed in a 

spectrometer, upon reflection in the silver mirrors. Distances relative to mica-mica contact can 

then be determined by the alteration of the interferometric pattern, called fringes, as surface 

separation is changed. This means that the absolute separation can be determined allowing for 

determination of layer thickness, which is not possible in the MASIF. The force can be 

calculated by determining the spring constant of the double cantilever spring, this is done by 

observing the deflection when weights are applied onto the lower surface. The local radii of 

the surfaces are determined by the shape of the fringes.  
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2.4 Surface tension data interpretation 

 

We will try to find functions that accurately describe the surface tension lowering in chemical 

potential intervals. Hence, we will use linear functions of γ(c), polynomials of γ(lnc) and the 

Szyszkowski-Langmuir equation, 

)1ln(
1

0 +−= ∞

k
ckTΓγγ      (15) 

where Γ∞ is the maximum surface excess and k1 an adsorption constant. In the true liquid-

expanded range the Szyszkowski-Langmuir equation normally yields accurate fitting of γ(c) 

for carbohydrate based surfactants. Henceforth, the Szyszkowski-Langmuir equation is only 

used for fitting the surface tension isotherms. 

 

Results and discussion 
 

In this section we will primarily focus on the adsorption of surfactant molecules starting from 

the surfactant molecule in the surface at great dilution, and from there on try to elucidate the 

different stages of adsorption down towards the cmc (and beyond).  

 

3. Surfactants at the air-water interface 
 

3.1 The Henry range 
 

In order to generally investigate the motive of adsorption of surfactant molecules we need to 

address driving forces such as the yet poorly understood hydrophobic effect along with 

complex free energy contributions stemming from both moieties of the surfactant molecule. 

Starting at great dilution in the surface the surfactant molecules do not experience lateral 

interactions and therefore behave ideally, which yields the expression:  

bc=− γγ 0       (16) 

where γ 0-γ ≡Π  is the surface pressure and b an adsorption constant that depends on the 

intrinsic properties of the surfactant. Using the Gibbs surface tension equation at constant 
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temperature and using the notion of the equimolecular dividing plane and assuming ideality of 

the surfactant chemical potential, or at least constant activity factor, we obtain, 

kT
bc

kTcd
d

kT
===

ΠΓΠ
ln

1      (17) 

In the Henry region both surface excess and surface pressure are linear functions of the bulk 

concentration, c. The chemical potential, µ, of surfactant, s, in the surface27, σ, can be 

expressed as, 

)ln(0 σσσ φµµ sss kT+=      (18) 

where 0σµ s denotes the standard chemical potential in the surface and σφ s  the surface area 

fraction covered by surfactant. The corresponding expression for the bulk,  

)ln( b0bb
sss kT φµµ σ +=      (19) 

where 0b
sµ denotes the standard chemical potential in the bulk and b

sφ the bulk volume fraction 

of surfactant. Thus at equilibrium we have,  

kTe ss

s

s /)( 0b0

b
µµ

φ
φ σσ −−=      (20) 

However, we also have, 

ssss cva == b  ; φΓφ σ      (21) 

where as is the area actually occupied by the surfactant in the surface and vs the molecular 

volume of the surfactant. Turning to equation (20) we obtain, 

kTeavkTb ss
ss

/)()/(
0b0 µµσ −−⋅=     (22) 

This presents us with an expression for estimating the adsorption constant, b. With respect to 

the difference in standard chemical potential we may reason as follows: The free energy of 

transfer of the hydrocarbon chain from the bulk to the surface is given by -γTanahct, where t is 

the degree of removal from the bulk water phase and ahc is the cylindrical area of a C10-chain. 

The C10-chain has a volume of 291 Å3 and a length of about 13.5 Å, for a C12-chain the 

corresponding figures are 351 Å3 and 16 Å, respectively. γTan is calculated as the standard free 

energy of transfer19 of a C10-chain from water bulk to hydrocarbon bulk, which is -16.98 kT. 

This yields a γTan is around 30 mN/m. For a C12-chain the corresponding free energy of 

transfer, -19.96 kT, yields a virtually identical γTan. Upon transfer to the surface the cylindrical 

area of the hydrocarbon will become exposed to the contact with air. This gives us the 

counteracting contribution of γhaahct. Additionally we annihilate part of the water surface by 

bringing the hydrocarbon chain to the surface, -γ0as. A rather handy approximation is to 
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assume a flat molecule where we have 50 mN/m acting on the hydrocarbon chain in water and 

20 mN/m in the vapour phase. Adding the formation of the hole in the water surface the net 

gain on bringing the molecule to the surface is (70+50-20) = 100 mN/m. In comparison our 

considerations on the hydrocarbon cylinder translated to flat geometry leads to a gain 97 

mN/m for the C12-chain and 98 mN/m for the C10. This is when assuming 17 mN/m acting on 

the vapour phase of the C10-cylinder and 18 mN/m for the C12. These numbers are achieved 

by using solubility data of n-alkane gases in water solution28. We will refer to these surface 

tension contributions as macroscopic even though we apply them on an isolated molecule, or 

rather the thermodynamic average of many, many molecules in similar states.  

 

Apart from the macroscopic surface tensions we need to consider the loss in configurational 

free energy of the hydrocarbon chain upon transfer to the surface, and the free energy change 

of bringing a head-group in proximity of the surface. However, let us first turn our attention to 

the macroscopic contact energies, in approximation we transfer a hydrocarbon cylinder from 

water bulk trough the surface. If we only take into consideration the mantle of the cylinder it 

will be favourable to keep the hydrocarbon chain oriented in the surface since this maximises 

the contribution from annihilation of the air-water interface. Since the head group is highly 

hydrophilic the process of transfer of this moiety to the interface is unfavourable, whereby a 

part of the hydrocarbon chain will be in contact with the water phase regardless of the 

configurations. For any orientations away from the surface there will be a gain in 

configurational free energy for the hydrocarbon chain, but this will be accompanied by the 

reformation of parts of the air-water interface. We will test our model of the surfactant 

molecule at the interface in the Henry region, treating it as a hydrocarbon chain embedded in 

a pocket of water with the head group immersed in the water bulk. Our experimental 

observations in the Henry region made on n-decyl-β-D-maltopyranoside (C10-Mal), n-decyl-

β-D-glucopyranoside (C10-Glu), n-decyl-β-D-thiomaltopyranoside (C10-S-Mal), n-dodecyl-β-

D-maltopyranoside (C12-Mal) and n-dodecyl-β-D-thiomaltopyranoside (C12-S-Mal) surfactant 

solutions indicate that for the C10-surfactants we have a slope, b, of 90 Jm/mol and for C12-

surfactants the slope is 650 Jm/mol at room temperature. Surface tension measurements at 

low concentrations at 22 °C are displayed in fig. 5.  
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Figure 5. Surface tension data at low bulk concentrations at 22 °C for C10-Mal (empty 

squares), C10-Glu (filled triangles) and C10-S-Mal (filled diamonds) all having a slope, 

290 ±=b , and C12-Mal (filled circles) and C12-S-Mal (empty circles) having slopes 

10650 ±=b . 

 

Interestingly, at room temperature the slopes of γ(c) are the same regardless of if the head-

group is a glucose unit or a maltoside unit, which means that the interpretation closest at hand 

is that the second glucoside unit in the Mal head-group experiences a bulk like situation. 

Neither does the exchange from oxygen- to sulphur-linkage between the head group and the 

hydrocarbon chain as in a thiomaltoside contribute to the free energy of adsorption in the 

Henry region at room temperature. Using the measured slopes of the C10- and C12-surfactants 

give us using equation (22) the adsorption standard free energy of -11.3 kT for the C10-chain 

and -13.3 kT for the C12-chain.  

 

The configurational losses for the hydrocarbon chain can only stem from losses in rotational 

degrees of freedom29, not including the internal rotational states of the chain in the trans-

gauche equilibrium, which at most can amount to 1.5 kT. However, one rotational mode 

always remains completely accessible for the molecule in its ideal state in the surface and thus 
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the configurational losses can only be about 1 kT. The total free energy balance for adsorption 

in the Henry region is:  

i) The macroscopic surface tension, as estimated by the hydrocarbon cylinder in the 

surface. 

ii) The configurational losses for the hydrocarbon chain upon transfer, at most 1 kT.  

iii) Interaction between the head group and the surface. 

iv) Additional contact free energies sideways in the surface between the hydrocarbon 

chain and the solvent. 

All in all the macroscopic contributions dominate the adsorption in the Henry region very 

strongly, whereas the configurational freedom of the hydrocarbon chain and head group 

effects only give rise to small contributions to the total free energy. The adsorption process is 

schematically depicted in fig. 6. 

I II

III IV

Air

Water

 
Figure 6. The adsorption process of a surfactant monomer to an air-water interface at great 

dilution. 

 

By comparing the free energies of adsorption for the decyl and the dodecyl hydrocarbon 

chains we find that the difference is –2 kT, (-11.3 and –13.3 kT). Notably the free energy of 

adsorption is greater for the dodecyl than for the decyl surfactants, but there is a discrepancy 
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between this value and the value expected from the Tanford driving force (-2.98 kT). We can 

assume that there are similar losses of configurational states for the hydrocarbon chains, at 

most 1 kT, and the head-group will have an identical environment regardless of if it is 

attached to a decyl or a dodecyl chain. Thus, the sideways interactions between the 

hydrocarbon chain and solvent explains the difference between the measured and the expected 

value according to Tanford. This would indicate a sizeable unfavourable free energy 

contribution on the “edge” of the molecule in excess of the expected balance of macroscopic 

surface tensions upon transfer that increases by approximately 0.4 to 0.5 kT per methylene 

group. Summing all of the contributions (i-iv) for the decyl chain we find; -11.6 kT for the 

annihilation of air-water interface, -4.8 kT for the loss of bulk water contact and formation of 

hydrocarbon-vapour contact, approximately 1 to 1.5 kT for conformational losses of the 

hydrocarbon chain and transfer of the head-group, and about 4 kT for additional interactions 

between hydrocarbon chain and solvent acting laterally in the surface. Noting that the 

contributions apart from the annihilation of air-water interface approximately cancel the 

effective free energy change upon adsorption of the surfactant molecule to the interface hence 

is given by the reduction of air-water interface at constant total surface area. The contribution 

that arises from the ”edge” of the hydrocarbon chain is considerable, but we expect that this 

contribution will obtain a maximum at a point where the perimeter of contact with 

surrounding surface is at its greatest and fade to nil when the hydrocarbon chain is fully in 

contact with either of the bulk phases. This contribution will complicate matters somewhat, 

since removing the hydrocarbon chain fully from the contact of water, while still maintaining 

the head-group fully immersed in water will largely remove the penalty from sideways 

contact. Making an estimation of this free energy sum, noting that the configurational 

restraints on the hydrocarbon chain are lower, but not fully lost, it will still be more 

favourable to maintain the hydrocarbon chain in the plane of the surface. This is simply a 

result of the significance of the air-water surface tension. Thus, in the Henry region we will 

have “somewhat frustrated” molecules predominantly oriented in the plane of the surface. The 

free energy minimum for the hydrocarbon chain using this model description is found with 

around 2 Å of the molecule, oriented in the surface, immersed into the water phase.  
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3.2 The surface micelle 
 

Adsorption of surfactant molecules at low surface densities, i.e. in the Henry region, is 

strongly correlated to the size of the molecule, or rather the size of the hydrocarbon chain. In 

the Henry region the surface pressure and the adsorbed amount will depend linearly of the 

bulk concentration. By analysing the free energy of adsorption we find that the annihilation of 

air-water interface is by far the most important contribution. This leads to the adoption of a 

flat configuration of the hydrocarbon chain in order to maximise the hole in the air-water 

interface at low surface densities. For a sugar surfactant the contribution of adsorption from 

the head-group is seemingly very limited at room temperature.  

 

At a certain concentration a different slope in γ(c) is observed. At this point the adsorption 

increases seemingly stepwise. There are three different outcomes possible for the transition 

from the Henry region to the liquid-expanded phase. Firstly, the formation of a surface 

covering hydrocarbon film, i.e. a condensation, secondly the formation of a network of 

surfactant molecules, and third the formation of regions of locally higher surfactant density in 

the surface in equilibrium with a dilute phase of ideal surfactant molecules. The three possible 

phases after the transition are presented in fig. 7.  

A

B

C
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Figure 7. Three possible outcomes of the transition from the Henry range. A depicts the phase 

after a condensation with wiggly lines corresponding to hydrocarbon tails in a fluid state 

covering the entire surface. This phase requires high surface densities. B. The network of 

surfactant molecules, wiggly lines corresponding to hydrocarbon tails, here ordered in a 

hexagonal pattern covering the entire surface. This phase requires medium densities. C. The 

formation of surface micelles, where circles represent surface micelles (cf. fig. 2) and straight 

lines surfactant molecules in a gaseous state. 

 

The condensation and the network formation are both expected to be first-order transitions 

involving all molecules in the surface, whereas the cluster formation does not strictly 

constitute a first-order phase transition. On the basis of measurements on sugar surfactants we 

have found it being very likely that the outcome of the observed transition actually is the 

formation of ordered clusters of surfactant molecules of limited size. After the transition from 

the Henry region we note considerable differences in adsorption between C10-Mal and C10-

Glu. The head-group does not to any measurable degree affect the adsorption in the Henry 

region, whereas the phase after the Henry region exhibits sensitivity to the number of glucose 

units in the head-group. The effect on the molecular analogue C10-S-Mal is similar and even 

stronger. This presents the most compelling evidence for surface micelle formation, as the 

molecular areas after the transition for C10-Mal, C10-Glu and C10-S-Mal differ considerably. 

The molecular areas after the transition at room temperature are >150 Å2 for C10-Glu, >200 

Å2 for C10-Mal and >250 Å2 for C10-S-Mal, respectively. In comparison a stretched decyl 

hydrocarbon chain covers around 65 Å2. This renders the network idea for these surfactants 

improbable and the condensation impossible. This is a strong indication of a film neither 

uniform, nor surface covering, as expected from a first-order phase transition. Accordingly, 

we expect the formation of regions of locally higher surfactant density, i.e. surface micelles, 

in equilibrium with a dilute ideal phase to take place. The transition observed will hence 

correspond to when the density of surface micelles high enough to yield a measurable surface 

pressure. The range after the transition should thereby, in strictness, not be referred to as a 

liquid-expanded phase, since it is actually not a coherent monolayer. Hence, we refer to this 

phase as the dilute surface micellar range. In the case of most surfactants where the transition 

from the Henry region to the liquid-expanded state is studied the existence of these micelles 

would be very hard to observe since they exist in a short chemical potential interval.  
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We will study the surface micelle at great dilution and try to elucidate the free energy balance 

involved in the formation of the micelle. Cluster formation in the surface has been discussed 

widely. Langmuir proposed cluster formation to account for non-horizontal behaviour of 

phase transitions in Langmuir monolayers30. In later years the idea of cluster formation has 

been applied on both Langmuir31-36 and Gibbs monolayers37-39. It is normally assumed that the 

clusters are dense, crystalline and oriented normal to the surface, and that mixing occurs 

between these clusters and molecules in gaseous state. We will propose a different structure of 

the clusters. First and foremost, the basis of adsorption to a largely empty air-water interface 

does not change if the molecules start associating. Hence, the hydrocarbon chains of the 

micelle will tend to adopt a flat configuration in order to annihilate as much air-water 

interface as possible. The head-groups will always preside in the water phase. By comparing 

with the ideal molecule in the surface we can examine the driving force of association. In the 

Henry region the hydrocarbon tail experiences a high degree of hydrocarbon-water contact on 

the ”edge” of the molecule. Upon formation of the surface micelle the hydrocarbon-water 

contact can be replaced by direct hydrocarbon-hydrocarbon contact locally. 

 

The center of the surface micelle is considered to be an islet of fluid hydrocarbon oriented in 

the surface plane. This part of the micelle is thought not to differ significantly from the 

situation in the surface covering true LE monolayer (the true LE film herein defined by a < 65 

Å2). Hence, the stability of the surface micelle has to be related to a dilution of the head-

groups relative to the true LE monolayer. The head-groups are for that reason primarily 

located on the edge of the micelle to achieve the greatest possible accessible volume. This 

also generates the stability towards disruption, as direct contact between hydrocarbon tails 

would lead to a rapid formation of a true LE monolayer. 

 

The preferred shape of the micelle could be disc-like with the hydrocarbon chains directed 

towards the center of the micelle (cf. fig. 2). Thus, the micelles can be perceived as very short 

cylinders with a radius approximately on the order of one hydrocarbon chain, approximately 

13 Å for a decyl surfactant. The head-groups on the edge will be responsible for covering 

some of the costly hydrocarbon-water contact on the edge of the cylinder, and perhaps to 

some degree on the side of the hydrocarbon islet in contact with water. Thus, the surface 

micelle consists of an edge and a core. By ascribing typical macroscopic values to the center 

and handling the difficult aspects of the edge separately surface micelle formation could be 

understood. An absolutely vital condition is a free energy minimum for the micelle for a 
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certain number of molecules participating in the formation of the micelle. If no evidence of a 

minimum can be traced then the likely outcome of the transition from the Henry region is a 

condensation of hydrocarbon chains in the surface, i.e. the formation of the true LE phase.  

 

The free energy function for the open system of a disc-like surface micelle in equilibrium with 

a bulk is given by,  
disc
edge

disc
core

disca εεγ +=      (23) 

where adisc the size of the disc, disc
coreε  is the free energy function for the center of the disc and 

disc
edgeε  is the free energy function for the edge of the disc. For the center the free energy 

function is given by,  
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where disc
transε  the transfer free energy of the hydrocarbon chain to a liquid-like center of the 

surface micelle, which we estimate by the corresponding Tanford contribution, as is the eigen-

area of the hydrocarbon chain of the monomer in the surface micelle, disc
pgε  the contributions 

of the head-group to the center of the surface micelle, disc
confε the configurational free energy of 

the hydrocarbon chains and n the number of monomers in the micelle. The contributions from 

the macroscopic surface tension are assumed to be nil, γ 0 = γhw+γha. This leaves us with three 

contributions to the liquid like interior of the micelle, namely the Tanford contribution, the 

configurational free energy of the hydrocarbon chains and the balancing contribution from the 

head-group. In order to simplify we will also assume that the contributions from the head-

groups to the center of the micelle are small and/or constant, and that the configurational free 

energy of the hydrocarbon chains is small and/or constant. This yields:  
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where r is the radius of the micelle and εadd are the additional contributions to the free energy 

of formation of the liquid like center of the micelle. εadd will diminish the Tanford effect 

slightly, due to differences between the center of the micelle and an infinite hydrocarbon bulk 

as well as the effects mentioned above. The free energy of association as presented in 

equation (25) will to some degree be compensated by the dilution of the surface micelles in 

the surface, expressed by a factor, )ln( disc

n
kT φ , where φ disc is the surface fraction of micelles. 
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However, at constant overall surface density this contribution to the free energy of the surface 

micelle is constant. 

 

The edge will be treated according to the Helfrich expression11 for a cylinder,  
2
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where κ is the line tension of the surface micelle, κ0 the line tension at the spontaneous 

curvature, kl the bending constant, r the radius of the disc and 1/r0 the spontaneous curvature. 

The contributions on the edge are the exposure of the hydrocarbon chains and the balancing 

exclusion of water contact by the head-group and additional head-group related terms. These 

are summed up into the line tension acting on the perimeter of the micelle. In total the free 

energy of the disc-like surface micelle is, 
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where Cn are constants. We note that the C1 term, associated with the Tanford driving force 

will have to be quite low in order to achieve a minimum. The Tanford contribution for a C10-

chain is -(16.98+ln(xs)) kT, where xs is the bulk mol fraction of surfactant. The concentration 

range where the micelles appear is around 10 µM and in this concentration regime the 

Tanford contribution is as requested small. Equation (27) yields a minimum in free energy for 

a certain size of the micelle and with increasing bulk concentration of surfactant the micelle 

will have to grow in size since the C1-term increases, whereas the other terms are assumed to 

be insensitive to concentration changes. Hence, the micelle is here represented by a center of 

structureless liquid-like hydrocarbon with no change in density upon increase in the chemical 

potential and an edge keeping the micelle intact by the line tension and its curvature 

dependence. The line tension has the additive properties of hydrocarbon tails drawn together 

to avoid contact with water on the edges of the chains, and the effects of the head-group on 

the hydrocarbon chains as well as other head-groups. The edge is hence a collection of 

compromises, due to the formation of the liquid-like pool of hydrocarbon and the orientation 

of the molecules in the surface plane. The head-group will orient to cover a fraction of the 

hydrocarbon-water interface and the hydrocarbon chain will close to the edge become more 

exposed to water contact. All of these effects are summed up in the contributions with linear, 

constant and reciprocal dependence on r in equation (27). We hence need to account for the 

bending constant, kl, the spontaneous curvature, 1/r0, and the line tension at the spontaneous 
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curvature, κ0. The spontaneous radius should give a reasonable size to the surface micelle, at 

about 60 Å2 per hydrocarbon chain in the micelle and a maximum disc-like micelle we find 

that the radius should be between 11 and 13 Å (with r=13 Å and a density of 60 Å2/molecule 

the number of monomers per micelle is around 9). We will place our spontaneous curvature in 

this range. In fig. 8 some functions using parameter values judged to be reasonable are 

presented. 
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Figure 8. The free energy of a short cylindrical micelle according to equation (27) as a 

function of the number of molecules in the micelle assuming a constant surface density of 60 

Å2 using the following parameter values: κ0 is set to 7⋅10-12 N, kl to 1.3⋅10-28 N⋅m2, the 

spontaneous curvature 1/r0 to 1/(12 Å). The bulk concentration of hydrocarbon chains is set to 

0.01 mM yielding a Tanford contribution of –1.4 kT in the drawn line, which results in a 

minimum and a following maximum. For the dotted line the parameter values are the same 

except for kl which is set to 5⋅10-29 N⋅m2, resulting in unrestricted growth of the micelle. 

 

The behaviour for small sizes in particular is not expected to be correctly captured. Equally, 

the free energy estimate for the formation of a large micelle can be somewhat rough. All 

aspects of the surface micelle formation are not accounted for; nevertheless the function 

manages to capture a minimum at around 8 monomers per micelle at a reasonable level, a few 
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kT, at the minimum. The free energy function at its minimum will represent the equilibrium 

size of the micelle and thus at this point we have equilibrium with the bulk. This yields40, 

kTeS

disc

fluct
disc

ε

φ
−

=      (28) 

where Sfluct denotes an entropic factor due to the fluctuations in size. However, due to the 

quickly increasing density of micelles in the surface the interactions will very quickly become 

noticeable and in this regime we will also have shape fluctuations. Thus, the analysis will be 

useful for determining whether micelles are likely to be an outcome of the transition from the 

Henry range.  

 

From the above we note that the most important issues to consider are where the surface 

micellization starts and how it can be accounted for. We can make an estimation of the free 

energy of formation of the surface micelles in comparison to bulk micelles. The formation of 

bulk micelles is in analogy to the above derivation, 
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where εmic is the excess free energy of formation for a bulk micelle. The terms on the right 

hand side are similar to those found in equation (24). If we assume that the differences in 

head-group and hydrocarbon chain configurational free energy are rather small between the 

surface and the bulk micelle (which is a rather crude estimate by any means as the surface 

micelle can be considered as a two-dimensional object) we find, 
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Further we will assume that the excess free energy per molecule when both surface and bulk 

micelles start forming spontaneously will be small, here we assume them to be equal which 

yields,  

( )
r
a

kTkT
a

x
x ihw

disc
mic κγ 21ln0 −+−=     (31) 

By comparing the areas subjected to hydrocarbon-water contact on the edge of the surface 

micelle and on the surface of the bulk micelle we can get an estimate of the free energy 

difference between the two micellar states under the condition that the head-group related 

terms are equal and that there are no differences in configurational free energy of the 

hydrocarbon chains. The area/molecule exposed to water contact in a bulk micelle is typically 
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60-65 Å2. Thus, we find that the free energy difference should be about 5 to 5.5 kT. Hence, 

the formation of surface micelles should occur at around 150 to 300 times lower concentration 

than the cmc. This is in agreement with measurements, for C10-Mal, with a cmc of 2 mM, the 

transition from the Henry region is observed around 8 µM and for C10-S-Mal, with a cmc of 

0.7 mM, about 4.5 µM. This is an indication of the similarity in mechanisms for the formation 

of the surface and bulk micelles.  

 

3.3 Interactions between surface micelles and the formation of the true liquid-

expanded phase 
 

We have put forth evidence supporting the existence of surface micelles that form 

spontaneously as a result of the transition from the Henry region. The typical size of the 

micelle should by very simple geometric arguments be limited to around 8 to 12 molecules. 

Initially the surface tension contribution from these surface micelles should be minute, but 

with increase in the adsorption the surface micelles come to dominate the surface entirely. In 

fig 9. surface tension data of C10-Mal, C10-Glu and C10-S-Mal around the transition from the 

Henry range are displayed.  
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Figure 9. Surface tension of C10-Mal, C10-Glu and C10-S-Mal at 22 °C around the transition 

from the Henry range. C10-Mal is represented by open circles, C10-Glu by filled triangles and 

C10-S-Mal by filled diamonds. 

 

Our assumptions are that interactions between free monomers can be neglected, that is ideal 

behaviour. The mass balance in the surface is easily obtained, 

( )AnaAaaAAA nnnnnDnn ><><><><><><>< ><+−=+−= ΓΓΓΓΓΓΓΓ )1()( 11  (32) 

where Γ1 denotes the surface density of monomers, Γ1(1-Γ<n>a<n>)A is the number of ideal 

monomers after the onset of micelle formation, Γ<n> the density of micelles of the 

thermodynamical average size <n>, a<n> is the area of one micelle and ΓD the density of 

molecules in the micelle. Interactions between micelles and monomers are restricted to the 

excluded area effect of the micelle, and finally the interactions between micelles are governed 

by hard repulsive interactions as dictated by the hard-disc equation of state (cf. equations (36) 

and (37))12,13,  

21
1

w
nkTkT

Θ
ΓΓΠ +=      (33) 

where Θw is the area fraction not covered by discs. Surface tension data using equations (32) 

and (33) to predict the surface tension lowering of an interface containing both surface 

micelles and ideal monomers for C10-Mal, C10-Glu and C10-S-Mal are presented in figs. 10 to 

12.  
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Figure 10. Surface tension isotherm of C10-Mal at 22 °C. Measured data is represented by 

open squares. The drawn line shows the hard-disc equation of state with 11 molecules per 

micelle and 62 Å2 per molecule in the micelle. 

69

70

71

72

73

0 0.005 0.01 0.015 0.02

Concentration (mM)

Su
rf

ac
e 

te
ns

io
n 

(m
N

/m
)

 



 28 

Figure 11. Surface tension isotherm of Glu at 22 °C. Measured data is represented by the open 

diamonds. The drawn line shows the hard-disc equation of state with 12 molecules per micelle 

and 62 Å2 per molecule in the micelle. 
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Figure 12. Surface tension isotherm of C10-S-Mal at 22 °C. Measured data is represented by 

the open circles. The drawn line shows the hard-disc equation of state with 11 molecules per 

micelle and 62 Å2 per molecule in the micelle. 

 

With the hard-disc model we can estimate not only the interactions involved but also get a 

qualitative estimate of the number of monomers per micelle as a function of the adsorption. 

The typical sizes of the C10-Mal micelles are between 9 to 12 molecules, the C10-Glu micelles 

are slightly larger in size and range from 10 to 14 molecules, as evaluated by the hard-disc 

model, displayed in fig. 13.  
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Figure 13. The number of molecules per micelle according to the hard-disc model as a 

function of bulk surfactant concentration for C10-Mal and C10-Glu using a constant density of 

62 Å2 per molecule in the micelle. C10-Mal is represented by the drawn line and C10-Glu by 

the dotted line. 

 

The micelles are expected to gradually increase in size and number with increasing adsorption 

and eventually cover the entire surface. At this point the result could be a rapid swelling of the 

size of the aggregates, and eventually the disruption into an even density fluid hydrocarbon 

tail phase. In the case of C10-Glu, C10-Mal and C10-S-Mal at 22 °C regions in the isotherm are 

observed indicating a strong tendency of saturation of molecules oriented in the surface plane. 

This can be deduced from the near linear behavior of γ  ∼  ln(c), this linearity corresponds to 

the surface tension decrease at constant area/molecule. Yet, the area/molecule will decrease, 

however, very slowly. The pattern is observed in a considerable concentration interval of the 

isotherms for all three surfactants. For the dodecyl surfactants the concentration region over 

which we can assume that micelles are interacting by the hard-disc equation is limited, but for 

the decyl surfactants, and in particular C10-Mal and C10-Glu, the concentration region over 

which we can track the increase in surface micelle populations is satisfactory. We can achieve 

acceptable accuracy in prediction of the surface tension isotherms for both C10-Mal and C10-
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Glu at room temperature in a regime from the transition, 8 and 10 µM for C10-Mal and C10-

Glu, respectively, to around 15 to 20 µM. For C10-Mal the saturation of the surface becomes 

evident around 20 µM, whereas C10-Glu evidently reaches the saturation region at a slightly 

lower concentration of around 15 µM. This could be a result of greater repulsive contributions 

from the Mal head-group in the surface micelles. Surface tension data for C10-Mal, C10-S-Mal 

and C10-Glu from the Henry range through the granular region to the true liquid-expanded 

(LE) range are presented in figs.14 to 16 (A, linear c scale, and B, logarithmic c scale).  
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Figure 14. A. Surface tension as a function of concentration (linear scale) of C10-Mal around 

the granular range. The arrows indicate, in order of increasing concentration; the transition 

from the Henry to the dilute micellar region and the transition from dilute micellar to granular 

range, with almost constant area/molecule of about 79 Å2. 
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Figure 14. B. Surface tension as a function of concentration (logarithmic scale) of C10-Mal 

around the granular range. The third arrow indicates the transition from the granular to the 

true LE range. The drawn lines correspond to regional optimal fitting functions, which are 

extended somewhat clarity. 
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Figure 15. A. Surface tension as a function of concentration (linear scale) of C10-Glu around 

the granular range. The arrows indicate, in order of increasing concentration; the transition 

from the Henry to the dilute micellar range, the transition from the dilute micellar to the 

granular range (with almost constant area/molecule of 79 Å2), and the transition from the 

granular to the true LE range. 
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Figure 15. B. Surface tension as a function of concentration (logarithmic scale) of C10-Glu 

around the granular range. The drawn lines correspond to optimal fitting functions. 
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Figure 16. A. Surface tension as a function of concentration (linear scale) of C10-S-Mal 

around the granular range. The arrows indicate, in order of increasing concentration; the 

transition from the Henry to the dilute micellar region, the transition from the dilute micellar 

to the granular range with average molecular area of 80 Å2, the transition from the granular 

region with average molecular area of around 80 Å2 to the granular region with average 

molecular area of around 70 Å2.  
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Figure 16. B. Surface tension as a function of concentration (logarithmic scale) of C10-S-Mal 

around the granular range. The fourth and final arrow indicates the transition from the 

granular to the true LE range. The drawn lines correspond to regional optimal fitting functions  

 

In our model the sole interaction between the surface micelles is the excluded surface area of 

the micelle, as dictated by the hard-disc model, distributing the surface micelles evenly over 

the surface. However, by studying the isotherm of C10-S-Mal at 22 °C we note that the 

transition from dilute micellar to the granular film, corresponding to the second arrow of fig 

16 B, might not be a gradual phenomenon. In this case there seems to be a critical 

concentration at which the monolayer contracts from around 200 Å2 to about 80 Å2 around 7 

µM. Hence, attractive forces between the surface micelles could be at hand. The attractive 

forces are, of course, very sensitive to the curvature of the micelle and hence the range of the 

attraction could be minute. Since the density of surface micelles increases very rapidly the 

effect of the intermicellar attractions could become noticeable. The attractive forces between 

the micelles could therefore compensate for the free energy of stretching the micelle edge 

against the line tension to accommodate the micelles into the granular phase, which is 
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expected to cover the entire surface. Attractive forces are seen between macroscopic 

hydrophobic surfaces immersed in sugar-based surfactant solutions41,42. Attractive forces 

between the head-groups have also been observed for sugar-based lipids43. However, the 

attractive forces between the surface micelles are very difficult to account for due to the 

complex interplay with the stretching of micelle lines.  

 

The adsorption of these molecules to the air-water interface in the ranges leading up to the 

true LE monolayer will be quite complicated. Adsorption isotherms for C10-Mal, C10-Glu and 

C10-S-Mal from 0 to 0.2 mM are displayed in fig. 17. 
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Figure 17. Adsorption isotherms for C10-Mal, dashed line with the lowest adsorption, C10-Glu, 

dotted line with the highest adsorption, and C10-S-Mal, drawn line. 

 

The defining area/molecule in the granular range for C10-Glu and C10-Mal at room 

temperature is around 79 Å2, corresponding to a surface density of around 2.1 µΜ (granular I) 

and for C10-S-Mal the corresponding molecular area is approximately 70 Å2, corresponding to 

a surface density of around 2.35 µΜ (granular II). C10-S-Mal does have a short concentration 

interval between 7 and 10 µM in which the molecular area is almost constant around 80 Å2. 

Surface saturation is also observed for n-dodecyl-β−D-maltopyranoside (C12-Mal), where the 
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defining area/molecule is 70 Å2. Notably the densities are similar even though the length of 

the hydrocarbon chain has increased. The differences in density observed are related to 

differences between the grains. The grains are simply a result of the fact that the surface 

micelles will not break, nor will they have any tendencies to grow indefinitely as the chemical 

potential is increased. Rather they will probably be well represented as surface micelles at 

very high packing densities slightly deformed from the circular to a more hexagonal shape. 

Hence a mechanism for increasing the chemical potential in the surface without increasing the 

adsorption in this region where one might expect the density of surfactant molecules in the 

surface to increase monotonically and undramatically has to be put forth. This mechanism is 

simply related to the compression of the grain boundaries (cf. fig. 3).  

 

In the grains we expect the orientation of the head-group to be ordered with respect to the 

other head-groups of the grain. C10-S-Mal and C12-Mal evidently reach a lower molecular area 

than C10-Mal and C10-Glu at room temperature. The expected result would be that C10-Mal 

also would approach an area/molecule of 70 Å2 with increasing chemical potential, however 

this does not occur. One possible explanation is that the granular I phase corresponds to the 

situation of a dispersed granular phase, where both head-groups and hydrocarbon tails are 

contained in one grain, and that the granular II phase corresponds to a coherent granular 

phase, with head-groups donated to neighboring grains. However, we can not rule out that the 

change from the gr. I to gr. II phase corresponds to an increase in the number of molecules per 

grain.  

 

Deformation of the grains could naturally include growth of the micelles, however the growth 

will probably be of inferior importance since growth of the grains also could correspond to 

loss of grain boundaries and this would lead to the gradual annihilation of the granular phase. 

Thus, the situation in the monolayer is such that there is a high density of grains of roughly 

uniform size in a hexagonal packing pattern. In order to investigate the grain boundaries we 

will have to have detailed knowledge of the state of the molecules in the surface micelle. In a 

grain, as in the surface micelle, it is likely to find the head-groups ordered in a torus on the 

edge completely immersed in water. For any change of the surface density to take place we 

must have either a distortion of the grain boundary or adsorption of more molecules to the 

grain. A local distortion of a grain boundary could propagate throughout the entire surface, 

effectively making a very small molecular energy difference into an insurmountable free 

energy barrier. This could explain why C10-Mal does not reach gr. II. Further, the gr. I state 



 37

could be regarded as a “sub-set” to the gr. II state, since the monolayer in order to reach the 

gr. II phase at some point must be in the gr. I state. Evidence for this can be seen for C10-S-

Mal, where we find that a constant area/molecule of 80 Å2 accounts for the surface tension 

change in a concentration interval between 7 and 10 µM. This concentration interval is short, 

whereby it is precarious to draw too extensive conclusions. However, it does indicate that 

some increase in chemical potential is required for a transition from gr. I to gr. II to take 

place. The similar stability against disruption with increase in the chemical potential of the 

granular states indicates a high likeliness of similar orientations of the head-groups. Probably 

the molecular states of the granular phases are discrete rendering very few states of head-

group orientation permissible in the granular phase.  

 

Clearly the head-group plays a crucial role in the stability of the granular phase. There are two 

possible head-group dependent free energy contributions that could stabilize the granular 

phase. Firstly, a very efficient shielding of the hydrocarbon-water contact by means of a very 

particular head-group orientation, which is not permissible in high surface fractions in the true 

LE phase. Secondly, attractive forces between the head-groups. If a free energy contribution 

related to the shielding of the hydrocarbon-water interface alone is responsible for the stability 

of the granular phase it is easily understood that this can hardly be a cooperative pattern, and 

that other head-group orientations would generate close to equal coverage, with less 

repulsion. Thus, we propose that the structure must be kept intact by short-range attractive 

forces between the head-groups.  

 

From the dilute surface micellar region to the granular range we do not expect the fluid 

hydrocarbon center to change with respect to its “bulk” density, i.e. liquid hydrocarbon 

density of 291 Å3 for a decyl chain and 351 Å3 for a dodecyl chain, whereas changes in 

surface density may occur. The change in surface density in the dilute surface micellar range 

is strictly regulated by maximizing the annihilation of air-water interface, however, 

considering the granular phase to be surface-covering could dimish the importance of this 

effect. The edge, going from surface micelle to grain, will change drastically. In the granular 

range the increase in the surface chemical potential is related to the compression of the lines, 

where a minute change in density corresponds to a sizeable increase in the chemical potential. 

The persistence of the granular phase is unexpected, as a more likely outcome would be that 

the surface micelles will increase in size very rapidly with increasing surface density and 

thereafter the micelle lines would quickly vanish with the following formation of a true LE 
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monolayer. The chemical potential interval over which the grains persist in the surface is 

around 1.3 to 1.5 kT for the surfactants carrying Mal head-groups and around 0.7 kT for Glu. 

Upon increase in the chemical potential the grain boundaries are thought to initially be 

compressed somewhat, but eventually they must vanish with the following formation of the 

true liquid-expanded monolayer. This process could happen by the gradual loss of granular 

integrity by grain swelling, which would take place over a chemical potential interval. 

Alternatively, all grain boundaries could be annihilated at one critical concentration in a true 

first-order phase transition. We suggest that all the lines are lost at the same point, and that the 

nature of the transition from the granular to the true LE phase is truly first-order. The 

requirement that the resulting phase should encompass all molecules in the surface is fulfilled.  

 

The true LE monolayer is herein defined from a molecular area lower than 65 Å2, or a surface 

density of 2.55 µΜ, corresponding to a state where the surface could be completely covered 

by fluid hydrocarbon tails. A step-wise increase in adsorption takes place with the concerted 

annihilation of the grain boundaries and the formation of the true LE monolayer. For C10-Glu 

the granular range ends at a surface tension of 66.5 mN/m, whereas for C10-Mal the formation 

of the true liquid-expanded phase takes place at a surface tension of around 60.5 mN/m. This 

could be related to the difference in size between the head-groups. The Mal head-group being 

the considerably larger one requires a higher surface pressure to disrupt the grains.  

 

Sum frequency generation experiments (SFG) are currently performed on these systems. SFG 

permits simultaneous study of the orientational state of hydrocarbon44-46 and water47. 

Preliminary data using SFG clearly exhibits the existence both air-water interface and 

hydrocarbon in the dilute micellar range, which on the formation of the granular phase results 

in the disappearance of the “free” surface water. This is completely in line with the 

predictions based on surface tension experiments.  

 

3.4 The true liquid-expanded range 
 

The liquid-expanded (LE) range is normally defined as the region of adsorption in the 

monolayer after the transition from the Henry region down towards the cmc, unless there are 

forces between the molecules favouring the formation of a crystalline monolayer. Thus, this 

regime can be stretched from a ≈ 150 Å2 to close packing at cmc. In our understanding this 
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definition is somewhat erroneous, since the properties of the micellar phase and the following 

granular phase for carbohydrate-based surfactants actually are neither distinguished by 

coherence (dilute surface micellar range), nor by liquid-like properties, except for the local 

conditions inside the micelle and the grain. Thus, we will herein refer to the true liquid-

expanded regime marked by a coherent surface-covering monolayer of hydrocarbon tails with 

liquid-like properties. We have chosen to discuss this true LE range in the monolayer from a 

molecular area of a < 65 Å2 down to the cmc (and beyond). The transition from the granular 

film results in a surface covering monolayer without variations in the “bulk” density. The 

properties of the monolayer can therefore be separated into a hydrocarbon region of liquid-

like character and a layer in the water phase where head-groups and water mix. The free 

energy of the monolayer can then be treated as a sum of the contributions from the head-

groups and the hydrocarbon tails, which can be treated theoretically by mean-field models. 

The monolayer is in contact with a vast bulk of the same temperature and the same chemical 

potential of all components, and thus the operable free energy, the grand potential, Ω, yields16 

(cf. equation (7)), 

conftransmixpghahw aaa
n

εεεεγγεΩ
σ +++++−== )( 0    (34) 

 

The surface tension is the differential of equation (34) with respect to the area/molecule at 

constant temperature and chemical potential, 

confpgmixtranshahw γγγγγγγ +++++=     (35) 

Equation (35) can further be simplified by noting that γtrans = 0. This means that only the sum 

of γmix+γpg and γconf actually contribute to the surface tension change. For dodecyl surfactants 

with highly hydrophilic head-groups we have access to all information necessary to achieve a 

full description of the surface tension lowering due to the interactions between head-groups in 

the true liquid-expanded regime.  

 

In order to account for the interactions between carbohydrate head-groups we will use the 

attractively simple hard-disc model, which has been validated by computer simulations12,13, 
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where φHD is the surface fraction covered by hard-discs and φw the surface fraction not 

covered by hard-discs. The resulting surface pressure of the hard discs is equally 

uncomplicated, 
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−
=      (37) 

 

3.4.1 Mixtures of carbohydrate-based surfactants 

 

When measuring on mixed solutions of surfactants the adsorbed amount is obtained as easily 

as for a pure surfactant, 
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where 1 and 2 denote the two components, x1 and x2 the bulk mol fractions of the surfactants 

with x1 + x2 =1 fulfilled. We can not, using equation (38), separate the two components, but 

rather obtain an inseparable sum of the two components. This is one of the key problems 

when measuring on unpure surfactants, since one of the components may be very much more 

surface active and thus achieve a high surface densities, even though the bulk fraction of the 

component may escape detection by common bulk methods. Thus, it is of paramount 

importance that the surfactant is very pure. Measurements on contaminated samples purified 

by various techniques48,49 have repeatedly proven the deleterious effect of small amounts of 

impurities. Techniques for surfactant purification include foam fractionation50,51 and the High 

performance surfactant purification apparatus52. 

 

In order to achieve the adsorbed amount of the components we need to measure the change in 

surface tension upon change of the bulk fraction of the surfactants53, 
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where σ
1x  and σ

2x  are the surface fractions of one of components 1 and 2, with 121 =+ σσ xx  

fulfilled. Thus, by measuring the change in surface tension when changing the concentration 

at constant bulk fractions we obtain the adsorbed amount and then by measuring the change in 

surface tension when changing the bulk fraction we obtain the surface fractions of the two 

components. If there are more than two components calculation may become cumbersome. In 

such a case it is very much easier to study the change in surface tension when varying the 



 41

concentration of one component while maintaining the chemical potentials of the other 

components constant. This requires that the chemical potentials of the components are quasi-

ideal for simplicity of evaluation.  

 

In paper 1 we examine mixed solutions of C10-Mal and C10-Glu. Isotherms of C10-Mal, 90, 80, 

65, 50, 35 % C10-Mal and C10-Glu were recorded at 22 °C. Isotherms of C10-Mal, Glu, 80 and 

50 % C10-Mal are presented in figure 18, the other isotherms are omitted for clarity.  
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Figure 18. Surface tension isotherms of C10-Mal, represented by squares, C10-Glu, represented 

by triangles, 1:1 (Mal:Glu) mixed solution, represented by diamonds, and 4:1 (Mal:Glu) 

mixture, represented by circles. 

 

Adsorption isotherms on C10-Mal, C10-Glu and the 1:1 and 4:1 mixtures are presented in 

figure 19.  
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Figure 19. Adsorption isotherms of C10-Mal, with the lowest adsorption, 4:1, second lowest, 

1:1, second highest, and C10-Glu, with the highest adsorption. 

 

Using the conventional surface thermodynamic relations of equations (38) and (39) we can 

obtain the separate adsorbed amounts of both components. As we accurately can fit the data 

of γ(x) at constant total bulk concentration with simple second degree polynomials we can 

determine the surface composition for the 1:1 mixed solution with knowledge of the adsorbed 

amount and the surface tensions of pure C10-Glu and C10-Mal,  

xxx
kT

xMal +−= )1(2 2

Γ
γ∆σ      (40) 

where ∆γ is the difference in surface tension between C10-Glu and C10-Mal at equal 

concentrations. Adsorption of both components for the 1:1 mixed solution are presented in 

figure 20. The larger head-group of C10-Mal is favoured at low concentrations and surface 

coverages, but with increasing adsorption C10-Mal adsorption becomes less favourable and 

finally it is expelled from the surface. As the hydrocarbon chains are the same for both 

surfactants, then the hydrocarbon phase is invariant at equal area/molecule and this presents 

us with an opportunity of gaining deeper understanding of the interactions between the head-

groups.  
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Figure 20. Adsorption of C10-Mal and C10-Glu in the 1:1 mixture. C10-Glu has the clearly 

higher adsorption. 

 

As derived in paper V using the derivative with respect to the surface fraction of one of the 

components of the molecular free energy for a mixture of hard discs and dropping the 

subscripts, σ
2x = xσ, we obtain the following xσ(a) expression, 









−−

−−
+−+= 2

1

1

)(
)2(

))1/(ln(0 HDHD

HDHDHD

axaa
axaaa

xxC
∆

∆∆
σ

σ
σσ   (41) 

where ∆aHD is the size difference between hard-discs 2 and 1 and C is a constant. C is well 

estimated by 
kT

a HD
hw∆γ

− indicating the preference of adsorbing the larger disc at large 

molecular areas, due to the greater shielding of direct hydrocarbon-water contact. At higher 

surface densities the larger disc gives rise to greater repulsion than the smaller one, whereby 

the smaller disc becomes more favourable, which is in agreement with the experiments. 

Hence, we can use equation (41) to predict xσ(a) and compare with the thermodynamical 

surface fraction obtained by equation (39). Using hard-disc sizes of 22.9 Å2 for the Mal head-

group and 11.3 Å2 for the Glu head-group we achieve a fit accurate to within 1 % from 62 to 

42 Å2 (the molecular area at the cmc is 40 Å2), which is presented in figure 21.  
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Figure 21. The surface fraction of C10-Mal, experimental fractions represented by the dotted 

line and theoretical values using the hard-disc model of equation (41) drawn line. 

 

The hard-disc model can however not predict the very rapid decline in C10-Mal surface 

fraction in the final 2 Å2 towards the cmc. The short-range forces acting between the head-

groups at these molecular areas are not accounted for by the hard disc model. However, since 

the surface fraction can be obtained with some accuracy, then the surface pressure increase 

due to the head-groups in the region between 63 to 42 Å2 is well accounted for by the hard 

disc equation of state for a mixture of hard discs,  

22 )1(
11

)ˆ( HD

HD

aaa
a

kT φ
γ

−
=

−
=−     (42) 

where HDHD axaxa 2211ˆ σσ +=  is the average hard-disc area. Which proves to be a fruitful mean-

field ansatz54,55. Since the agreement between the hard-disc model and the experimental 

findings is satisfactory we can also extract information about the change in the configurational 

free energy and surface pressure of the decyl hydrocarbon chains from the results of the 

mixture, which of course is equally valid for the pure surfactants. The deduced change in 

configurational free energy of the decyl hydrocarbon chain and the calculated results for a 
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dodecyl chain in equation (11) are presented in figure 22. The corresponding surface 

pressures are presented in fig. 23. 
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Figure 22. The configurational free energy of a dodecyl chain, dotted line, and the change of 

the configurational free energy of the decyl chain drawn line. 
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Figure 23. Configurational surface pressure of the dodecyl chain, -γconf(C12), dotted line and 

the surface pressure of the decyl chain, -γconf(C10), drawn line. 

 

3.4.2 Pure carbohydrate-based surfactants 

 

The deduced -γconf(C10) and the calculated -γconf(C12) can be used to investigate in detail the 

head-group dependent contributions to the surface pressure increase. Surface tension data of 

C10-Mal, C10-Glu, C10-S-Mal, C12-Mal and C12-S-Mal is presented in fig. 24.  
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Figure 24. Surface tension data at 22 °C for C10-Mal, empty triangles, C10-Glu, empty circles, 

C10-S-Mal, filled squares, C12-Mal, filled circles and C12-S-Mal, empty diamonds. 

 

Obviously, the thiomaltosides have lower cmc values than the maltoside analogues. This is 

usually interpreted in terms of a greater hydrophobicity of the thiomaltoside molecule. 

However, this is erroneous. As the slopes in the Henry range in fact are identical (cf. fig. 5) 

the thiomaltoside molecules are just as hydrophobic as the maltoside molecules. Hence the 
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cmc difference stems from better packing conditions in the micelles of the molecules carrying 

thiomaltoside head-groups. 

 

We have access to the change in all free energy contributions for the 1:1 mixed solution and 

with these results for the hydrocarbon chain phase we can compare the results for the pure 

surfactants, C10-Mal and C10-Glu. Using the optimal hard-disc for Glu, 11.8 Å2 and the 

configurational pressure obtained we achieve a fit for the surface pressure with a remaining 

surface pressure unaccounted for of less than ±0.5 mN/m from 65 Å2 to 42 Å2. For Mal, on 

the other hand, using a hard-disc area of 21 Å2 yields a poor fit with a considerable remaining 

surface pressure contribution from the head-group unexplained by the hard-disc model in 

combination with the configurational pressure of the hydrocarbon chains. In order to rectify 

this we can make a model including two hard-disc states for the maltoside head-group, where 

the larger disc is favoured at greater molecular areas due to the energetic contribution from 

hydrocarbon-water shielding, but simultaneously generates greater head-group repulsion. This 

would lead to increasing surface fraction of the smaller hard-disc with increasing adsorption 

in similarity to the 1:1 mixture. Using a two-state model as outlined by equation (41) enables 

us to achieve a surface pressure profile that clearly represents the data better than any of the 

one-state hard-disc models. This is indicative of a slight polymeric feature of the Mal head-

group. Using two hard-disc states of 32 and 14 Å2 we can account better for the surface 

pressure change. The configurational pressure for dodecyl chains in equation (11) can be used 

to investigate the additional surface pressure contributions stemming from the head-group 

C12-Mal using the same two hard discs. Yet, there remains a contribution to the surface 

pressure for C12-Mal we need to take due note of, namely the assumption made about the 

nature of the macroscopic contributions to the surface tension. We assumed that the sum of 

macroscopic contributions from the hydrocarbon-water and hydrocarbon-air interfaces equals 

to the surface tension of pure water for the decyl chain. This holds very well when comparing 

between surfactants with hydrocarbon chains of equal length and isomeric composition. When 

comparing with the longer chain there is an increase in the macroscopic contributions in 

similarity to liquid hydrocarbon, where the increase in chain length from n-decane to n-

dodecane results in an increase in the surface tension. The magnitude of the change in 

macroscopic surface tension contributions upon lengthening the chain is around 1.7 mN/m 

between C12-Mal and C10-Mal. The corresponding increase for liquid n-alkanes is 1.8 

mN/m56,57. The surface pressure of C12-Mal, C10-Mal, C10-Glu and the 1:1 mixture fitted with 
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the hard-disc pressures and the corresponding hydrocarbon chain configurational pressures 

are displayed in fig. 25. 
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Figure 25. Surface pressure for C10-Mal (highest surface pressure) the drawn line 

corresponding to the experimentally determined surface pressure, the dotted line 

corresponding to the fitting function using -γconf(C10) and a two-state hard disc model with 

sizes 32 and 14 Å2. For C12-Mal (second highest surface pressure) the dotted line corresponds 

to the fitting function using -γconf(C12), a two-state hard disc model with sizes 32 and 14 Å2 

and deducting a constant contribution of 1.7 mN/m to account for the macroscopic 

contributions. For C10-Glu (lowest surface pressure) one hard disc of size 11.8 Å2 and -

γconf(C10) were used to fit the surface pressure increase. Also shown is the surface pressure of 

the 1:1 mixture (second lowest surface pressure) with two hard discs (22.9 and 11.3 Å2) and -

γconf(C10) to fit the surface pressure increase. 

 

The separate free energy contributions of the adsorbed layers (cf. equation (34)) of C12-Mal 

and C10-Mal are presented in fig. 26. 
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Figure 26. Free energy contributions to the adsorbed layers of C12-Mal, drawn lines, and C10-

Mal, dotted lines. 

 

Notably, the request that the head-group should have the same free energy regardless of it 

being close to a decyl or a dodecyl hydrocarbon tail layer results in the absolute value of εconf 

being shifted to quite low values, around 0.16 kT at the minimum (cf. fig. 22). This however 

can be regarded as an approximation, since we can not exactly determine the effect on εpg 

when changing the hydrocarbon chain length. 

 

Note that this analysis requires strict separation between the phase where head-groups and 

water mixes and the hydrocarbon chain phase. This can only be assumed with a highly 

hydrophilic head-group with great free energy penalties for mixing any part of the head-group 

with the hydrocarbon chains. 

 

3.4.3 Partial mixing of the head-group and hydrocarbon tail phase 

 

For systems where the head-group exhibits some miscibility with the hydrocarbon tail phase 

equation (34) will not strictly be valid. To test the effect of this mixing we need measurements 
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of surface tension for two pairs of surfactants with different hydrocarbon tails. In paper V we 

used pairs of ethylene-oxide-based surfactants and pairs of maltopyranosides and 

thiomaltosides. By estimating the difference; 

int10101212 )( γγγγγ =−−− −−−− XCYCXCYC     (43) 

where γint is calculated at equal molecular areas for all components we can obtain the effect of 

the partial interpenetration of the head-group into the hydrocarbon tail phase. For the 

ethylene-oxide surfactants carrying tetra- and penta-ethylene-oxide head-groups the effect 

was rather small, less than 2 mN/m at most. However, γint for the thiomaltoside and maltoside 

head-groups was nearly an order of magnitude greater. γint for the thiomaltoside/maltoside pair 

is displayed in fig. 27. We note that γint does not include for instance the lateral attraction due 

to the excess polarisability of sulphur over oxygen. Hence it is strictly related to the net 

interaction between the hydrocarbon tail phase and the head-group. In equation (34) this 

contribution is taken due note of in εpg.  

0

2

4

6

8

10

12

14

16

18

20

45 50 55 60 65

Area/molecule (Å2)

γ C
12

-S
-M

al
- γ

C
12

-M
al
-( γ

C
10

-S
-M

al
- γ

C
10

-M
al
) (

m
N

/m
)

 
Figure 27. γint for the thiomaltoside/maltoside pair. 

 

For the decyl pair of Mal and S-Mal the surface tension difference in the true liquid-expanded 

phase is quite small. For the dodecyl pair, on the other hand, the surface tension difference is 

of very different magnitude. No granular phase is observed for C12-S-Mal, rather the 
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monolayer is condensed very rapidly. The surface pressures of C12-Mal, C10-Mal, C12-S-Mal 

and C10-S-Mal are presented in fig. 28.  
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Figure 28. Surface pressure of C12-S-Mal, represented by the drawn line with very rapid 

condensation, C10-S-Mal, drawn line with distinct granular regions and the highest 

area/molecule at the cmc, C10-Mal, dotted slim line and C12-Mal, dotted thick line. 

.  

At a surface pressure of 3.5 mN/m the area/molecule for C12-S-Mal is already down at 50 Å2. 

In comparison for C12-Mal 50 Å2 is reached at a surface pressure of about 23 mN/m. At the 

cmc, however, the molecular areas are very much the same. For C12-S-Mal the effect of the 

greater miscibility of the sulphur in the hydrocarbon tail phase apparently forces the head-

group into adopting an orientation, which becomes dominant for C12-Mal at very much higher 

surface pressures. This is in line with the notion of the two-state hard-disc that successfully 

accounted for the head-group interactions for both Mal surfactants. The sulphur tending to 

mix with the hydrocarbon tails probably forces the maltoside head-group into too close 

contact with the hydrocarbon chains. This inevitably leads to the head-group being reoriented 

from the state corresponding to the large hard-disc and adopting a state corresponding to a 

smaller hard-disc. 
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3.5 Entropic contributions to the adsorption of carbohydrate-based surfactants 

 
The surface entropy can be obtained by measurement of the surface tension change with 

temperature, for a pure liquid the results can be directly translated into the excess entropy of 

the surface, Sσ, 

A
S

dT
d σγ

−=       (44) 

For a surfactant solution we can achieve the excess surface entropy according to58, 

sss
dT
d

n
S

T
a b

c

∆µγ σ
σ

σ

−=−−=−−=







∂
∂ )(    (45) 

 

The number of points necessary to make predictions of a differential quantity, such as the 

surface excess entropy, is rather large. Thus, determining the surface entropy is quite difficult, 

whereby we will use equation (45) to make qualitative estimates of the head-group influence 

of Mal and Glu in different regions of adsorption. Isotherms for C10-Mal and C10-Glu at 8, 22 

and 29 °C are presented in figs. 29 and 30, respectively. 
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Figure 29. Surface tension data for C10-Mal at 8 °C, circles, 22 °C, empty squares, and 29 °C, 

triangles. 
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Figure 30. Surface tension data for C10-Glu at 8 °C, circles, 22 °C, empty squares, and 29 °C, 

triangles. 

 

The corresponding surface densities for C10-Mal and C10-Glu are displayed in figs. 31 and 32, 

respectively. 
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Figure 31. Surface densities for C10-Mal at 8 °C, dotted line, 22 °C, drawn line, and 29 °C, 

dashed line (with the clearly highest adsorption). 
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Figure 32. Surface densities for C10-Glu at 8 °C, dotted line, 22 °C, drawn line, and 29 °C, 

dashed line. 

 

Notably the adsorption of C10-Glu in the granular range is more temperature sensitive than for 

C10-Mal. For instance, at 29 °C no granular range could be detected for C10-Glu, whereas the 

granular range persists for C10-Mal at this temperature. In the true LE range, however, the 

adsorption of C10-Glu is hardly affected by the temperature, whereas C10-Mal clearly exhibits 

a rearrangement of the head-group with increasing temperature, yielding higher adsorption at 

higher temperatures. The derived surface pressure isotherms for C10-Mal and C10-Glu are seen 

in figs. 33 and 34, respectively. 
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Figure 33. Surface pressure for C10-Mal at 8 °C, dotted line, 22 °C, drawn line, and 29 °C, 

dashed line. 
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Figure 34. Surface pressure for C10-Glu at 8 °C, dotted line, 22 °C, drawn line, and 29 °C, 

dashed line. 

 

In fig 35. surface tension data of C10-Mal and C10-Glu at temperatures 8, 13, 22, 29 and 37 °C 

in vicinity of the transition from the Henry range is displayed.  
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Figure 35. Surface tension data for C10-Mal, filled symbols, and C10-Glu, empty symbols, at 

temperatures 8 (highest surface tension), 13, 22, 29 and 37 °C (lowest surface tension). The 

lines are just a guide for the eye, dotted lines for C10-Glu and drawn lines for C10-Mal. 

 

The adsorption in the Henry region below 22 °C is not strongly affected by the second 

glucose unit of the Mal head-group. The explanation closest at hand is that the second glucose 

unit maintains a bulk-like state at room temperature and below. Above 22 °C, however, we 

note that C10-Glu adsorbs more readily than C10-Mal. This indicates that the adsorption of the 

Mal head-group is hampered relative to Glu at higher temperatures, probably because of the 

increase in thermal motion of the second glucose unit bringing it in closer proximity of the 

interface. This effectively leads to an entropy gain in having a Glu head-group at the interface 
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rather than a Mal head-group at temperatures higher than room temperature in the Henry 

range.  

 

On forming the surface micelles we note that there are small differences between the 

surfactants, except for at 22 °C and 37 °C. At 22 °C we note that there is a quite large 

concentration interval in which C10-Mal clearly has a lower surface tension than C10-Glu. At 

37 °C we note that the surface tension data for C10-Glu is lower than for C10-Mal at all 

concentrations. For the other temperatures measured the surface tension is just about the same 

at equal concentrations up until approximately 15 µM. Above 22 °C a significant entropic 

gain is at hand for the formation of C10-Glu surface micelles, a seen by a clearly steeper 

cT








∆
γ∆ than for C10-Mal between temperatures 22, 29 and 37 °C, and as the adsorption at 29 

°C is virtually the same for C10-Mal and C10-Glu. However, between 13 and 22 °C we see the 

opposite trend for C10-Glu and C10-Mal, in this region the surface tension difference is clearly 

higher for C10-Mal than for C10-Glu. This primarily reflects that small variations in the head-

group orientation can have a significant impact on the surface micelle structure, and hence the 

adsorption.  
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Figure 36. Surface tension data for C10-Mal at a constant bulk concentration of 0.082 mM. 

 

In the following regime, the granular range, γ(T) at constant a bulk concentration of C10-Mal 

of 0.082 mM is presented in fig. 36.  

 

There are seemingly three distinct regions in the data, between 12 and 20 °C a slope of 0.1 

mN/m⋅K is observed, between 20 and 30 °C the slope changes to about 0.07 mN/m⋅K, and 

finally between 30 and 40 °C the slope is 0.1 mN/m⋅K. In the granular region the differences 

in surface entropy are most noticeable. For C10-Mal the change in surface tension between 22 

and 29 °C at equal bulk concentrations is very slight, and additionally the molecular areas are 

virtually the same, indicating low entropy of adsorption. Interestingly, the change in surface 

tension between 8 and 22 °C exhibits a considerably steeper slope of γ(Τ) at constant 

concentration, indicating that there are differences in the phases between these temperatures. 

In this regime the same behaviour is observed in the dilute micellar range, with a sudden 

increase in the entropy with adsorption of C10-Mal in the region between 13 and 22 °C. This 

indicates that a change in the structure of the micelles is to some degree affects the structure 

of the grains, which can be considered to be in agreement with the lines of the micelle being 

retained in the grain. 

 

In equation (45) we note that the variation of the bulk entropy can be estimated by –kln(x), 

and hence we get: 

dT
dsxk

T
a

c

0

)ln( µγ σ +=−







∂
∂

−     (46) 

Hence, we can obtain the change in surface entropy. The change in surface entropy at 22 °C 

was estimated for C10-Mal and C10-Glu by the rather coarse 
cT









∆
γ∆  obtained from the 

isotherms, cf. figs. 29 and 30, and in some finer detail in the granular range for C10-Mal using 

the slope of 
cT









∂
∂γ  from fig. 36. The change in surface entropy for C10-Mal and C10-Glu is 

displayed in fig. 37. 
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Figure 37. The change in surface entropy for C10-Mal, represented by the drawn line with 

diamonds and C10-Glu, represented by the drawn line with circles. The absolute scale is 

arbitrary. 

 

Notably, we find the surface entropy in the granular range to be quite different for C10-Mal 

than for C10-Glu. For C10-Mal the surface entropy has a minimum with strong increase upon 

both increase and decrease of molecular area, whereas for Glu there is a weak local minimum 

in the granular range. This is reflected in the higher temperature sensitivity of C10-Glu in the 

granular phase. Clearly the very low surface entropy of C10-Mal found in the granular phase 

indicates a considerable degree of order in the monolayer in the granular range, as expected 

for an organised phase with very low compressibility. 

 

3.6 Deriving properties of micelles from surface tension measurements 
 

Knowing the cmc of a surfactant is a prerequisite, of course, for many practical applications. 

For instance, it is only above the cmc that solubilisation of water-insoluble compounds will 

take place. Moreover, insofar as the experiments to determine the cmc values are properly 

planned and analysed, they can furnish valuable insights as regards the properties of micelles.  
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A break-point where the slope of the recorded function changes abruptly is usually considered 

to represent the cmc. Such cmc break-points are, strictly speaking, artefacts, because the 

change arising in the cmc range is in principle always smooth and gradual, something that is 

often difficult to discern with a limited set of data points. Thus, for the most part there is a 

certain degree of arbitrariness implied when making the extrapolations aiming to generate the 

“exact” cmc values. In the end, this circumstance makes cmc:s slightly method-dependent. In 

other words, we can not take it for granted that every single method generates a cmc value in 

close agreement with the condition that at the cmc half of a differential addition of surfactant 

goes into micelles, while the other half is dissolved in the form of monomers59. 

 

A standard method to determine the cmc of a surfactant is to make surface tension 

measurements for a series of solutions of different concentrations. On the low side of the cmc, 

the surface tension decline is often quite rapid in line with the Gibbs surface tension equation. 

Getting close to the cmc, the molecular area, a, certainly continues to diminish, but usually to 

an almost negligible extent. Consequently, we may expect a to stay the same even after the 

cmc, where the chemical potential of the surfactant increases very slowly upon adding more 

surfactant. In that range, the experimental concentration variable is no longer the surfactant 

monomer concentration, c, of course, but the total surfactant concentration, ctot = cmic+c. From 

Gibbs surface tension equation it now appears that in the range from slightly below to well 

above the cmc, -adγ in fact constitutes a handy expression for the increase of the chemical 

potential, dµ,  of the surfactant, as we can put a equal to its value immediately before the cmc, 

i.e., 

γ∆γγµµµ∆ acmcacmc −=−−=−= ))(()(    (47) 

Here ∆γ is simply the recorded change of γ after the cmc. Thus, for a non-ionic surfactant we 

have: 
kTaecmcc /γ∆−⋅=      (48) 

implying that cmic is actually a known quantity that is very easily evaluated. 

 

On the other hand, upon rewriting equation (48) in the form, 
><⋅= N

mic cconstc .      (49) 

where <N> denotes the average number of monomers in the micelle, one can demonstrate that 

the relation 
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holds, which upon combining with the Gibbs surface tension equation yields60, 
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kT
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showing that the in the limit ctot >> c the slope of the γ  vs. ln(ctot) curve is equal to the slope 

immediately before the cmc divided by the average aggregate number <N>.  

 

Upon inserting the cmc criterion, 
><

=
N
ccmic , in equation (51) we get: 
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Consequently the special cmc definition that we have favoured actually corresponds to that 

particular point of the γ  vs. ln(ctot) curve where the slope is half the slope just before the cmc. 

 

To evaluate <N> from the surface tension data above the cmc we can most conveniently start 

out from61, 
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where ε corresponds to the excess free energy of the micelle and φmic the volume fraction of 

micelles. By inserting the Gibbs surface tension equation we get: 

><
−=

Na
kT

cd
d

mic )ln(
γ      (54) 

where now 
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Accordingly by plotting γ  vs. ln(cmic/ctot) we will obtain 
><

−
Na

kT  from the slope. 

 

It is evident however, that only rather crude estimates of <N> are feasible on the basis of 

surface tension measurements alone, as the estimated decrease of the surface tension upon for 

example a ten-fold increase of ctot after the cmc merely amounts to 0.25 to 0.5 mN/m. For 
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C12-Mal surfactant micelles <N> =76 was obtained in solutions ranging from 1 to 100 mM. 

Surface tension data of C12-Mal in close proximity of the cmc is displayed in fig. 38.  

Yet, one has to bear in mind that the assumption invoked here of a constant average 

aggregation number is approximately valid. In fact <N> is expected to increase by several 

percent for a change of ctot by one order of magnitude. This can be derived by62, 
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where σN corresponds to the variance, or size distribution width, of the micelles. Typically σN 

is on the order of 10. 
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Figure 38. Surface tension data for C12-Mal below and well above the cmc. The arrow marks 

the obtained cmc value. The average number per micelle obtained is 76. 

 

4 Surface forces 
 

Some types of surface forces will briefly be discussed in this section to illuminate some of the 

common interactions between matter in solution. For a thorough description see ref.63. The 

forces acting between particles dispersed in solution will determine whether the particles will 
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coagulate, flocculate or remain in a stable dispersed state. For instance the use of surfactants 

in solution lowers the interfacial energy of hydrophobic particles whereby such a dispersion 

can be stabilised. Using different surfactants we may alter the interactions between the 

particles in various ways without changing the basic chemistry of the particle itself. This is an 

indication of the practical importance of understanding fundamental forces between particles 

and the alterations in interactions that adsorbed layers can cause.  

 

The measured forces between curved surfaces can be interpreted in terms of the Gibbs free 

energy/unit area, G, of two flat surfaces using the Derjaguin approximation64, which is valid 

for separation distances, x << R, 

G
R
F π2=       (57) 

where F is the measured force between two cylindrical surfaces of radius R.  

 

4.1 DLVO-forces 
 

With DLVO-forces65,66 we mean van der Waals forces and double-layer forces that are the 

ones that are considered in the classical DLVO-theory. These two force contributions will be 

considered briefly below. 

 

4.1.1 van der Waals forces 
 

van der Waals forces exist between all matter. It is an interaction based on the perpetual 

motion of the electrons and the polarity of molecules. vdW forces are in fact a sum of three 

related types of forces, namely London, interactions between induced dipoles, Keesom, 

interactions between permanent dipoles, and Debye, between induced and permanent dipole 

(other less important contributions also exist). The forces are not pair-wise additive whereby 

treatment of these forces between molecules become cumbersome unless the density of 

particles is low enough to assume that pair-wise interactions are of main importance, which is 

done in the famous vdW equation derived by J. D. van der Waals67, 
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where P is the pressure, k2 and k3 are constants, V the volume, n the number of molecules. 

Here we note that the constant k3 is related to the volume inaccessible for other molecules 

when the molecules are treated as hard spheres instead of mass points and k2 is related to the 

attractive interactions between the molecules. Notably the attractive interactions are related to 

the square of the density, or r-6, where r is the average distance between the particles. This 

model hence accounts for the condensation of molecules under appropriate pressure and 

temperature. Between macroscopic bodies the van der Waals forces are of longer range than 

between molecules, for instance the interaction energy, W, between two flat surfaces as a 

function of the separation between the surfaces, D, yields, 

212
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D
ADWvdW π

−=      (59) 

where A is the so-called Hamaker constant68. A theory accounting for van der Waals forces 

between macroscopic particles was devised by Lifshitz, where bulk dielectric properties of the 

material can be used to calculate the interactions. The Hamaker constant for two bodies 1 an 2 

interacting across medium 3 is in the Lifshitz theory68-70 approximately given by, 
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where ε is the static dielectric constant, νe the main electronic absorption frequency in the 

UV-region assumed to be the same for all media, n the refractive index in the visible region 

and h the Planck constant. Equation (3) states that interactions between like bodies is always 

attractive and that the smaller the difference in dielectric properties between the particles and 

the surrounding media the smaller the net interaction.  

 

4.1.2 Electrostatic forces 
 

In water solution some surfaces, depending on the surface chemistry become charged due to 

ionisation or dissociation of surface groups. This results in a balance between the thermal 

motion of the ions and the electrostatic attraction of the surface. The net result is an excess of 

counterions close to the surface and a deficit of coions. The layer of counterion excess is 

referred to as the diffuse layer. The Poisson-Boltzmann equation describes interactions 

between charged surfaces, for an infinite flat surface it yields, 
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where ψ is the electrostatic potential, x the separation between the surfaces, e the magnitude 

of the electronic charge, ε0 the permittivity of vacuum, εr the relative permittivity, zi the 

valency of ion i and ci,∞ the bulk concentration of ion i. Solving equation (61) with the right 

boundary conditions can yield the potential, the electric field and the counterion density as a 

function of the separation. At low surface potentials, ekT<ψ , equation (61) for two spheres 

of radius R can be solved to yield,  

r
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πσ κ

0

2
02 −

=      (62) 

where F is the force, σ0, the surface charge density, which in this case is related to the surface 

potential by, σ0 = ε0εrκψ, and κ-1 the Debye length given by, 
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where we note the strong dependence on bulk electrolyte concentration of the range and 

magnitude of the force. At greater surface potentials the double layer force can be calculated 

by a numerical algorithm.  

 

4.2 Non-DLVO forces 
 

4.2.1 Hydrophobic interaction 
 

The attraction between to hydrophobic surfaces exceeds the predictions of van der Waals 

interactions in range and magnitude. The hydrophobic interaction is to this date poorly 

understood. A plethora of models have been presented to account for this force, but so far its 

origins are somewhat unclear. For comments on this issue read ref.72.  

 

4.2.2 Steric interactions 
 

Steric forces are related to the configurational freedom of molecules adsorbed at a surface. As 

the surface separation decreases a repulsive force emerges73. Steric forces are by nature 

related to the size of the molecules and normally increase in range for larger adsorbed 

molecules. For a monolayer of adsorbed non-ionic surfactant molecules the orientational 
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states and motions of the molecules perpendicular to the monolayer are reduced with 

decreasing surface separation and hence a repulsive force is observed.  

 

4.3 Forces between thiolated hydrophobic gold surfaces in surfactant solution 
 

The surfaces used in these experiments are constituted by hexadecylthiol attached to a gold 

surface by means of gold-thiol covalent bonding. The crystalline layer of hexadeyl chains 

renders the surface hydrophobic and uncharged74. In paper II we study the forces between 

such surfaces immersed in 3 mM, the cmc is 2 mM, solution of C10-Glu and C10-Mal as a 

function of separation employing the MASIF instrument. 
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Figure 39. Forces between thiolated gold surfaces in 3 mM C10-Mal, filled symbols, and C10-

Glu, empty symbols. 

 

The forces between the surfaces in water solution were as expected highly attractive and long-

range. In contact the force of adhesion proved to be higher than 100 mN/m. Upon adding 

surfactant to the water solution a different force profile emerged. The forces were now instead 

repulsive at short distances, 3 nm from hard wall contact. The forces between thiolated gold 

surfaces in 3 mM C10-Mal and C10-Glu are displayed in fig. 39.  
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The repulsive regime can be attributed to monolayer-monolayer contact. This enables 

calculation of the approximate thickness of the head-group layer, since the surface densities 

between C10-Mal and C10-Glu at the air-water interface differ by approximately 10 Å2, around 

50 and 40 Å2, respectively. The thickness of the head-group layer is hence around 7.5 Å for 

C10-Glu and 9 Å for C10-Mal, which indicates the difference in orientation of the head-

groups75. At low driving velocities an attraction could be detected prior to the monolayer-

monolayer contact, however, by far the greatest contribution to the forces at such short 

distances are of hydrodynamic origin. Therefore the hydrodynamic force had to be deducted 

from the total force. The hydrodynamic force76 given by,  

dt
dx

x
R

R
xxF Slip

2
3)2( η

=
−

     (64) 

where η is the bulk viscosity, 
dt
dx  the local driving velocity, xSlip the position from where the 

solution drains and 
)( 21

21

RR
RR

R
+

= , due to the use of spherical surfaces, where R1 and R2 are 

the radii of the two spheres. The detailed analysis is presented in paper II. Deducting the 

hydrodynamic force, with the slip plane placed at monolayer-monolayer contact at low 

driving velocities, resulted in an estimate of the Hamaker constant. This was found to be 

2.5⋅10-20 J with x=0 set at the hard wall contact. Analysis of the Hamaker constant for 

thiolated surfaces across water has been performed by Ederth77. He found a maximum of 

around 8⋅10-20 J at x=10 nm, decreasing with decreasing surface separation. In these 

experiments it was found that at around 3 nm separation a steep repulsive force is dominant. 

This stems from the resistance of the surfactant molecules to leave the contact zone and is 

mainly of steric origin. The loads at which the surfactant molecules where forced out of the 

gap was rather low, considerably lower than for fluid hydrophobic interfaces where the 

surfactant molcules penetrate into the fluid layer48.  

 

4.4 Forces between β-cyclodextrin covered mica surfaces in admantane-grafted 

polyethylene-oxide solution 
 

In paper VI a study of the surface forces for β-cyclodextrin covered mica surfaces in 

admantane-grafted polyethylene-oxide (Ad-PEO) solution was conducted using the 

interferometric surface forces apparatus. A cationic polymer containing β-cyclodextrin 
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(β−CD-EPN) was adsorbed onto mica surfaces from solution. The association between 

hydrophobic molecules and the β-cyclodextrin cavity has been extensively studied78-81. The 

resulting forces proved that the charge of the mica surface was charge compensated by the 

adsorption and a resulting dense layer of polymer of thickness 30 Å per surface covered the 

mica. Upon separation a weak adhesive force was detected. The forces between β−CD-EPN 

covered mica is displayed in fig. 40.  
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Figure 40. Forces between β−CD-EPN covered mica. Filled symbols represent the forces on 

approach and empty symbols forces on separation. 
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Figure 41. Forces between β−CD-EPN covered mica in 4-Ad-PEO solution. Filled symbols 

represent the forces on approach and empty symbols forces on separation. 

 

Upon dilution 3000 times the polymer layer was not removed. Introduction of four-arm tetra-

grafted Ad-PEO (4-Ad-PEO)lead to an increase in the layer thickness and an increase in the 

adhesion between the surfaces. This was attributed to the specific interaction between the 

admantane-group and the β-cyclodextrin cavity. The forces between β−CD-EPN covered 

mica in 4-Ad-PEO solution is shown in fig. 41. 

 

The comparatively large increase in layer thickness clearly indicates a rather high adsorbed 

amount of Ad-PEO on the surfaces. However, upon diminishing surface separation only an 

attractive force was detected, indicating that the polymer does not stretch far from the surface. 

Upon separation adhesion of around 1 mN/m was observed, this is suggested to be due to the 

interaction between admantane and β-cyclodextrin. The comparatively low adhesion detected 

can be related to the interaction between the polyethylene-oxide chain and the hydrophobic 

admantane-group, as the wrapping of the polyethylene-oxide chain around the admantane-

group. This reduces the excess free energy of the admantane in water solution.  
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From viscosity measurements it was found that the PEO backbone and the β−CD-EPN do not 

interact strongly in solution, whereas the complex formation of Ad-PEO and β−CD-EPN 

increases the viscosity significantly. Hence, the forces detected can be related to the 

interaction between the admantane-group and the β-cyclodextrin cavity. 

 

5. Conclusions 
 
We have found support for the orientation of adsorbed surfactant molecules in the Henry 

range in the surface plane, mainly due to the large free energy contribution from annihilation 

of air-water interface at constant total surface area. The transition from the Henry range for 

many carbohydrate-based surfactants is a result of the formation of small clusters of 

molecules, called surface micelles. Using a Helfrich expression for a short cylinder we were 

able to account for the formation of stable surface micelles, due to the line tension and its 

curvature dependence acting on the surface micelle edge. The interactions between surface 

micelles could be accounted for by the hard-disc equation of state. The surface micellar phase 

undergoes a transition in which the lines of the micelles are kept intact, forming a so-called 

granular phase. In the granular range surface tension lowering occurs at almost constant 

molecular area. We envision the granular phase to cover the entire surface with severely 

distorted surface micelles, i.e. grains, packed hexagonally. The stability of the granular phase 

is probably a combination of efficient shielding of the hydrocarbon-water interface and short-

range attractive forces between the head-groups. The surface entropy for C10-Mal and C10-Glu 

was estimated and found to be at a minimum in the granular range for C10-Mal, indicating 

strong ordering in the monolayer at room temperature. At a critical concentration all grain 

boundaries are annihilated with the following formation of a true liquid-expanded (LE) phase. 

In the true LE phase the surface is covered by a fluid hydrocarbon tail phase of even “bulk” 

density. The interactions between the head-groups of sugar-based surfactants are well 

accounted for by hard-discs. Using the hard-disc model on a mixed solution of C10-Mal and 

C10-Glu resulted in an accurate prediction of the surface fractions, which enabled us to deduce 

the configurational surface pressure of decyl hydrocarbon chains. This was used to estimate 

the surface pressure contributions from the maltoside and glucoside head-groups. The average 

number of monomers in a C12-Mal micelle was determined by surface tension measurements 

above the cmc and was found to be 76. Surface forces measurements in C10-Mal and C10-Glu 

solutions above the cmc on crystalline hydrophobic surfaces proved that the surfactant 
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molecules desorb at low applied loads. Surface forces measurements in admantane grafted 

polyethylene-oxide solutions between mica sheets covered by cationic polymer containing β-

cyclodextrin were made to investigate the interaction between the β-cyclodextrin cavity and 

the hydrophobic admantane. An increase in both adsorption and adhesion was detected upon 

introduction of the admantane-grafted polyethylene-oxide. The adsorption was certainly 

related to the admantane-β-cyclodextrin interaction and the adhesion between the layers could 

be related to the bridging of the polymer chains. 
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