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“… 

I stand amid the roar 

Of a surf-tormented shore, 

And I hold within my hand 

Grains of the golden sand — 

How few! yet how they creep 

Through my fingers to the deep, 

While I weep — while I weep! 

O God! Can I not grasp 

Them with a tighter clasp? 

O God! can I not save 

One from the pitiless wave? 

Is all that we see or seem 

But a dream within a dream?” 

Edgar Allan Poe (1849) 
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ABSTRACT 
For more than a hundred years of interfacial science, long chain fatty acids have been the 

primary system for the study of floating monolayers at the air–water interface due to their 

amphiphilic nature and system simplicity: an insoluble hydrocarbon chain and a soluble 

carboxyl group at a flat air–water interface. Despite―or perhaps rather due to―the assumed 

simplicity of such systems and the maturity of the research field, the seemingly 

fundamentally rooted notion of a two-dimensional water surface has yet to be challenged. 

The naturally occurring methyl-branched long chain fatty acid 18-methyleicosanoic acid and 

one of its isomers form monolayers consisting of monodisperse domains of tens of 

nanometres, varying in size with the placement of the methyl branch. The ability of domain-

forming monolayers to three-dimensionally texture the air–water interface is investigated as 

a result of hydrocarbon packing constraints owing to the methyl branch. 

In this work, neutron reflectometry has been used to study monolayers of branched long chain 

fatty acids directly at the air–water interface, which allowed precise probing of how a 

deformable water surface is affected by monolayer structure. Such films were also transferred 

by Langmuir–Blodgett deposition to the air–solid interface, and subsequently imaged by 

atomic force microscopy. Combined, the results unanimously―and all but 

unambiguously―show that the self-assembly of branched long chain fatty acids texture the 

air–water interface, inducing domain formation by a local curvature of the water surface, and 

thus controverting the preconceived notion of a planar air–water interface. The size and shape 

of the observed domains are shown to be tuneable using three different parameters: in mixed 

systems of branched and unbranched fatty acids, with varying hydrocarbon length of the 

straight chain, and altering subphase electrolyte properties. Each of these factors effectively 

allows changing the local curvature of the monolayer, much like analogous three-

dimensional systems in bulk lyotropic crystals. This precise tuneability opens up for 

sustainable nanopatterning. Finally, the results lead to a plausible hypothesis of self-healing 

properties as to why the surface of hair and wool have a significant proportion of branched 

fatty acid. 

Keywords: self-assembly, branched fatty acids, Langmuir films, Langmuir–Blodgett, 

nanopatterning, AFM, neutron reflectometry  
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SAMMANFATTNING 
Under mer än hundra år av ytkemisk forskning har långa fettsyror utgjort ett standardsystem 

vid studier av monomolekylära skikt på fasgränsytan mellan luft och vatten. Här utnyttjas 

systemets enkelhet och fettsyrors amfifila egenskaper: de består av en hydrofil karboxylgrupp 

och en hydrofob kolkedja, vilket leder till att de adsorberas på en plan vatten–luftgränsyta. 

Systemets antagna enkelhet och fältets mognad till trots – eller snarare till följd av detta – har 

lett till att den förutfattade uppfattningen om en tvådimensionell vattenyta ännu ej ifrågasatts. 

Den naturligt förekommande förgrenade fettsyran 18-metyleikosansyra och en av dess 

isomerer bildar monoskikt bestående av tiotals nanometer stora monodispersa domäner vars 

storlek varierar beroende på metylförgreningens placering på kolkedjan. Här undersöks hur 

dessa domäntäckta monoskikt strukturerar den underliggande vattenytan ut ur det 

tvådimensionella planet till följd av hur metylförgreningen begränsar intilliggande kolkedjors 

tätpackningsförmåga. 

I avhandlingen har neutronspridning använts för att studera monoskikt av förgrenade 

fettsyror direkt på vatten–luftgränsytan. Metoden har möjliggjort att noggrant undersöka hur 

en formbar vattenyta påverkas av monoskiktets tredimensionella struktur. Sådana monoskikt 

har även överförts till fasta ytor med hjälp av Langmuir–Blodgettdeponering för att därefter 

karakteriseras med atomkraftsmikroskopi. Sammantaget har resultaten från dessa 

mättekniker enhälligt – om än allt utom strikt – bevisat att självassociering av grenade 

fettsyror kröker den underliggande vatten–luftgränsytan, vilket medför de uppvisade 

egenskaperna till domänformation. Detta bestrider föreställningen om en plan vattenyta. 

Form och storlek hos de observerade domänerna kan regleras genom att ändra kompositionen 

i blandsystem med förgrenade och raka fettsyror, variera längden på den raka fettsyran och 

genom att ändra subfasens elektrolytsammansättning. Vardera av dessa parametrar möjliggör 

lokal förändring av monoskiktets och därmed vattenytans krökning, vilket kan likställas med 

motsvarande självassocierande tredimensionella strukturer som miceller och flytande 

kristallina faser. Denna precisa styrning av domänformationen gör det möjligt att med hållbar 

kemi skapa varaktiga nanostrukturerade ytor. Slutligen har resultaten från den här 

avhandlingen lett fram till en hypotes relaterad till självläkande egenskaper, som beskriver 

varför den grenade fettsyran 18-metyleikosansyra står för en betydande del av 

fettsyrakompositionen på hårets yttersta gränsskikt. 

Nyckelord: grenade fettsyror, Langmuir monoskikt, Langmuir–Blodgett, självassociering, 

nanostrukturerade material, AFM, neutronspridning  
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19-MEA 19-methyleicosanoic acid (biomimetic methyl-branched fatty acid) 

ACMW air contrast-matched water (also known as non-reflecting water, a mix of 
8.1 % D2O in H2O, leading to a neutron scattering length density of zero) 

AFM atomic force microscopy (surface characterisation technique with molecular 
resolution) 

BAM Brewster angle microscopy (surface characterisation technique with 
micrometre resolution for real-time imaging of floating monolayers) 

EA eicosanoic acid (C20 long chain saturated fatty acid also known as arachidic 
acid) 

FT Fourier transform (mathematic decomposition of a signal to its frequency 
constituents. Can be used in image analysis to determine characteristic 
length-scales and ordering) 

GID grazing incidence diffraction (surface characterisation technique of 
crystalline structures) 

GISANS grazing incidence small angle neutron scattering (surface characterisation 
technique with tuneable probing depth of nanostructured thin films)  

GISAXS grazing incidence small angle X-ray scattering (surface characterisation 
technique of nanostructured thin films) 

HA hexadecanoic acid (C16 long chain saturated fatty acid also known as 
palmitic acid) 

LB Langmuir–Blodgett (deposition technique to transfer floating films from the 
air–liquid interface to the air–solid interface) 

NR neutron reflectometry (surface characterisation technique for stratified 
media) 

OA octadecanoic acid (C18 long chain saturated fatty acid also known as stearic 
acid) 

PFTE polytetrafluoroethylene (widely used hydrophobic fluoropolymer, here 
constituting Langmuir troughs) 

POM polyoxymethylene (industrially important thermoplastic, here constituting 
Langmuir trough barriers) 

SLD scattering length density (unit of scattering power used in X-ray and neutron 
scattering denoted by 𝜌)  

XRR X-ray reflectometry (surface characterisation technique for stratified media)
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1. INTRODUCTION 
The English expression to pour oil on troubled waters means to relax a tense situation or a 

heated argument, and bears the same idiomatic meaning when translated to both German and 

Swedish. It originates from the phenomenon that oil spreading on water calms its surface 

waves, a fact which has been known and exploited for centuries. An early account of this is 

described in the extensive encyclopaedia Naturalis Historia, written by the Roman author, 

commander, naturalist, and natural philosopher Pliny the Elder (23–79 CE).1 He described 

how divers used to send out small quantities of oil kept in their mouths, to let it calm the 

surface water above them, allowing sunlight to refract more homogenously through the 

surface and thus increase visibility. In 1774, Benjamin Franklin reported a similar occurrence 

in a correspondence to the scientist Dr. Brownrigg, describing how a wind-riddled surface of 

thousand square metres turned smooth as a mirror after a teaspoon of oil had rapidly spread 

on the surface.2 It had to wait another century to start understanding these observations, and 

to systematically describe them in a scientific manner. In the late nineteenth century, when 

surface science and surface chemistry were emerging as disciplines, Agnes Pockels, 

independently of recent experiments by Lord Rayleigh (John William Strutt),3 used kitchen 

utensils to meticulously and methodically describe how impurities affect the surface tension 

of a clean water surface.4–6 The methods to describe floating monomolecular thick layers at 

the air–water interface, described by Pockels in 1891, were further extensively developed by 

Irvin Langmuir in parallel with William Harkins in 1917, and later named after Langmuir.7–

10 It would take another 20 years until Kathrine Blodgett transferred floating monolayers onto 

glass slides, making macroscopic coatings with a thickness of one molecule.11–14 This simple 

way of transferring thin films from the air–liquid interface to the air–solid interface was duly 

named Langmuir–Blodgett (LB) depositions and proved paramount to surface science. The 

first studies of films at the air–water interface and depositions thereof were conducted with 

fatty acids, phospholipids, and proteins.11,13–21 Fatty acids, consisting of a carboxylic acid 
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group and an aliphatic hydrocarbon chain of varying length, are essential in biological 

systems, as an energy source as well as building blocks for phospholipids, composing cell 

membranes.22,23 Mimicking biological membranes has become an important use of the 

Langmuir trough, for example in the study of lung surfactant function and membrane–drug 

interactions.24–27 

Mesoscopic domain formation in floating monolayers has been observed for a range of 

amphiphilic semi-fluorinated compounds, after being transferred via LB deposition to solid 

substrates.28–33 Such self-assembling monodisperse domains range in size between 10 and 

100 nanometres, contain several hundred molecules, and display circular to irregular 

elongated structures. Although the stability of the transferred films is questionable, domain-

forming films of semi-fluorinated alkanes have been suggested for surface patterning in 

materials science as well as medical applications due to their chemical inertness.34 Precisely 

the chemical inertness of fluorinated compounds is also a concern, as such compounds 

display unusual longevity in nature, leading to bioaccumulation.35–39 

Recently, similar domain-forming properties were discovered for long chain methyl-

branched fatty acids. The naturally occurring 18-methyleicosanoic acid (18-MEA) is found 

on the outermost surface of mammalian hair, and was studied together with 19-

methyleicosanoic acid (19-MEA), and their straight chain analogue eicosanoic acid (EA).40 

Upon deposition from a subphase containing cadmium chloride (a commonly used salt in the 

study of fatty acid monolayers), the branched fatty acids showed domain formation of 

monodisperse size, regulated by the positioning of the methyl branch, whereas the straight 

chain EA, showed no domain formation. The packing constraint induced by the methyl 

branch was thus suggested to account for domain formation. It was furthermore hypothesised 

that the domains, formed at the air–water interface, would force the underlying water to 

locally deform to accommodate for the curvature of the film, induced by the mismatch in 

hydrocarbon packing. This was a novel realisation in the study of self-assembly at the air–

water interface, which hitherto had been considered as flat surface, except for the presence 

of thermally excited capillary waves.41,42 Lacking the techniques to strengthen the suggested 

topographical influence of the air–water interface due to domain formation, the investigation 

stopped short of providing in-situ evidence for the hypothesis. A few questions remained 

unanswered, which below have been formulated into the hypotheses permeating this thesis. 
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Hypotheses 

The work in this thesis aims to investigate the deformability of a macroscopically flat water 

surface under the influence of a monolayer of methyl-branched long chain fatty acids. The 

basis for the investigation has thus been formulated into four consecutively dependent 

hypotheses. 

1. Domain-forming films of long chain methyl-branched fatty acids, forming at the air–

water interface, texture the underlying water subphase three-dimensionally in order 

to accommodate the packing constraints imposed by the methyl branch. 

2. If 1. is true, it should be possible to mediate the effect of the packing constraint, and 

thus the curvature, in a systematic way by mixing the branched fatty acid with a 

straight chain analogue. 

3. If the domain formation can indeed be explained by the concept of a packing 

parameter, then the structures formed on this basis should be thermodynamically 

stable at the air–water interface and be resistant to decomposition when transferred 

to the air–solid interface. 

4. By employing the concept of a packing parameter, the headgroup area should also 

be a control parameter for the domain assembly, in addition to the alkyl chain 

volume; varying subphase conditions should thus allow control of the morphology 

and topography of the air–water interface. 

In an effort to strengthen and answer these hypotheses, a number of instrumental techniques 

have been employed, which are explained in the section Scientific Context. Details of specific 

instruments, chemicals, and procedures are presented in the section Instrumentation. The 

scientific findings presented in research articles I–IV are condensed and evaluated in the 

Summary of Results. Lastly, these hypotheses are revisited in light of the results in the 

Conclusions section together with Outlooks for the research field. 
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2. SCIENTIFIC CONTEXT 
This section of the thesis aims to provide the reader with the fundamentals of surface science 

at the air–water interface and the instrumentation used in this thesis to study surface 

phenomena.  

2.1 Fatty acids and Langmuir monolayers 

The work done in this thesis has focused on the interplay between a handful of different fatty 

acids at the air–water interface. A brief introduction is given to the studied fatty acids and 

their relevance in nature, followed by a more in-depth review of the central technique used 

for monolayer preparation throughout the thesis work, namely the Langmuir trough.  

2.1.1 Fatty acids 

Fatty acids are encountered in everyday life, with two examples being the short chain water 

soluble acetic acid, used in vinegar, and the water insoluble stearic acid (octadecanoic acid, 

OA), for example used to make candles. The defining functional group of the fatty acid is the 

carboxyl group, making it a weak acid with a pKa close to 5, irrespective of hydrocarbon 

chain length.43 Variations in the length, saturation and branching of the hydrocarbon chain 

are thus what differentiate fatty acids and lipids derived from them. Figure 1 shows the twenty 

carbon long saturated branched fatty acid 18-MEA. 

 
Figure 1. Structural formula of the saturated methyl-branched long chain fatty acid 18-MEA. 

Unsaturation—the addition of a C–C double bond—forces a fixed kink in the fatty acid 

hydrocarbon chain, leading to packing constraints between fatty acid molecules, and thus a 
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lowered melting point compared to a saturated counterpart.44 An example is again the C18 

OA with a melting point of around 69 °C compared to its monounsaturated counterpart oleic 

acid (commonly found in olive oil), which has a melting point of 14 °C. The importance of 

this is easily understood by observing the amount of unsaturated fat in vegetable oils and the 

climate in which they naturally occur. Fatty acids are furthermore the essential building 

blocks for phospholipids, of which our cell membranes are composed, where membrane 

fluidity is a direct consequence of alkyl chain composition and degree of unsaturation.45–48 

The addition of a methyl branch to a saturated fatty acid also induces packing constraints of 

hydrocarbon chains, where the placement of the methyl branch relates to the decreased 

melting point of the fatty acid compared to the straight chain analogue.49–51 Although often 

found in lipid membranes of bacteria, branched fatty acids are not as prevalent in 

mammals.52–54 An exception to this is at the surface of mammalian hair.  

Mammalian hair is a proteinaceous fibre composed of a cortex and a cuticle, where the former 

is built up by alpha-keratin, hierarchically coiled into micro fibrils and subsequently into 

macro fibrils.55 The hair cuticle consists of flattened keratinised cells layering—similarly to 

roof tiles—to form a protective layer around the hair cortex and provide it with structural 

integrity.56,57 The outermost surface layer of the cuticle, the so-called epicuticle, is coated 

with a protective hydrophobic barrier of long chain fatty acids, covalently bound to the 

cysteine-rich underlying protein matrix via thioester-linkage.58,59 The major component of 

the bound fatty acids is the antepenultimately methyl-branched 18-MEA (Figure 1), varying 

around 40–70 wt.% with an increased fraction with decreasing hair strand diameter.60,61 The 

high fraction of 18-MEA, together with the energy required by the body to synthesise the 

compound,62 strongly suggests it fills a specific role at the hair surface. The methyl branch 

decreases the melting point on the fatty acid from 82 °C to 56 °C, compared to its straight 

chain analogue. As this temperature is still well above the body temperature, this would tend 

to suggest a cooperative role of the other components of the lipid barrier in order to induce a 

liquid-like behaviour in the protective barrier of bound fatty acids, thus covering a larger area 

on the cuticle.61 This route to disrupt chain packing and increase membrane fluidity is 

normally achieved with chain unsaturation in cell membranes,63 however, this is not a 

possibility in the oxidative environment of the hair surface. Furthermore, 18-MEA has been 

suggested to act as a boundary lubricant, reducing friction between hair strands,64–66 and even 

to display bacteriostatic properties.67,68 Nevertheless, a conclusive evidence for the precise 

role, and the reason for the positioning of the methyl branch of 18-MEA remains 

unknown.64,65,69–72  



    Scientific Context 

7 
 

In September 2015, the United Nations General Assembly adopted the 2030 Agenda for 

Sustainable Development.73 This resolution lists 17 goals for sustainable development, 

specified in 169 targets, spanning three focus areas of development: economic, social, and 

environmental. The work in this thesis bridges three research fields affecting societal 

development. First, the study of fatty acid monolayers and phospholipid model membranes, 

and their respective interactions with metal ions, increases our fundamental understanding of 

biological functions, such as phospholipid membrane phase behaviour as influenced by metal 

cations,74,75 and carboxylate–metal interactions, important for water purification via ion-

exchange.76–79 This aims towards fulfilling Goal 6, for clean water and sanitation, as well as 

Goal 14, targeting conservation and scientific knowledge of life below water. Second, using 

the LB technique, it is possible to deposit well-defined nanostructured thin films on the 

square metre scale at ambient conditions, utilising a simple water surface as template, and 

without the need for energy consuming heating or vacuum technology, in line with the 12 

Principles of Green Chemistry.80,81 Here, Goal 9 aims to promote and foster innovation and 

Goal 12 aspires to ensure sustainable consumption and production patterns. Third, and 

finally, the writing of this thesis has taken place in the midst of the Covid-19 pandemic 

outbreak, locking down entire countries. In times like these, mass immunisation and vaccine 

research82 is as important as the ever-present fight against an increasing antibiotic 

resistance83,84. The monomolecular thick fatty acid barrier protecting the outermost surface 

of mammalian hair, consisting primarily of 18-MEA, which, having shown possible 

antibacterial properties, could prove important in the development of antibacterial surfaces 

to combat multi-resistant bacteria, in line with Goal 3: ensure healthy lives and ensure well-

being for all at all ages.67,68 

2.1.2 The Langmuir trough and floating monolayers 

The polar and hydrogen bonding properties of the carboxyl group renders it hydrophilic: 

attracted to water. A hydrocarbon chain on the other hand is repelled by water due to the 

hydrophobic effect.85,86 A fatty acid thus consists of both a hydrophilic and a hydrophobic 

entity, making it amphiphilic and thus with a tendency to enrich at the air–water interface. 

Such a molecule is commonly referred to as a surface-active agent—a surfactant. The 

solubility of a surfactant is determined by the interplay between headgroup–water dipolar 

interactions and hydrocarbon chain–water repulsion. A reduced energy by hydrogen bonding 

enthalpy, hydration, and entropy of mixing outweighing the energy gain of phase separation 

leads to the solubility of a short chain fatty acid like acetic acid. On the other hand, for a long 
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chain fatty acid, the hydrophobic effect from the increased hydrocarbon chain length 

becomes predominant; the entropic energy of mixing and the enthalpic energy reduction of 

creating a hydrogen-bonded water cage around each hydrocarbon chain are outweighed by 

the entropic penalty of a rigid water cage, leading to phase separation.85,86 This energy 

balance is not black and white, leading to only soluble or insoluble surfactants (one might 

even argue that a certain degree of solubility is required to be deemed surfactant). Partially 

soluble surfactants agglomerate in water at a certain bulk concentration, the so-called critical 

micelle concentration. The interplay between surfactant headgroup and tail volume is 

described by a so-called packing parameter, which explains the myriad structures of self-

assembly systems.87,88 This is a research field extending far beyond this thesis and the 

comparatively superficial study of the air–water interface.89,90  

The Langmuir technique and LB depositions of insoluble surfactants for studying floating 

films of a single layer of molecules (monolayers), has long been—and still is—of great 

fundamental interest in the field of surface science. Preparing such monolayers at a water 

surface to study surfactant self-assembly is quite simple in theory, however, it requires a high 

degree of cleanliness and finesse to be carried out properly. For the purpose of monolayer 

preparation, a Langmuir trough is used, which is a shallow container with a high area–volume 

ratio, usually made of polytetrafluoroethylene (PTFE) for maintaining a raised meniscus of 

water, and for chemical inertness. A schematic representation of a Langmuir trough is 

presented in Figure 2. The water surface area accommodating the surfactant of choice is 

controlled with movable barriers, normally made from a hydrophilic polymer, such as 

polyoxymethylene (POM). 
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Figure 2. Schematic drawing of a Langmuir trough with an ordered monolayer contained on the surface 
between the movable barriers. Successive depositions can be made at different surface pressures on the 

pre-scribed submerged solid substrate. The sections can then be analysed individually with 
complementary techniques. A temperature probe is connected to a circulating heating–cooling unit to 

control the subphase temperature. 

The surface tension of the system is measured by a balance connected to a Wilhelmy plate at 

the air–water interface. The plate is made of a completely wetting hydrophilic material, 

usually porous platinum or particle free filter paper. The properties of the plate, together with 

the surface tension, determine the sum of the two forces yielding the reading on the balance 

  2 cosB X Y vp LV X YF F F L L gh L L         , (1) 

where the buoyancy force 𝐹  is determined by the plate dimensions 𝐿  and 𝐿 , the immersion 

depth h, the vapor–plate density difference Δ𝜌 , and the gravitational constant g. The pulling 

force from surface tension is determined by the plate circumference 2 𝐿 𝐿 , the plate–

water contact angle cos𝜃, and the liquid–vapor surface tension 𝛾 . The surface tension is 

normally rewritten as the surface pressure, defined as the difference in surface tension of the 

studied interface to the surface tension of a neat water surface. The surface pressure is written 

as 

 0    , (2) 

where 𝛾 and 𝛾  are the measured surface tension and the surface tension of clean water, 

respectively. Water insoluble amphiphiles are spread on the water surface from a solution of 

known concentration of a volatile organic solvent, commonly chloroform. A syringe is used 
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to carefully spread droplets of the solution on the water surface and measure the exact amount 

of surfactant added. When the desired amount of solution has been spread on a clean water 

surface, and the spreading solvent has evaporated, only the insoluble surfactants are left on 

the surface. At very low surface concentrations, the surfactants move separately and will 

spread out to occupy the entire two-dimensional surface, comparable to an ideal gas filling a 

given volume. The surface pressure that such a system exerts on the trough walls, barriers, 

and surface balance can be estimated by a two-dimensional version of the ideal gas law 

 A nRT  , (3) 

where A is the area, n is the molar amount of surfactants, R is the gas constant, and T is the 

absolute temperature. For a hypothetical system with a surface pressure of 0.25 mN m-1, this 

would yield an average area per molecule of 16.5 nm2 molecule-1. This is an extraordinarily 

large area needed to measure a small change in surface tension, being approximately 100 

times larger than the average area occupied by the molecules studied in this thesis. The 

appearance of the gas phase of a surfactant monolayer is therefore seldom recorded in regular 

experiments, and requires very sensitive instrumentation to observe reliably. Compressing a 

monolayer past the gas phase conforms it to the liquid expanded phase, followed by the tilted 

condensed phase, and finally the untilted condensed phase. Not all monolayer phases are 

necessarily observed for all monolayer systems, and a large number of monolayer phases 

have been determined within the broad categorisation of tilted and untilted molecules.91–96  

Figure 3 shows an isotherm of EA (dashed line) on a pure water subphase, and a 

representation of a typical isotherm of a single chain amphiphile (solid line), together with 

schematic drawings of the four commonly observed monolayer phases. Note that the gas 

phase appears at a very high (here arbitrarily chosen) area per molecule. For the isotherm of 

EA, only the tilted condensed and untilted condensed phases are observed. Analogous to a 

three-dimensional molecular system, phase transitions for monolayers occur at different 

pressures at a given temperature. Extensive isotherm studies of a monolayer system can thus 

be summarised in pressure–temperature phase diagrams.91 An aliphatic tail in the tilted 

condensed phase orders with a tilt towards its nearest neighbour (NN), next nearest neighbour 

(NNN), or with an intermediate tilt. Furthermore, owing to the elliptical cross-section 

(parallel to the water surface) of a saturated all-trans hydrocarbon, the chains in a compressed 

monolayer predominantly conform to a favourable close-packed “herring-bone” structure 

regarding this in-plane component; the planes of the alkyl chains are alternatingly orientated 

parallel and perpendicular to their nearest neighbour.97–99 Predominantly, monolayers of long 
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chain fatty acids at the air–water interface show orthorhombic (centred rectangular) crystal 

structure, with varying molecular tilt upon compression, however, hexagonal structure has 

also been observed. A summary of work done to characterise floating monolayer phase 

behaviour, chain crystal structure and orientation has been extensively reviewed elsewhere, 

where grazing incidence X-ray diffraction (GID) has been a crucial technique to understand 

short-range intermolecular packing.17,92,95–97,100  

 
Figure 3. Isotherm of eicosanoic acid on water (dashed line) shown together with a schematic 

representation of an amphiphile undergoing a range of phase transitions (solid line), and schematic 
drawings of representative molecular packing of monolayer phases. The inset shows the appearance of 

the gas phase at a very high area per molecule. At a molecular area of around 40 Å2, the schematic 
monolayer enters the liquid expanded phase at the isotherm “lift-off”. The discontinuity followed by a 
(close to) horizontal region in the isotherm signifies a first order phase-transition between the liquid 

expanded phase and tilted condensed phase, where the molecules in the monolayer adopt a tilt against 
the surface normal. Upon further increased surface pressure within the tilted condensed phase, the tilt 

angle is reduced until the untilted condensed phase is reached and the physical constraints of the 
hydrocarbon cross-sectional radius hinders further in-plane compression. 

Monolayer dissociation and the electrical double layer 

When an insoluble fatty acid is spread on a water surface, the hydrophilic carboxyl group in 

contact with the water subphase will dissociate to an extent dependent on the subphase pH. 
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To maintain charge neutrality, negatively charged dissociated carboxylate ions attract 

positively charged metal and hydronium counterions, creating a diffuse electrical double 

layer below the interface. The description of the electrical double layer has been a work of 

iterative model development, starting by a parallel-plate capacitor description by Helmholtz 

where the surface charge was completely neutralised by a contact-layer.101 The diffuseness 

of the double layer was suggested by Gouy and Chapman in the Poisson–Boltzmann model, 

which, by taking ion diffusion into account, leads to a concentration gradient.102,103 This 

model was later corrected by Graham for asymmetric and divalent electrolytes.104 Stern 

combined the two models, proposing a tightly bound layer of counterions, followed by a 

diffuse layer described by the Poisson–Boltzmann model.105 To date, an acceptable 

description of the electrical double layer consists of a Stern layer in immediate proximity to 

the charged surface, and a diffuse layer extending into the bulk solution. The Stern layer is 

divided into an inner and an outer Helmholtz plane, where the former consists of 

electrostatically or covalently bound counterions with little to no hydration, whereas the 

counterion hydration shell is more pronounced in the outer Helmholtz plane. In the case of a 

negatively charged carboxylate layer, the concentration of a positively charged diffuse layer 

then decreases exponentially with distance from the surface towards the bulk concentration 

value. To more precisely model interactions close to a charged monolayer, the Poisson–

Boltzmann, and the Gouy–Chapman–Stern models have been developed further to minimize 

assumptions, rendering applicability to a greater range of solution properties.79,106–111 

On a neat water subphase, the dissociation of the carboxylic acid moiety leads to a negative 

charge on the monolayer, and thus the accumulation of positively charged hydronium ions 

close to the surface, leading to a surface pH lower than that of the bulk solution, effectively 

increasing the apparent pKa of the carboxylate moiety at the interface to ~10.8 for a tightly 

packed eicosanoic acid monolayer.112 The charge is further influenced by the presence of 

monovalent metal ions, as dictated by the law of mass action 

 
 

 
0

RCOO–M

M RCOO
MK

 

  

 (4) 

derived from the equilibrium RCOO M ⇌ RCOO–M, where M  denotes the local 

concentration of metal and hydronium ions, and the curly brackets indicate surface 

concentrations. From the surface charge density, the monolayer dissociation can then be 

described as113–115 
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From this, it is clear, and was proposed early in the science of monolayers, that the salt 

concentration will influence the surface charge and dissociation of a floating fatty acid 

monolayer116–119 This was observed experimentally by expansion of monolayers at low 

pressures above a critical pH value, corresponding to the surface pKa of the fatty acids in the 

investigated system.120–122 Thus, not only the concentration of subphase salt, but also its 

chemical nature, greatly influences monolayer properties, which is further elaborated below 

in relation to monolayer stability at the air–water interface.  

Monolayer stability 

One notion of monolayer stability at the air–water interface can be characterised by its 

equilibrium with bulk crystal, analogous to a 3D vapour pressure. This is done by placing a 

crystal of monolayer material on a neat water surface, which will produce a rise in surface 

pressure until the monolayer is in equilibrium with the bulk crystal, reaching the so-called 

equilibrium spreading pressure, Π . The equilibrium spreading pressure for saturated long 

chain fatty acids has been determined to increase with decreasing hydrocarbon chain length 

and lies between 3.4 and 10 mN m-1 for behenic acid and OA,123,124 and increases to above 

20 mN m-1 for analogous monounsaturated fatty acids.123,125 Above the equilibrium 

spreading pressure, the stability of insoluble fatty acid monolayers can be divided into two 

collapse mechanisms. 

The first, and most easily observed collapse mechanism is observed at a surface pressure 

maximum in a pressure–area isotherm when the monolayer is compressed beyond the limit 

of its physical packing possibilities in two dimensions, and is denoted fracture collapse.15,126–

131 Fracture collapse can be described by two categories: constant area type or of constant 

pressure type, where the former is characterised by a sharp decrease in surface pressure at a 

constant molecular area, and the latter by a close to zero-slope behaviour for decreasing 

molecular area. The different fracture collapse behaviours mainly depend on an interplay 

between subphase pH, and the presence and nature of metal counterions. The addition of 

metal ions to the subphase will condense the monolayer by charge neutralisation, allowing 

tighter headgroup packing. The nature of the carboxylate–metal ion interaction varies for 

different ions, where monovalent and most divalent ions, such as Ba2+, Ca2+, Zn2+, and Mg2+, 

will interact electrostatically with the carboxylate and thus screen the repulsive interactions 

between ionised headgroups. Cd2+ and Pb2+ instead interact covalently with the carboxylate, 
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which further increases the monolayer condensation.132,133 A more thorough discussion on 

the nature of carboxylate–metal binding has been provided elsewhere.134,135 For a given metal 

counterion, the collapse behaviour will undergo a transition from a constant area to constant 

pressure collapse with increasing pH.136,137 How the different ions aid the ionisation and 

condensation of fatty acid monolayers at different pH-values is argued to be influenced by 

the soft or hard Lewis acid characteristic of the metal ion.138 The fracture collapse mechanism 

has also been shown to be influenced by monolayer compression speed and by subphase 

temperature.139 A proposed mechanism for constant area collapse involves the nucleation and 

growth of 3D domains faster than the compression speed, leading to a sudden drop in pressure 

and the liberation of area to either a gas or a liquid expanded monolayer phase. The constant 

pressure collapse is proposed as a continuous “folding and sliding mechanism” as the 

monolayer area is brought to fracture collapse.136 

The second collapse mechanism is a continuous collapse, present at any time when a 

monolayer is kept in the thermodynamic meta-stable state above its equilibrium spreading 

pressure, and is characterised by a continuous decrease in surface pressure.114,124,125 

Continuous collapse of a monolayer is explained by nucleation and growth of crystalline fatty 

acid multilayers.114,125,140–145 Monolayer stability towards continuous collapse is, as the 

fracture collapse, dependant on various factors, including subphase metal ions and pH, and 

has been shown to reach a maximum at 50–80 % headgroup dissociation.146–149 Furthermore, 

the surface pressure at which the continuous collapse is studied greatly influences its 

rate.114,125 With the presence of a continuous collapse, the normally employed constant-rate 

compression of Langmuir films can be questioned to provide representative isotherms, and a 

constant-strain compression has thus been proposed to take continuous collapse into 

account.28,129,150,151  

2.1.3 Langmuir–Blodgett depositions 

Based on the early work of Blodgett, Langmuir, and Schaefer, a vertical mechanical dipper 

as exemplified in Figure 2 (and pictured in Figure 16A in the Instrumentation section), is 

used to deposit monolayers from the air–liquid to the air–solid interface by LB 

depositions.11,13,14,119,152 Since this early work, research on LB mono- and multilayers has 

grown to vast proportions, however, and thankfully, there are several eminent review articles 

and books on the subject to provide a helpful overview, each focusing on certain 

specificities.96,153–156 A complete review of LB depositions here would thus be out of place, 
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and focus will be aimed at fundamental concepts and system variables of relevance for this 

thesis. 

LB mono- and multilayers are created from Langmuir films floating at the air–liquid (most 

commonly air–water) interface, and can be transferred (deposited) onto solid substrates by 

guiding the substrate through the monolayer. LB multilayer depositions are characterised as 

X-, Y-, or Z-type as depicted in Figure 4. X-type depositions only occur on the downstroke, 

depositing “inverted” monolayers (hydrocarbon-to-surface) and thus require a hydrophobic 

substrate. Y-type depositions are performed on a hydrophilic substrate and are performed on 

both the upstroke and downstroke, leading to alternating layers. Finally, Z-type depositions 

are only performed on the upstroke on a hydrophilic substrate, yielding headgroup-down 

multilayers.155,157,158 For monolayer deposition in this work, a hydrophilic solid substrate is 

submerged into the surface before monolayer spreading, succeeded by deposition on the 

upstroke so that the polar headgroups face the hydrophilic substrate and the hydrocarbon 

chains are orientated outwards. (Instead of performing an X-type deposition on a substrate 

perpendicular to the air–water interface, the Langmuir–Schaefer method could be used to 

deposit a monolayer by bringing a substrate parallel to the air–water interface into contact 

with the monolayer.152) 

 
Figure 4. Schematic representations of LB depositions of an amphiphilic molecule at high surface 
pressure at the air–water interface. Top sketch depicts deposition during upstroke on a hydrophilic 

substrate. Different deposition types are presented at the bottom. Depositions in this thesis has solely 
been monolayer depositions. 
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Although Blodgett and Langmuir reported multilayer deposition rates close to 140 mm min-

1,159 with an upper limit to deposition rates suggested to depend on water drainage from the 

film,160,161 LB depositions are commonly performed at much slower rates, between 

1 mm min-1 to 20 mm min-1.133,157,158,161–164 

As described previously, floating monolayers of fatty acids show ion-specific interactions 

influenced by subphase pH. It follows naturally that LB films are also influenced by subphase 

conditions during deposition. The subphase pH dictates the degree of deprotonation of the 

carboxyl group, however, this is also greatly influenced by ion-specific interactions, where 

distinct metal ions interact differently with the carboxylic acid group.79,111,134–137,165 It follows 

naturally that LB films should also be affected by this. Indeed, the metal ion composition of 

LB multilayers of EA and OA deposited from subphases containing di-valent salts is 

systematically dependent of subphase pH—determined by the metal ion induced pKa of the 

carboxyl group.166,167 Consequentially, LB multilayers of the same fatty acid–salt systems 

show the same orthorhombic intermolecular spacings as corresponding fatty acid metal 

soaps, indicative of identical 2D crystal structures between metal soaps and deposited 

multilayers.155,168–170 The structure of monolayers of long chain fatty acids also 

predominantly show orthorhombic ordering at the air–water interface, as discerned from GID 

using synchrotron light.92,97,100 Analogous deposited monolayers would thus be expected to 

show similar crystal structure. However, this is not always the case; numerous research 

groups provide accounts of hexagonal crystal structure in deposited monolayers.169,171–177 

Molecular resolution atomic force microscopy (AFM) has been used to image mono- and 

trilayers of eicosanoic acid deposited from di-valent salt substrates to observe hexagonal and 

orthorhombic crystal structures in real-space (revealed by 2D Fourier transform (FT) 

analysis), in contrast to previously only being observed with diffraction.98,133,154 By 

correlating the crystal structures of underlying substrates, the hexagonal ordering of these 

depositions as the intrinsic structure at the air–solid interface has been disputed, and the fatty 

acid ordering has instead been assigned to epitaxial crystal growth—the fatty acid crystal 

structure will conform to the crystal structure of the solid substrate used for monolayer 

transfer.154 It is thus not clear that the molecular crystal structure of floating monolayers of 

long chain fatty acids at the air–water interface is retained when deposited onto solid 

substrates. The next section will discuss larger surface structures that are indeed conserved 

upon deposition. Furthermore, the nature and occurrence of meso-scale aggregation and 

domain formation from low molecular weight amphiphiles at the air–water interface—

systems domainating this thesis—are presented.  
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2.2 Structural surface self-assembly 

Analogous to isothermal phase transitions in 3D systems, a phase transition in a 2D system, 

such as a Langmuir monolayer at the air–water interface, is expected to occur adiabatically—

at constant pressure. This is, however, not always the case and depicted in Figure 3, by the 

non-zero gradient in the pressure–area isotherms of a floating monolayer drawn by a solid 

line. This non-linearity in the phase transition has been suggested to be caused by surface 

contaminants or high monolayer compression rates.178,179 The notion of contamination has, 

however, been challenged, and instead suggested to be an indication of the presence of 

surface structures in the phase transition region, which has led to an extensive body of work 

in predicting equations of state for phase transitions in an array of floating monolayers, while 

taking the presence of ordered structures of surfactants into account.180–185 It was not until 

the advent of fluorescence microscopy that floating monolayers and their phase transitions 

could be studied in-situ at the air–water interface.186–188 And less than a decade later, that 

Brewster angle microscopy (BAM) allowed for the same characterisation albeit without the 

need of a fluorophore (with its associated risk of perturbing the monolayer packing).189,190 

Concurrently, an increasing brilliance of neutron and X-ray synchrotron sources allowed 

monolayers to be probed; these techniques revitalised the study of floating monolayers at the 

air–water interface, especially the characterisation of phase transitions in biologically 

relevant phospholipid systems.191–195 A display of varying micro-structures and patterns (not 

unlike those observed in metallic and magnetic solid thin films)196 are observed in the phase 

transition region, and range from circular “cartwheel”-like micelles, fractal dendrites, star-

like crystals, and homogeneous sheets, displaying varying crystal structure by two-phase 

coexistence.94,115,197 The formation and growth of these monolayer patches is proposed as 

diffusion-limited crystal growth.191 Quasi-equilibrium circular patches have been observed 

to shift to, and revert back from, elongated domains upon temperature decrease and increase, 

as shown in Figure 5. These observations were explained by two competing processes: first, 

by structure sizes governed by the build-up of molecular dipole moments within domains, 

repelling neighbouring circular domains, which is reduced by domain elongation upon 

temperature decrease.198,199 Second, structure elongation resulting in an increased 

circumference-to-area ratio, thus an increased line tension, leading to the reversion upon 

temperature increase.191,200–202  
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Figure 5. Fluorescence micrographs of dimyristoylphosphatidic acid (DMPA) monolayer containing 
2 mol% cholesterol at decreasing temperature (two left columns) and increasing again (right column). 
Reprinted with permission from reference 202. Copyright 1986 Deutsche Bunsen-Gesellschaft (print), 

Wiley-VCH (e-print). 

It should be noted that the structures observed with fluorescence and BAM are on the order 

of microns in lateral dimension. Much smaller aggregates of amphiphiles suggested as 

surface micelles with a two-molecule diameter, present at the air–water interface, were 

theoretically predicted on the basis of surfactant head–tail group size mismatch.182,203 Such 

surface micelles were shortly thereafter observed at the solid–water interface for the common 

surfactant sodium dodecyl sulphate (SDS), by AFM imaging, and are shown in Figure 6.204 

The formation of the hemispherical cylinders is an adsorption effect, essentially 

corresponding to surface induced micellisation below the critical micelle concentration,205 

and driven by a hydrophobic interaction between the alkyl tails and the substrate. The shape 

and size of the micelles were explained by the concept of a molecular critical packing 

parameter,87 in essence describing a ratio between the hydrocarbon chain volume and 

headgroup cross-sectional area of an amphiphilic molecule. In this case, with the hydrocarbon 

chains attached to a solid surface and the hydrophilic headgroups facing the water, a large 

headgroup area to hydrocarbon volume would yield a small radius of curvature—equivalent 

to a small critical packing parameter—and thus small aggregates.  
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Figure 6. Hemicylindrical structure observed by AFM imaging of adsorbed SDS on graphite in 2.8 mM 

SDS and 20 mM NaCl. Reprinted with permission from reference 204. Copyright 1996 American 
Chemical Society. 

In another experiment, mixing dodecyltrimethylammonium bromide (DTAB) with 

dodecyldimethylammoniopropanesulfonate (DDAPS) led to an increasing elongation of the 

hemimicelles from spherical to cylindrical as the fraction of DTAB increased. The average 

headgroup size varied due to the different anion and functionalisation of the ammonium. This 

changed the ratio between headgroup area and hydrocarbon volume for the system, 

planarizing the structure in one dimension. This effect is shown schematically in Figure 7 for 

a bulk micellar system, where the analogous structures at the solid–water interface would be 

bisected with the hydrophilic headgroups (circles) facing the water.206 Furthermore, the 

influence of counterion on the transformation from hemi-micelles to hemi-cylindrical 

aggregation was determined for hexadecyltrimethylammonium (CTA+)207 and DTAB208, 

where headgroup screening determined by counterion nature (hard or soft)209,210 and 

concentration reduced the packing parameter, and inducing the change from hemi-micelles 

to hemi-cylinders. It is important to note, that for all these systems, like their three-

dimensional analogues, the diameter of the hemi-micelles and hemi-cylinders are on the order 

of two molecules. 
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Figure 7. Schematic representation of surfactant aggregation in bulk solution, inducing different 
micellar phases determined by the volume ratio between the hydrophobic hydrocarbon chain and 

hydrophilic headgroup. For a spherical micelle, this ratio is low, which induces a large curvature of the 
micelle. With increasing hydrocarbon volume, the curvature is reduced. First in one dimension, leading 

to cylindrical micelles, and second, in two dimensions, leading to two-dimensional lamellar bilayers. 

The first account of regular, meta-stable surface domains forming at the air–water interface 

was reported by Kato and collaborators, for a range of partially fluorinated fatty acids of the 

form CnF2n+1–CmH2mCOOH, and structurally denoted as FnHmCOOH.28,211 The domains 

were transferred from the air–water interface (of a subphase containing 0.5 mM Cd2+ at pH 7) 

by LB deposition, and imaged at the air–solid interface with AFM. Figure 8 shows an 

example of an image of domain formation by heptadecafluorononadecanoic acid together 

with the structural formula of the molecule. Domains were reported to have a diameter close 

to 20 nm, thus roughly ten times the molecular length of the semi-fluorinated fatty acid, and 

contain approximately 700 molecules each. It is affirmed that surface clusters appear at the 

air–water interface (as previously described), however, the surface domains formed by semi-

fluorinated fatty acids are meta-stable at the air–water interface, and do not coalesce upon 

compression. Complicated surface phenomena, such as micro-Bernard cells and 2D spinodal 

decomposition were suggested to explain the domain formation and their monodispersity.  
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Figure 8. Surface domains of F8H10COOH imaged by AFM after LB deposition from the air–water 

interface. Reprinted (adapted) with permission from reference 211. Copyright 1998 American Chemical 
Society. 

Extensive work on similar surface domains formed by semi-fluorinated alkanes (CnF2n+1–

CmH2m+1 denoted as FnHm) has been carried out by Krafft, Goldman, Vlassopolous, 

Fontaine, Jonas, and respective collaborators. A first report of well-ordered monodisperse 

surface domains were observed for deposited monolayers of F8H16 on silicon wafers, and 

shown in Figure 9 together with the structural formula of the semi-fluorinated alkane.29 

Characterisation with AFM provided domain diameters of 30 nm, and X-ray reflectometry 

(XRR) confirmed a molecular orientation with the hydrocarbon segment in contact with the 

solid support, as well as a domain height corresponding to the extended chain length of a C30 

alkane backbone (measured to 29.3 Å compared to the theoretical 33.2 Å). Changing the 

molecular structure by extending the hydrocarbon region led to domain enlargement and 

deformation into “snake-like” domains, whereas shorter chains exclusively generated 

circular domains.30 The domain size was suggested as a result of hydrocarbon–fluorocarbon 

section mismatch, and the domain monodispersity and resistance to coalescence a result of 

dipole repulsion between domains (similar to the much larger aggregation of phospholipid 

aggregates)191.34,212 The question of transferability and retainment of structure from the air–

water interface to the air–solid interface was confirmed by direct evidence and 

characterisation of ordered and monodisperse domains of a semi-fluorinated alkane at the 

air–water interface by GID.31 Surface films of domain-forming semi-fluorinated alkanes have 

since been further and thoroughly investigated by AFM,33,213–215 infrared reflection 

absorption spectroscopy (IRRAS),216 grazing incidence small angle X-ray scattering 

(GISAXS),217–219 theoretically,220 and by computational modelling.219,221,222  
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Figure 9. AFM height image (500  500 nm) of deposited film of domain-forming semi-fluorinated 
alkane F8H16 on silicon wafer. A FT of the AFM image is shown in the top left corner. Reprinted 

(adapted) with permission from reference 29. Copyright 2002 Wiley‐VCH. 

Similarly shaped semi-fluorinated phosphonic acids (FnHmPO3H) have also been shown by 

Schwartz and collaborators to self-assemble into differently sized and shaped surface 

aggregates at the air–water interface (as inferred from AFM imaging of deposited 

monolayers), as a function of hydrocarbon and fluorocarbon chain lengths and 

mismatch.32,223,224 The concept of “linactants” was coined from the ability of this molecule-

group to reduce line tension between coexisting phases in monolayers.225,226 

Conclusively, surface domains composing hundreds of molecules—much larger than 

predicted surface micelles—form at the air–water interface for a variety of low molecular 

weight amphiphiles, where the majority of work has been conducted on semi-fluorinated 

compounds. A few different models for describing the domain shape and size have been 

presented, where the formation of domains due to a size mismatch along the molecular length 

of well-packed chains in all-trans configuration seems to be the consensus in the field. Only 

a few studies were performed directly at the air–water interface, which is required to 

determine the exact nature and interaction of the domains. Even then, only structural 

information about the monolayer itself was probed, and the underlying water was consistently 

defined as a two-dimensional plane.  

It was not until the methyl-branched long chain fatty acids 18-MEA (Figure 1) and 19-MEA 

were studied together with their straight chain analogue EA, that the notion of a planar air–

water interface was questioned.40 In this study, surface specific vibrational sum-frequency 

generation spectroscopy (VSFG) at the air–water interface was used together with AFM 

imaging of deposited monolayers to comparatively study the three fatty acids and their 

respective domain-forming capabilities. As expected, the straight chain EA did not form any 

surface domains, but rather a completely flat homogenous monolayer, as had already been 
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reported numerously. Both 18-MEA and 19-MEA did, however, form surface domains, and 

it was concluded that the positioning of the methyl branch determined the size of the domains: 

18-MEA formed smaller domains than 19-MEA. VSFG could conclude the all-trans 

confirmation of the hydrocarbon chains, with minimal gauche defects assigned to domain 

edges. These observations could not prove, but only hypothesise the bending of the air–water 

interface to accommodate for the packing of the hydrocarbon chains in the domains. 

At this point, the basis for this thesis is to strengthen—or disprove—the hypothesis that the 

air–water interface is not inherently flat, but can rather be textured three-dimensionally by 

the curvature imposed by hydrocarbon packing constraints in branched long chain fatty acids. 

To do so, self-assembly systems responsible for such texturing need to be studied in situ, at 

the air–water interface. The next section will give an introduction to the surface-sensitive 

techniques used in this thesis to study structuring at the air–water interface, and inferred 

structuring from deposited monolayers.  

2.3 Surface characterisation techniques 

This section will provide a theoretical introduction to the surface sensitive techniques used 

in this thesis to study floating and deposited monolayers. Neutron reflectometry (NR), XRR, 

and BAM have been used to study floating monolayers at the air–water interface, whereas 

AFM has been performed at the air–solid interface of monolayers deposited with the LB 

technique.  

2.3.1 Neutron and X-ray reflectometry 

There exists a plenitude of different characterisation techniques utilising X-rays and 

neutrons. Common every-day examples are X-ray radiology and tomography used in 

healthcare to directly image bone and tissue structure.227 With much higher intensity beams, 

X-ray and neutron tomography are used in material science to build up real-space images of 

entire samples (micrometre–centimetre range).228,229 More common in soft-matter science is 

the use small angle scattering (SAS) to determine bulk-structures on the nanometre (up to 

10s of micrometre) length-scale.230,231 In the study of thin films, grazing incidence-techniques 

are the most important due to their inherent sensitivity to surface structuring. GID has already 

been mentioned as paramount to the determination of the crystal structure of fatty acid 

monolayers at the air–water interface.97 GISAXS can provide information on interfacial 

structuring on the length-scale of a few to several hundred nanometres.232 It is a powerful 
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technique in thin-film characterisation,233,234 but has also provided vital information in the 

study of domain-forming, low molecular weight amphiphiles at the air–water 

interface.31,218,235 Grazing incidence small angle neutron scattering (GISANS) has proven a 

valuable technique for characterisation of buried structures and thin polymer films, however, 

due to its inherently low flux, has not been successfully applied to the study of floating 

monolayers at the air–water interface.236,237 Most important in the characterisation of floating 

monolayers at the air–water interface are however XRR and NR, providing structural 

information normal to the surface, such as surfactant chain lengths, surface excess, and 

counterion adsorption.238–243 

As NR has been the major scattering technique used in this thesis, below follows an overview 

of the important concepts of NR, where details of how it differentiates from XRR will be 

mentioned. For a more thorough introduction to scattering techniques, the reader is referred 

to the numerous excellent books and reviews in the field.244–248 

A well collimated beam of neutrons reflects and refracts at an interface analogously to visible 

light, two processes which we are all familiar with from watching a sun-set over the ocean, 

or the kink of a straw in a glass of water (or our transparent beverage of choice). This latter 

phenomenon is described by Snell’s law in terms of refractive indices and incident angles as 

 0 1

1 0

cos

cos

n

n




 , (6) 

where 𝑛  is the refractive index of the medium, 𝜃  and 𝜃  the angle of incidence and 

refraction, respectively, as shown in Figure 10. 

 
Figure 10. Schematic representation of interfacial reflection and refraction from a single substrate (A), 

and from a thin film with a different refractive index as the underlying substrate (B). 
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The refractive index for neutrons is given by 

 1n i    , (7) 

where the complex part is determined by the neutron absorption cross section, which can 

usually be omitted, except for elements with a high absorption coefficient, such as cadmium, 

hafnium, and 10B as 10B4C, when used for neutron shielding and in control rods in nuclear 

reactors. (For X-rays the absorption coefficient varies systematically within the periodic table 

and with photon energy.) The second term on the right-hand side of equation (7) describes 

the neutron scattering power and depends on the scattering length density 𝜌 (SLD) of the 

medium and the neutron wavelength 𝜆 as 

 
2

2

 


 . (8) 

When the reflected angle of equation (6) is zero and thus the cosine-value of the exit angle is 

unity, the angle of total external reflection is described by 

 cos 1c    (9) 

which is commonly below 1°, as the refractive index is normally close to but smaller than 

unity. The SLD of a material is the sum of neutron scattering power of all atoms in a set 

volume: 

 

n

i
i

b

V
 


 (10) 

where V is the volume containing the atoms each contributing with a given scattering length 

𝑏. The scattering length for neutrons describes the interaction potential between a neutron 

and an atomic nucleus. It is extremely short ranged and rapidly falls to zero in the order of 

10-15 m from the nucleus. The atomic nucleus can therefore be considered as a point scatterer 

since the neutron wavelength is much longer, of the order of 10-10 m. The neutron scattering 

length for an element varies irregularly across the periodic table and between isotopes of the 

same element, whereas it increases regularly with the number of electrons for X-rays, as 

shown in Figure 11. The difference between hydrogen (-3.74 fm) and deuterium (6.67 fm) is 

the most impactful result of this, and its importance is further detailed at the end of this 

section. Neutrons can interact with matter via a magnetic moment of unpaired electrons, or 

with the nucleus, where only the latter will be considered here. 
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Figure 11. Neutron scattering length (grey and black, left y-axis) and X-ray (white, right y-axis) form 

factor variation with increasing atomic number of elements in the periodic table. 

The depicted waves in Figure 12 compose of two wave vectors, an incident and a final wave 

vector k  and k , respectively. In an elastic scattering event, where the energy and thus the 

wavelength of the scattered particle is conserved, the momentum transfer vector q  

 sin
2

z
f 

q
k  (11) 

normal to the surface can be described by simple geometry as a combination of the incoming 

and outgoing wave vectors, as detailed in Figure 12. The wavelength and angular dependence 

of the momentum transfer vector can therefore be given as 

 
4

sinzq
 


 , (12) 

where 𝜃 is both the incident and exit angle of the scattered wave, signifying specular 

reflection.  

The intensity of a scattered neutron wave is written as 
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   iQ R , (13) 

where 𝜓  describes a plane wave scattered from a point scatterer at a distance 𝑟, and 

 Φ  |𝜓 |  is the incident flux. The summation assumes that a single neutron will only 
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undergo one scattering event; the scattering is very weak and the contribution from multiple 

scattering events is negligible. This assumption is called the Born Approximation and holds 

true for most experiments. However, for experiment geometries where the neutron beam 

passes a significant length through a sample, such as by experiments done at grazing 

incidence, this approximation is no longer valid, and an expansion has to be made taking the 

possibility of additional scattering events into account. This is described by the distorted-

wave Born Approximation.42 

 
Figure 12. Geometry of momentum transfer for elastic scattering. 

To define a measurable unit of scattering, the total scattering cross section is defined as the 

number of scattered particles per time and incident flux, and can be written as 

 
total number of scattered particles per time

s 


. (14) 

The differential cross section, meaning scattering into a certain area in a certain direction, is 

 
number of scattered particles per timed

d d




  
, (15) 

where 𝑑Ω denotes a differential solid angle, an area of a spherical shell fragment per radius 

squared in the direction 𝜃, 𝜙. For a single point scatterer, the cross section can be described 

by a relationship between the scattering length for neutrons as 

 
2

4 b  . (16) 

The total cross section is divided into a coherent, an incoherent, and an absorption part 

accordingly: 

 tot coh incoh abs      , (17) 
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where the amplitude of the coherent scattering can be seen to describe the scattering of one 

neutron from all the nuclei in the sample. The incoherent contribution correlates information 

of a scatterer at a time 0 to the same scatterer at a later time t. The differential scattering cross 

section for an assembly of atoms is given by 

    
2

1

V

d
e d

d N

  
  -iQ rQ r r . (18) 

The reflectivity R at specular conditions, where the angle of incidence equals the exit angle, 

is 

 
rate of specular reflection

rate of incoming flux
R  , (19) 

where the rate of scattering at specular reflection is assumed to be elastic and follow the Born 

approximation. Relating the differential cross section to the reflectivity at specular conditions 

gives the relationship 

    2 2

4

16
z

z

r
R q

q

 
 , (20) 

demonstrating the distinctive 𝑞  fall-off in intensity observed in reflectivity curves. This 

holds for a perfectly flat surface; however, the intensity of specular reflectivity decreases 

with surface roughness. Such a decreased intensity can be accounted for by a Gaussian 

function decreasing the intensity of the specular reflection as 

    
2 2

2'
SD zq

z zR q R q e



 , (21) 

where 𝑅 𝑞  is the specular intensity of a perfectly flat interface, and 𝜎  is the standard 

deviation of the added Gaussian error function (not to confuse with the scattering cross 

section).249 

Reflectance can furthermore be given by the Fresnel equation 
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k k





 (22) 

to describe reflection and refraction in Figure 10A in terms of wave numbers where i and j 

equal to zero and one, respectively.  
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Adding a thin layer expands equation (22) to describe Figure 10B as 
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, (23) 

where 𝑟  (shown for 𝑟  and 𝑟 ) is given by equation (22) and 𝛼  denotes the optical path 

length in the thin film. This provides the reflected intensity for the two interfaces as 

   2

zR q r . (24) 

However, this is normally not sufficient to describe a system modelled as distinct stratified 

media of different SLDs. In principle, one could continue to expand the Fresnel equations by 

hand, however, to handle the rapidly increasing complexity for multiple reflections, Abelès 

optical matrix or Parratt formalism is used.242,250–252 Based on this, a model of layers with 

varying thickness, SLD, and interfacial roughness is built up in an effort to fit a theoretically 

calculated reflectivity curve to the experimentally acquired intensity as a function of wave 

momentum transfer vector. 

Contrast matching 

Despite the lower flux of available neutrons compared to X-rays, neutron scattering holds a 

major advantage over X-rays in the irregularly varying scattering power of different elements 

in the periodic table, as shown in Figure 11. For soft-matter research especially, the difference 

in scattering length between hydrogen (-3.74 fm) and deuterium (6.67 fm) is of utmost 

importance. A result of their opposite signs is the possibility to enhance or completely cancel 

out scattering from molecules compared to their surrounding sample matrix by combining 

hydrogenated and deuterated constituents. This is called contrast matching, and as an 

example, air contrast matched water (ACMW) consists of 8.1 % D2O in H2O by volume, 

which gives the solution an effective SLD of zero, the same as air, as the name suggests. In 

essence, this means that the average scattered neutron from ACMW will interact as 

attractively as repulsively with the nuclei in the ACMW, resulting in a null interaction 

potential, where no neutrons are observed to be reflected under specular conditions from the 

ACMW interface to the detector. For a hydrocarbon chain, the SLD is slightly negative 

(approximately -0.36 (10-6 ) Å2), whereas the analogous perdeuterated chain has an SLD of 

7.18 (10-6 ) Å-2. This significant difference in SLD between the two chains provides the 

possibility of investigating a surfactant system at several different contrast variations, 

probing distinct sections of the system, thus reducing the number of variable parameters in a 

set model and therefore also the ambiguity of the analysis.245,253–257 An example of four 
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different contrasts commonly used for studies of amphiphilic molecules at the air–water 

interface is given in Figure 13. Normally, a neat H2O-subphase is omitted because of the 

inherently large incoherent scattering of hydrogen—and thus of water.258 

 
Figure 13. Schematic representation of isotopic contrast variation of a fatty acid at the air–water 

interface. The individual components within each frame provides a different interaction with the neutron 
probe, which combined results in a distinct reflectivity profile for each frame. This reduces the 

ambiguity of model fits by co-dependent fitting to several contrasts. 

Surface roughness and capillary waves at the air–water interface 

All surfaces have varying degrees of roughness at different length-scales, be it waves on a 

pond, texture of a fabric, or molecular steps in a crystal. Some roughnesses are observed with 

the naked eye, others are invisible to the human eye but distinguished by tactile perception.259 

Equivalently, a seemingly flat surface as observed by optical microscopy, or BAM at the air–

water interface, could prove to hide a roughness at a smaller scale.260 In view of the surface 

specificity and large probing areas, grazing incidence techniques such as XRR and NR 

provide statistically reliable information261 about the surface roughness of probed interfaces, 

where deviation from the Born approximation must be considered by multiple scattering 

events described by the distorted-wave Born approximation.42,249,262 Intuitively, an increased 

surface roughness leads to a decrease in specular reflection. Consider the extreme example 

of aiming a laser pointer on both a mirror and a painted wall: on the mirror, the laser light 

will reflect from the flat surface and little to no trace of the laser light will be visible on the 

mirror itself. On the other hand, a well-defined spot from the laser will be observed on a 

regular painted wall, where surface perturbations reflect the laser light (almost) equally in all 

direction (albeit still under specular conditions), making the laser spot on the wall visible 
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regardless of point of observation, thus fulfilling its purpose as a laser pointer. Returning to 

X-ray and neutron scattering, if surface perturbations are ordered at the interface, a decreased 

specular reflection will not result from scattering in all directions, but might give rise to 

regular and characterisable off-specular intensities. This is the basis for GISAXS232–234, 

GISANS237,263,264, and off-specular scattering (OSS).265–267 

A macroscopically flat water surface still has surface perturbations on the atomic scale in 

terms of thermally induced capillary waves.41,42 For a neat water surface at room temperature, 

capillary waves have been determined to be close to 3 Å.41,268–270 Capillary waves are, 

however, expected to vary with respect to surface pressure as 

 .
B

cap

k T


 , (25) 

where 𝑘  is the Boltzmann constant, T is the absolute temperature, and 𝛾 is the surface 

tension of the system.269,271 A monomolecular film at the air–water interface is thus expected 

to increase the observed capillary waves of the water. Such an increase was not observed for 

a monolayer of behenic (docosanoic) acid on water, where a reduced surface roughness was 

observed for the monolayer in the untilted condensed phase, attributed to monolayer 

stiffness.272 However, the same authors showed long-range bending of the monolayer of a 

similar system of eicosanoic acid on 0.5 mM Cd2+ at pH 8.9, inducing an increase in surface 

roughness attributed to capillary wave increase.273 Monolayer bending and buckling has been 

predicted and observed primarily for phospholipid systems at the air–water interface.274–277 

Furthermore, an increased capillary wave roughness was observed for the three-tailed 

amphiphile ferric stearate, where an increased surface roughness was assigned to capillary 

wave increase, and in-plane scattering as well as AFM of deposited monolayers suggested 

surface domains in the order of 10 nanometres.278 

This thesis has been emphasised on the characterisation of the air–water interface in the 

presence of a monomolecular film. For this, NR of hydrogenated fatty acids was chosen as 

the main in-situ characterisation technique due to the low scattering power of hydrogenated 

fatty acids in contrast to the strong scattering from the underlying D2O subphase. 

2.3.2 Atomic force microscopy 

Complementary to NR and XRR for characterisation of thin films is real-space imaging of 

deposited monolayers with AFM, of which several examples have already been mentioned. 
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The development of AFM was inspired by the scanning tunnelling microscope (STM), using 

a similar probe (tip) in close proximity to a surface, but with the probe attached to a flexible 

cantilever and allowed to contour the profile of the surface rather than maintaining a 

tunnelling current to a conducting substrate.279–281 The general lay-out of an AFM is drawn 

in Figure 14. A sharp tip, with an apex radius preferably < 10 nm is attached to a flexible 

cantilever and brought into contact with a substrate by a piezoelectric element, capable of 

precise manipulation in x-, y-, and z-direction. A laser light is focused on the cantilever and 

reflected into a photodiode, allowing quantification of cantilever deflection and thus also the 

contact force. A change in contact force is signalled via a feed-back loop to the piezoelectric 

element, programmed to keep a constant force—proportional to the spring constant of the 

cantilever—on the surface. This restoring adjustment is thus used to create a height map when 

traced over a surface. In contact-mode AFM the sharp tip is in constant physical contact with 

the sample, and cantilever deflection results from surface inhomogeneities bending the 

cantilever. In tapping-mode AFM, the cantilever is oscillated at its resonant frequency and is 

only in intermittent contact with the sample. In this case, tip–sample interactions can change 

both the amplitude and phase of the oscillation, where changes in vertical deflection 

(oscillation amplitude) is employed as a feed-back to the piezoelectric element. Phase 

changes of the observed tapping frequency results from tip adhesion or hardness of a surface, 

which can be used to quantitatively distinguish materials with sufficiently differing 

mechanical properties.282 

The versatility of AFM has prompted the development of numerous imaging modes, such as 

force-mapping at atomic resolution,283 time-varying nanomechanical imaging,284 surface 

potential mapping,285 and intermodulation nanomechanical mapping,286 to name just a 

few.287–289 Furthermore, by determining the normal and torsional spring constants of a 

cantilever, AFM can be used for quantitative nanotribological measurements of lateral force 

and friction, in air as well as liquid.290–294 
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Figure 14. Schematic representation of the working principle of an AFM, with a sharp tip attached to a 
flexible cantilever, either profiling the sample in physical contact, or resonating at a fixed frequency and 

intermittently tapping the sample surface. Focused laser light is reflected off the top-side of the 
cantilever into a photodetector, providing information of cantilever deflection, which via a feed-back 

loop controls a response in the movement of the piezoelectric scanner. 

2.3.3 Brewster angle microscopy 

Direct visualisation of floating monolayers at the air–water interface can be done by BAM, 

utilising the fact that no light of the same polarisation is reflected in the direction 

perpendicular to its refraction, which under specular reflection conditions is only true for p-

polarised light, as depicted in Figure 15. From Snell’s law, shown in equation (6), that would 

provide no reflection at the incident angle denoted Brewster angle 𝜃 , and a refracted angle 

perpendicular to the specular reflection cos𝜃 cos 𝜃 90 sin 𝜃  

 0 1

1 0
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 , (26) 

which when rewritten provides the Brewster angle: 
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For air and water where 𝑛 1 and 𝑛 1.33 the Brewster angle is approximately 53°. 

Since a fatty acid film has a distinctly different refractive index from that of air and water, 

for example 1.46 for olive oil, the Brewster condition will not be satisfied for this medium, 

leading to a non-zero reflection intensity of p-polarised light. This intensity contrast between 

a non-reflecting water surface and a reflecting hydrocarbon film allows for real-time imaging 

of monomolecular films at the air–water interface. This theoretically elementary trick is thus 

the basis for BAM.189,190 

Figure 15. The working principle of BAM on a thin organic film at the air–water interface. In the figure 
to the left, unpolarised light is represented by strictly s- and p-polarised light, where the s-polarisation 

(normal to the plane of incidence) is shown as filled circles, and the p-polarisation (parallel to the plane 
of incidence) is shown as arrows. In the figure to the right, only p-polarised light, incident at the 

Brewster angle results in no reflection from a neat water interface. The Brewster angle (𝜃 ) is measured 
to the surface normal as approximately 53° for the air–water interface. 
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3. INSTRUMENTATION 
This section aims to thoroughly describe the experiments carried out in this thesis. First, 

chemicals and cleaning procedures are presented. This is followed by a description of each 

respective instrumentation used.  

3.1 Chemicals 

A Milli-Q® (MilliporeSigma) purification unit was used to provide ultra-high purity water 

with high resistivity (> 18.2 M) and low concentration of dissolved organic contaminants 

(< 2 ppb). Fatty acids used are presented in the Table 1 below, indicating structure, purity 

(analysis method), and suppliers. 

Table 1. Fatty acids used in this thesis for monolayer studies. 

 

All fatty acids were used as received and dissolved in chloroform (99.0–99.4 % GC, with 

approximately 1 % ethanol as stabiliser, Merck). The ethanol stabiliser aided in spreading the 

chloroform at the air–water interface, as opposed to chloroform stabilised with amylene, 

which was instead observed to create lentil-shaped droplets which would slowly evaporate 

and occasionally “slide off” the water meniscus to the air–water–trough interface.  

Cadmium chloride (≥ 99.0 %, Fluka), sodium hydrogen carbonate (99.7 %, Merck), 

hydrochloric acid (4.0 M in H2O, Fluka), and sodium hydroxide monohydrate (99.9995 % 

trace metal basis, Sigma-Aldrich) were used as received for preparation of subphase solutions 

for all experiments using the Langmuir trough. Sodium chloride (99.999 % trace metal basis, 

Sigma-Aldrich) was baked at 500 °C for 12 hrs. and let to cool down before handling and 

solution preparation. Deconex 11 UNIVERSAL (Borer Chemie AG) was used to clean all 
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glassware. Chromosulfuric acid (≥ 92 % H2SO4, ≥ 1.3 % CrO3, Merck) was used for cleaning 

silicon wafers before LB depositions.  

Low roughness (< 2 Å) silicon wafers were provided by Sil’Tronix ST, and test-grade 

roughness (< 10 Å) silicon wafers were provided by UniversityWafer, Inc.  

3.1.1 Cleaning procedure 

Glassware was cleaned by submersion in 2–5 % Deconex 11 UNIVERSAL either overnight 

or in an ultrasonication bath for 30 minutes, and subsequently thoroughly rinsed with Milli-

Q® water. Similarly, Hamilton milli- and microsyringes used for subphase solution pH 

adjustment and fatty acid spreading, respectively, were left overnight in cleaning solution, 

and subsequently rinsed 20 times with Milli-Q® water. Before fatty acid spreading, Hamilton 

microsyringes were rinsed 10 times with chloroform. 

Langmuir troughs and barriers were cleaned by rinsing with Milli-Q® water, then liberally 

with absolute ethanol (99.99 %), and finally thoroughly rinsed with Milli-Q® water. Between 

approximately every tenth experiment using the trough (or after another user had utilised the 

equipment), it was wiped with a lint free tissue soaked in chloroform. Note that the barriers 

were never wiped with chloroform, as this would damage them. 

Silicon wafers were cleaned by sonication in absolute ethanol for 15 minutes and thereafter 

rinsed with Milli-Q® water. This was followed by immersion in chromosulfuric acid for 

5 minutes, and subsequent thorough rinsing with Milli-Q® water. Cleaning a silicon wafer in 

2–5 % Deconex 11 UNIVERSAL for several hours resulted in an unwanted increased surface 

roughness of more than 3 nm (root mean square and arithmetic mean) when measured with 

AFM in contact mode over an area of 6 µm. Immersion in chromosulfuric acid at room 

temperature, even for several hours, did not result in an observed increase in surface 

roughness.  

The cleaning procedure described above was used for isotherms, depositions, as well as for 

neutron and X-ray scattering experiments. 
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3.2 Instrumentation 

3.2.1 Langmuir trough 

All Langmuir troughs used were made of PTFE, with symmetrically compressing barriers 

(unless stated otherwise) made of POM. Specifications for each trough are detailed below. 

Pictures of the different troughs are shown in Figure 16. 

 
Figure 16. Images of different surface characterisation techniques using the Langmuir trough: (A) 

isotherms and LB depositions, (B) NR, (C) XRR, (D) BAM. 

 Langmuir isotherms and Langmuir–Blodgett depositions (Figure 16A) 

o KSV 5000 trough, 503.5  150 mm (KSV NIMA, Biolin Scientific). 

o Balance resolution 0.1 µN m-1. 

o Placed on granite table to reduce vibrations. 

o Constant temperature control at 22.0±0.02 °C with a FP12-MA (Julabo) 
heating–cooling circulator. 
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 Neutron reflectometry (Figure 16B) 

o Nima BAM-1000 trough 265  100 mm. 

o Balance resolution 1 µN m-1. 

o Vario45 (Halcyonics, Accurion GmbH) antivibration table mounted on a 
steel frame embedded in a 2 m deep concrete mount. 

o Temperature control over experiment hutch kept to 23±1 °C. 

 X-ray reflectometry (Figure 16C) 

o Nima 516 trough 128  70 mm (KSV NIMA, Biolin Scientific). 

o Balance resolution 1 µN m-1. 

o Mod-2 (Halcyonics) antivibration stage. 

o Single barrier compression at 5 cm2 min-1. 

o Constant temperature control at 22.0±0.02 °C with FP50 (Julabo) heating 
circulator. 

 Brewster angle microscopy (Figure 16D) 

o Nima 712 BAM trough 600  100 mm (KSV NIMA, Biolin Scientific). 

o Balance resolution 1 µN m-1. 

o Experiments performed at room temperature. 

Wilhelmy plates made from lint-free paper (Biolin Scientific) were attached to the surface 

balance and allowed to soak with water until a stable surface pressure was reached. The 

surface was then aspirated to remove any contaminants, and the barriers were expanded and 

compressed to their endpoints: a surface pressure change of < 0.1 mN m-1 was deemed as a 

clean water surface. Monolayers were spread using a 100 µL glass syringe (Hamilton) by 

forming a droplet at the needle edge and carefully placing—without dropping—it in contact 

with the water surface. Care was also taken to avoid dipping the needle edge into the water 

subphase. The amount of spread monolayer varied between the different troughs, however, 

for the KSV 5000 trough, 100 µL of 1 mg L-1 chloroform solution was consistently spread. 

After spreading, a white rim of residual fatty acid was invariably observed a few millimetres 

from the needle edge. To ensure a correct area per molecule for the isotherm measurement, 

a second glass microsyringe containing chloroform was used to carefully dissolve the 

remaining fatty acid and spread it at the air–water interface, in the same meticulous manner 

as used for the initial monolayer spreading. A 15-minute waiting time before experiment start 

was allowed to ensure complete chloroform evaporation.295 Compression speed was kept at 

9.0 cm min-1 for all Langmuir trough experiments, unless stated otherwise.  

All LB depositions were performed at a pull-out rate of 1 mm min-1. Furthermore, all 

depositions were monolayer depositions of Z-type (see Figure 4 in the section on Langmuir–

Blodgett depositions for details). After reaching the target pressure, but before deposition, a 
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10-minute waiting time was allowed for the monolayer to stabilise. Silicon wafers for LB 

depositions were prepared on a ten millimetre-wide and several centimetre-long piece of 

silicon wafer. The long wafer was sub-divided into 10 × 10 mm sections by scribing with a 

diamond cutter before deposition to facilitate the subsequent division into pieces prior to 

AFM analysis. This allowed several depositions to be made from the same monolayer to 

investigate it under different conditions, for example surface pressure or monolayer time at 

air–water interface. The 10  10 mm division of the wafer was necessary due to the nature of 

the AFM used, but furthermore also facilitated the distinction between deposition 

specifications. Breaking of the wafer post deposition did not affect the AFM measurement as 

any shards of silicon were easily identified and avoided when imaging. After deposition, 

samples were stored in ambient conditions in separate plastic petri dishes sealed with 

parafilm.   

Due to the toxicity of cadmium,296 extra precautions were taken in handling of this substance. 

Weighing of cadmium chloride took place in a fume hood while wearing appropriate personal 

protective equipment, including a fine particle filter mask (FFP3, EN 149:200). Exposure 

was monitored according to the regulations specified in “Medicinska kontroller i 

arbetslivet”.297 

Subphase solutions were prepared from stock solutions of CdCl2 (2 mM), NaHCO3 (2 mM), 

and NaCl (6 mM). Two sets of solutions were prepared: 

 Isotherms, depositions, BAM, and XRR 

o 0.1 mM CdCl2, 0.1 mM NaHCO3, in H2O buffered to pH 6.0 with 0.1 M HCl. 

 pH was monitored with a Metrohm 713 pH Meter, Aquatrode plus, 
with a Pt1000 pH electrode with internal temperature probe. 

o 0.18 mM NaCl, 0.1 mM NaHCO3, in H2O buffered to pH 10.0 with (roughly 
1.4 mL) 0.1 M NaOH. 

 Total Na+ concentration was 0.42 mM to roughly match the ionic 
strength of the Cd2+ solution. 

 pH was monitored with a Metrohm 713 pH Meter, Aquatrode plus 
with a Pt1000 pH electrode with internal temperature probe. 

 NR 

o 0.1 mM CdCl2, 0.1 mM NaHCO3, in D2O buffered to pD 5.6 (representing 
pH 6.0)298 with 0.05 M DCl. 
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3.2.2 Brewster angle microscopy 

A Nanofilm EP3 (Accurion GmbH) machine equipped with a Nd:YAG (532 nm) 50 mW 

CW laser, a charge coupled device (CCD) camera, and a 10 objective, was used for 

collection of BAM images at the air–water interface at 53.1° from the surface normal. One 

polariser was connected directly to the laser, and a second polariser (denoted analyser) was 

situated in front of the CCD camera. The analyser allowed for measuring of the ratio of s- 

and p-polarised light. Furthermore, by placing the polariser and the analyser at a 90° shift 

allowed for a background measurement of the CCD camera. However, it should be noted that 

no background corrections were made for any of the captured images presented in this work. 

A fast-focusing capture was necessary due to the dynamic nature of the studied monolayers 

at low surface pressures (< 0.5 mN m-1). This allowed for capturing of larger images in focus 

stitched together from several images with partial focus, however, at the cost of lower image 

quality (shorter acquisition time). Arbitrary, but equal for all images, post-capture contrast 

treatment was applied.  

3.2.3 Neutron reflectometry 

NR was performed at the FIGARO (Fluid Interfaces Grazing Angles ReflectOmeter) 

beamline at the continuous reactor source at Institut Laue–Langevin (ILL, Grenoble, France). 

A complete and in-depth description of FIGARO has been provided elsewhere.299 The 

following paragraph provides a short summary relevant to this thesis.  

From the nuclear reactor core, curved beam guides coated with Ni–Ti supermirrors ensure 

the cut-off of fast neutrons of λ < 1.5 Å; two nickel-coated silicon wafers are used as frame 

overlap mirrors to cut off neutrons at 20 and 30 Å. FIGARO is a time-of-flight reflectometer, 

meaning that it in the most elegant way utilises the wave–particle duality of the neutron: a 

pulse of neutrons of different wavelengths—and thus velocities—is analysed by a detector 

as a function of their time travelled from a set point of origin. To create distinct neutron 

pulses, a four-disc chopper assembly is used, where the chopper configuration is chosen 

depending on the desired wavelength resolution d𝜆/𝜆  and neutron wavelength cut-off 

(frame overlap). When studying thin films, a low wavelength resolution can be chosen to 

increase neutron flux, as no sharp features in the reflectivity curves need to be resolved. For 

all measurements presented throughout this thesis, a wavelength resolution of 7 % and frame 

overlap of 16 Å was chosen. The two angles of incidence 0.622° and 3.780° were used to 

collect data of a qz-range 0.01–0.26 Å-1. A collimation slit allowed to shape the beam to 
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match the water surface of the Langmuir trough. A laser mounted above the trough allowed 

for automatic adjustment of the sample table height for rapid alignment and to adjust for 

water evaporation between measurements. An area detector of 512 × 256 mm (width × 

height), situated in a 2.5 m evacuated flight tube allowed simultaneous collection of specular 

and off-specular scattering. Furthermore, a GISANS-option is available, however, not 

optimised at FIGARO. NR data collected at FIGARO was reduced using the COSMOS 

software, and analysed using the MOTOFIT package running in Igor Pro.252,300 

3.2.4 X-ray reflectometry 

A benchtop X’Pert Pro (Malvern Panalytical) instrument was used for XRR measurements. 

X-ray radiation was generated from a Cu Kα (𝜆 1.54 Å) source at 40 mA with a tube 

voltage of 45 kV, providing a flux of 125,000,000 counts s-1. A beam attenuator was used to 

adjust the intensity of the direct beam to around 86,000 counts s-1, below saturation limit (> 

106,000 counts s-1) of the Xe scintillator detector. Reflectivity was measured at incident 

angles ranging 0.1–7.0° divided into two segments with increased counting time at higher 

angles. The first segment ranged 0.1–1.5° with angular increments of 0.01° and a counting 

time of 2 s. The second segment ranged 1.2–7.0° with angular increments of 0.1° and a 

counting time of 32 s at each step angle. A subtracted background was measured on the neat 

subphase at a small (< 1°) angular shift. The sample height (water level) was aligned by 

cutting the direct beam in half before each experiment, however, a small over illumination 

was still observed due to translational sample misalignment. This was not seen as a problem 

for monolayer characterisation, as this is mostly distinguished at higher angles. XRR data 

was analysed using MOTOFIT.252 

3.2.5 Atomic force microscopy 

AFM was performed using a MultiMode 8 (Figure 17, Bruker, USA) system and an 

appurtenant 9457JVLR scanner, with maximum scan size 125 × 125 µm and a vertical range 

of 5 µm. The AFM was situated on a granite table base on an optical table with Newport anti-

vibration legs, which stood on a concrete block placed directly on the bedrock to reduce 

vibrations. A top-mounted camera was used for laser–cantilever calibration, to choose an 

appropriate scan area, and to safely approach the cantilever to the sample surface. Samples 

to be imaged were glued to magnetic plates; the glue was allowed to set before imaging. 

Disregarding this led to clear drift in the captured AFM images. The magnetic plates were 

attached to the piezo, with the AFM cantilevers held fixed above the sample. This limited the 
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available sample size to < 15 × 15 mm, which motivates the aforementioned dimensions and 

division of LB substrates. Imaging was carried out in tapping mode to simultaneously acquire 

information on height variation and phase shift. Silicon cantilevers of type HQ:NSC35/AL 

BS (MikroMasch), with an aluminium reflective top coating and a typical tip radius of 8 nm 

were used consistently. Representative resonant frequency and force constant for the 

cantilevers were 150 kHz and 5.4 N m-1, respectively. Before experiments, cantilevers were 

subjected to ultraviolet radiation for 10 minutes using a UV/Ozone ProCleaner (BioForce 

Nanosciences, Inc.) to remove organic contaminants. AFM images were analysed with the 

WSXM software.301 The software ImageJ was used for intensity integration of FTs resulting 

from AFM analysis.302 

 
Figure 17. AFM set-up for imaging at the air–solid interface. The optical camera is situated above the 

microscope for laser and sample alignment. 
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4. SUMMARY OF RESULTS 
The hypotheses presented in the Introduction have been examined below. 

Domain-forming films of long chain methyl-branched fatty 
acids three-dimensionally texture the air–water interface 

Previous accounts of domain-formation in monolayers of low molecular weight amphiphiles 

have been outlined in the Scientific Context. Therein, the two methyl-branched fatty acids 

18-MEA and 19-MEA were reported to form monodisperse domains, patterning large areas 

by LB deposition, while their straight chain analogue EA formed smooth, featureless 

monolayers upon deposition. The placement of the methyl branch dictated the size of the 

observed domains, where the penultimately branched 19-MEA induced the largest domain 

size. This is why it was chosen to initiate this study, as it was hypothesised from its larger 

domain size to induce a more pronounced perturbation of the air–water interface. 

As a first step towards studying the domain-forming properties of branched long chain fatty 

acids at the air–water interface, deposited monolayers of 19-MEA on silicon wafers were 

characterised by tapping mode AFM. The depositions were performed from a water subphase 

containing 0.1 mM CdCl2, 0.1 mM NaHCO3, and pH was regulated to 6.0 with HCl. 

Monolayer structure was investigated as a function of compression by depositing the 

monolayer at three different surface pressures: 0, 20, and 40 mN m-1. The corresponding 

AFM height images are presented in Figure 18. Surface domains of 19-MEA are visible 

already on monolayers deposited at 0 mN m-1, without any monolayer compression. 

However, no clear characteristic domain size can be determined from a FT of the image, as 

presented in the inset of Figure 18A. At a surface pressure of 20 mN m-1, the observed surface 

domains are confined to a smaller area on the water surface. The domain boundaries are more 

defined and characteristic domain diameters are roughly 40 and 50 nm along the short and 

long axis, respectively, as determined from the FT inset in Figure 18B. Increasing the surface 

pressure to 40 mN m-1 led to domain refinement. A monodisperse diameter of 55 nm is 
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observed together with a hexagonal domain packing, which is clearly revealed by the distinct 

“dots” in the FT of the image Figure 18C. Overall, the results thus show that 19-MEA forms 

distinct surface domains, even without monolayer compression, whereas no domain 

formation is observed for deposited monolayers of the straight chain analogue, EA.40 Upon 

monolayer compression, the domains become monodisperse, and display hexagonal ordering 

at the highest surface pressure of deposition. Furthermore, the domains display no signs of 

coalescence, indicating thermodynamic stability of the domains. This will be investigated 

further at a later point. 

 
Figure 18. AFM height images of deposited monolayers of 19-MEA on silicon wafer. Depositions were 

performed from the same monolayer at surface pressures of 0, 20, and 40 mN m-1 for A–C. 
Corresponding 2D FT of the AFM images are shown as insets and reveal increasingly bright and discrete 

spots, signifying increased domain monodispersity and ordering with increasing surface pressure. The 
depositions were performed on a water subphase containing 0.1 mM CdCl2, 0.1 mM NaHCO3, and pH 

was regulated to 6.0 with HCl. Figure adapted from reference 303 with permission from The Royal 
Society of Chemistry. 

To test the hypothesis of a curvature of the air–water interface induced from hydrocarbon 

packing constraints, the monolayer had to be investigated directly at the air–water interface. 

Thus, following the ascertainment of domain-formation for deposited monolayers at a range 

of surface pressures, 19-MEA and its straight chain analogue EA were studied in-situ at the 

air–water interface by NR. Monolayers of the two fatty acids were spread on a D2O subphase 

with the same electrolyte conditions as the deposited monolayers. Resulting reflectivity 

curves are presented in Figure 19 for 19-MEA (left) and EA (right), where experimental data 

are presented as circles, and model fits are shown as lines. Reflectivity was collected on the 

same monolayer at increasing surface pressure, which is indicated in Figure 19 by a 

darkening of colour gradient of experimental data and corresponding model fits. A control 

measurement of a neat D2O subphase is included in both figures. It was fitted with a capillary 

wave roughness of 2.83 Å and indicated by the dashed line. The low scattering power of the 

hydrogenous fatty acids (-0.36 (10-6) Å-2) compared to the D2O subphase (6.36 (10-6) Å-

2), was employed to specifically observe changes in the reflectivity of the air–water interface. 
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The intrinsic decrease in specular reflection due to increased incident angle, neutron 

wavelength, or both, is inversely proportional to the fourth power of the momentum transfer 

vector. Thus, to discern changes in reflectivity compared to the neat D2O subphase, the 

reflected intensity is displayed as Rqz
4. The insets to the bottom left of each reflectivity curve 

show SLD profiles resulting from the fits to the experimental data. 

 
Figure 19. Specular neutron reflectivity data of 19-MEA (left) and EA (right) at different surface 

pressures on a D2O subphase with 0.1 mM Cd2+ buffered to pD 6.0. Lines are fits to the data (filled 
circles) using a two-layer model, and insets show SLD profiles corresponding to the fits. Data, fits, and 
SLD profiles corresponding to an increasing surface pressure are distinguished with a darkening colour 

gradient. The reflected intensity is presented as Rqz
4 to account for the intrinsic reflectivity decrease with 

increasing qz. This is emphasised by the reference measurement of a neat D2O buffer subphase, 
represented by blue markers and dashed lines. Figure adapted from reference 303 with permission from 

The Royal Society of Chemistry 

NR data are conventionally analysed in terms of stratified media with laterally homogeneous 

SLDs. The distinct SLD contributions from both the hydrocarbon chain and the headgroup 

region of the fatty acids, required the use of a two-layer model to accurately fit the 

experimental data. Attempts to use a one-layer model, with evenly distributed SLD 

contributions from the two fatty acid regions, did not yield satisfactory correlation with the 

experimental data. The only fitting parameter in the system which could invoke the observed 

reduction in reflectivity was the interfacial roughness of the D2O subphase. The roughness 

parameter essentially diffuses the SLD of two connected interfaces by using a Gaussian error 

function. A validation for the use of a two-layer model for this system, and arguments for its 

general use in monolayer systems with high interfacial roughness, are presented in the 

Method Development section below.† 

 
† Reading this section is not required to understand the results that follow from it. 
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The reflectivity profile of D2O in Figure 19 makes it clear that a macroscopically flat, neat 

water surface is not without perturbances by thermally excited capillary waves.270,304,305 On 

a floating monolayer, capillary waves at a liquid interface are expected to give rise to an 

increase in surface roughness that is inversely proportional to the square root of increased 

surface pressure (decreased surface tension).41,42 Such an increase is not observed for the 

measurement of EA in Figure 19, where only a minor decrease in reflected intensity is 

observed with increasing surface pressure. This phenomenon has previously been attributed 

to a high degree of conformational rigidity in monolayers of long straight chain fatty acids.272 

The reflected intensity for the domain-forming 19-MEA, however, drastically decreases with 

increasing surface pressure. The fitted interfacial roughnesses for 19-MEA and EA are 

presented in Figure 20 together with a theoretical prediction of increased capillary wave 

roughness with increased surface pressure. The roughness parameter for 19-MEA far exceeds 

what can be expected only from capillary wave roughness. Together with the domain-

forming properties of 19-MEA, observed in deposited monolayers, the increased interfacial 

roughness observed with NR for a monolayer of 19-MEA, all but unambiguously proves the 

hypothesis of a 3D texturing of the air–water interface under the influence of domain-

formation due to hydrocarbon packing constraints. 

 
Figure 20. Surface roughness parameters as a function of surface pressure extracted from fits to NR data 
for 19-MEA (circles) and EA (triangles), using a two-layer model. The dashed line shows a theoretical 

prediction of the increase in surface roughness as a function of surface pressure due to thermally excited 
capillary waves. Figure adapted from reference 303 with permission from The Royal Society of 

Chemistry 
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Method development 

Evaluating reflectivity data of a floating monolayer using a one- or two-layer model without 

interfacial roughness might fit data using one isotopic contrast; this could, however, easily 

lead to erroneous data interpretation when several isotopic contrasts are collected to 

characterise the same system.257 At the same time, it is not without controversy to employ a 

model with an interfacial roughness comparable to the thickness of the layer.306–308 In the 

situation where a thin film of positive SLD is bounded by two media of similarly positive 

SLD, the assignment of very different roughnesses to the two interfaces could lead to an 

unphysical simulation of negative SLD.257 However, it was recently shown that the 

characterisation of monolayers at the air–water interface using a two-layer model with high 

interfacial roughness was valid for a range of surfactant systems, as long as the employed 

interfacial roughness was equal at all interfaces (air–hydrocarbon, hydrocarbon–headgroup, 

and headgroup–water).257 This study stopped short of showing that such a two-layer model 

is also valid for a system where the interfacial roughness is in the scale of—or even well 

exceeds—the layer thickness.  

In an effort to test the robustness of a two-layer model with equal interfacial roughnesses, the 

system of 19-MEA at 30 mN m-1 was fitted by two methods. In the first method, the two-

layer model was employed to generate a reflectivity curve to fit the data using the Fresnel 

equation for stratified media as described by (22) in the Scientific Context section, with the 

additional of a Gaussian error to account for layer inhomogeneities: 

  21
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To describe the Fresnel coefficients, molecular dimensions and SLDs were calculated from 

Langmuir isotherms and bulk crystal values, respectively, leaving the interfacial roughness 

𝜎 as the only fitting parameter, which was kept equal for all interfacial layers. This resulted 

in a fitted interfacial roughness of 7 Å for the monolayer of 19-MEA compressed to 

30 mN m-1, with headgroup and hydrocarbon thicknesses of 4.5 and 23.5 Å, respectively. 

The resulting reflectivity curve is shown in Figure 21 as the solid line tracing the 

experimental data, represented by circles. The corresponding SLD profile is displayed in the 

inset in Figure 21 as a solid line. It was calculated using the function:  
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with the same input parameters as for the reflectivity model, where N is the total number of 

layers, z is the distance from the top interface, 𝜎  is the interfacial roughness, and "erf" is 

the error function.252 

In the second method, a so-called slicing model was used; this represents the varying SLD 

by dividing the stratified media into a large number of equally thick layers with zero 

interfacial roughness. For this method, the SLD profile generated using the two-layer model 

by equation (29) was divided into 30 slabs, each with a unique SLD and a fixed thickness of 

3 Å. The corresponding SLD profile is the dashed line step function in the inset in Figure 21. 

From the extracted 30 layers, the Fresnel equation was again used to describe the stratified 

media. However, in this case, no roughness term was used. Instead, the SLD varied in a step-

wise manner between the 30 layers, gradually defining the air, hydrocarbon chain, 

headgroup, and water subphase. The resultant calculated reflectivity curve is shown in Figure 

21 as a dashed line. The fact that the two reflectivity curves are almost indistinguishable 

demonstrates that the two-layer model is indeed robust in its description of a monolayer 

system where the interfacial roughness is in the order of—or even larger than—the layer 

thickness, as long as all the interfacial roughnesses are equal. 
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Figure 21. NR of 19-MEA at 30 mN m-1 on a D2O subphase with 0.1 mM Cd2+ and buffered to pD 6.0. 

The markers spanning the whole qz range represent a reference measurement on a neat D2O-buffer 
subphase with the dashed (blue) line representing a fit to capillary waves of 2.83 Å. The solid (orange) 

line represents a fit to the data using a two-layer model with relatively high, but identical interfacial 
roughness. The dotted (black) line shows an alternative fit using a 30-slab model with no interfacial 

roughness and each slab is 3 Å thick. The corresponding SLD profiles, obtained using a two-layer model 
and a 30 layer slab model, are presented in the inset as solid and dotted lines, respectively, together with 
a dashed line showing the SLD profile for the neat D2O buffer. Figure adapted from reference 303 with 

permission from The Royal Society of Chemistry 
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The effect of the methyl branch on packing constraints and 
consequently domain curvature can be systematically 
mediated by mixing straight and branched chain fatty acids 

Floating monolayers of 19-MEA form monodisperse domains at the air–water interface, 

enabling three-dimensional texturing of the water surface. The branched analogue 18-MEA, 

has been proven to show similar domain-formation, however, with smaller domain diameter, 

resulting from the placement of the methyl branch.40 The straight chain analogue, EA, shows 

no domain-formation, but rather forms smooth homogenous monolayers, both at the air–

water interface and as deposited monolayers at the air–solid interface. The influence of the 

methyl branch was investigated in mixed monolayers of branched and unbranched fatty acids. 

The local curvature in the monolayer, and ensuing domain-formation, is expected to vary 

with the concentration of branched fatty acid. The mixed systems of 18-MEA and EA were 

investigated, first with AFM and subsequently with NR. Mixtures of 18-MEA and EA are 

presented as a ratio of 18-MEA:EA in weight percent (resulting in a difference of 1 % in 

mol%). Tapping mode AFM was used to record both height and phase images of the 

monolayers. Phase shift images (chosen to emphasise the contrast to the underlying silicon 

wafer) of the mixed monolayers, deposited at 20 mN m-1, are presented in Figure 22. A 2D 

FT of each image is shown in the top left corner, revealing the domain monodispersity and 

ordering. The deposited monolayer of 18-MEA in Figure 22A shows monodisperse 

hexagonally ordered elliptical domains with semi-axis lengths of 39 and 31 nm, as 

determined by analysis of the FT inset, which is described in the subsection Method 

Evaluation, see below. The domains are elongated in the direction of monolayer deposition 

from the air–water interface. The height of the domains is 2–2.5 nm, as determined by line 

profiles in a high-resolution AFM height image shown in the supporting information of 

Article II. This domain height is reasonable considering that a theoretical estimation of the 

extended contour length for an all-trans C20 hydrocarbon is approximately 2.7 nm.87,309 Upon 

the introduction of straight chain fatty acid to a monolayer ratio of 75:25 (Figure 22B), 

monodisperse elliptical domains still cover the surface, however, with increased size 

compared to the monolayer of neat 18-MEA. Deposited monolayers of equal fractions of 18-

MEA and EA show further enlarged, circular domains, depicted in Figure 22C. Figure 22D* 

shows a monolayer of 18-MEA:EA 38:62 deposited at 0 mN m-1, where large, elongated 

structures with sharp edges are observed. Increasing the surface pressure of the same 

monolayer to 20 mN m-1 (Figure 22D) orders the irregularly shaped structures observed at 

low surface pressure into long-stretched domains of monodisperse width. Further increasing 
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the amount of EA to a ratio of 25:75, disrupts the formation of regularly sized domains, and 

the monolayer instead forms large, flat irregular grains, however, still with clear domain 

boundaries, as observed in Figure 22E.  

 
Figure 22. AFM phase images of 18-MEA:EA monolayers formed at the air–water interface and 

deposited on silicon wafers. Fatty acid ratios stated in wt% for 18-MEA:EA are shown in the bottom 
right for each deposition. A FT is shown as inset to the top left of each image, except for the 25:75 

mixture where no correlated surface structure is observed. Phase shift scalebars all start at zero degrees. 
All depositions were made at 20 mN m-1, except for D*, which was deposited at 0 mN m-1. The phase in 

C has been inverted, and it should also be noted that this image spans 5 µm, compared to 3 µm of the 
other figures, for improved statistics in the FT due to the larger domain size. 



 

52 
 

The observed domains for the mixed fatty acid system 18-MEA:EA increase in size with 

increasing fraction of the straight chain fatty acid, to eventually form parallel stripes, irregular 

granular structures, and finally featureless monolayers; the latter has been observed 

elsewhere for neat monolayers of EA.40 The tuneable property of mixed monolayers of 

branched and unbranched fatty acids is highly reminiscent of analogous micellar self-

assembly structures found in bulk systems with varying headgroup–hydrocarbon volume 

fractions. Such systems are described by a packing parameter,87 as introduced in the Scientific 

Context section, and vary with (decreasing) curvature of the self-assembly structures, from 

micelles to larger micelles, elongated tubular micelles, and finally to planar lamellar 

structures. Following the discovery of 3D texturing of the air–water interface of the domain-

forming 19-MEA, an equivalent investigation of the mixed fatty acid system 18-MEA:EA 

by NR was conducted to directly probe the corresponding topography of the surface 

structures at the air–water interface. NR measurements of 18-MEA:EA mixtures are 

presented in Figure 23 at a range of surface pressures for each fatty acid mixture. To 

emphasise the reflectivity from the water surface, hydrogenous fatty acids were again used 

on a D2O subphase. Reflectivity is presented as Rqz
4 to emphasise any deviation from the 

intrinsic, systematic loss of reflectivity with increasing qz. The data are represented by circles, 

with solid lines representing fits to the experimental data. Insets show corresponding SLD 

profiles generated from the fitted parameters. A reference measurement of a neat D2O 

subphase is presented with each data set, together with a corresponding fit to a capillary wave 

roughness of 2.83 Å. The same two-layer model as presented earlier was used to fit the 

reflectivity data. However, headgroup layer thickness, alkyl layer thickness, and degree of 

headgroup dissociation were determined from complementary XRR measurements by an 

iterative fitting procedure, which is detailed below, in the Method Evaluation section.‡ 

NR of pure 18-MEA (100:0 in Figure 23) shows decreased intensity of the specular reflection 

with increasing surface pressure, which was only possible to model with an increase in 

interfacial roughness using a two-layer model, as for 19-MEA. Upon increasing the straight 

chain ratio to 75:25 and to 50:50, the fitted roughness parameter systematically increased 

with increasing surface pressure, consistent with the increased observed domain size for 

deposited monolayers in Figure 22. Further increasing the straight chain ratio to 38:62 only 

resulted in a minor increase in surface roughness. Finally, no significant increase in 

 
‡ The details of this section are not prerequisite for the conclusions of the ensuing sections. 
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roughness was observed with increasing surface pressure for monolayers of the highest EA 

ratio (25:75), that when deposited showed flat granular monolayers.  

 
Figure 23. Specular neutron reflectivity results shown for 18-MEA:EA mixtures. Lines are fits to the 
data (filled circles) using a two-layer model, and insets show SLD profiles corresponding to the fits. 

Reflectivity collected at increasing surface pressure is distinguished by a darkening colour gradient in 
the data and fits. The reflected intensity is presented as Rqz

4 to account for the qz
-4-dependence of the 

reflected intensity. This facilitates the detection of changes in reflectivity associated with the changing 
structure in comparison to the reference measurement of a neat D2O buffer subphase represented by blue 

markers and dashed lines. 
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A summary of NR and AFM results for the mixed 18-MEA:EA system is presented in Figure 

24. On the left axis, domain dimensions are presented as characteristic lengths extracted from 

FT analyses of AFM phase images of deposited monolayers. On the right axis, fitted 

roughness parameters for the fatty acid mixtures are presented at a low and a high surface 

pressure of 10 and 45 mN m-1. With increasing EA ratio in the monolayer, up to 50:50, the 

domain size and fitted roughness parameter increase systematically. It is expected that an 

increased radius of curvature, as observed with the AFM, should lead to an increased 

topographical signal, inferred from the fitted roughness parameter obtained from NR. 

Although a definitive relationship cannot be deduced between the cap height and its lateral 

dimensions, the observed correlation between the AFM and NR data strengthens greatly the 

hypothesised tuneability of domain structure and water surface topography by varying the 

hydrocarbon packing constraints with the ratio of branched fatty acid in the monolayer. This 

can moreover be compared with the previously presented results for 19-MEA, which forms 

larger domains, and induces a larger roughness at the air–water interface than 18-MEA. A 

prerequisite for this conclusion is the assumption that such packing constraints are relaxed 

by homogenous mixing of 18-MEA and EA, increasing the spacing between branched fatty 

acids by inclusion of the straight chain analogue. The lack of observable phase separation 

and the observed monodispersity of domains justify this assumption, as domain 

monodispersity would suggest a local energetically favourable state of the system. 

Furthermore, with increasing hydrocarbon packing constraints, the mixed fatty acid system 

is subject to changes in domain size and shape, analogous to phase changes in lyotropic liquid 

crystals. Especially convincing is the change from circular domains to parallel cylindrical 

segments, and finally a flat monolayer, compared to the equivalent transition from a phase 

consisting of spherical micelles to a hexagonal phase, and finally a lamellar bilayer phase. 

Lastly, an additional likeness is observed for the undefined structure in D* in Figure 22, 

occurring at a low surface pressure, where the labyrinthine structure could possibly be 

interpreted as a 2D representation of a bicontinuous inverse cubic phase. 

The next section will further investigate the 18-MEA:EA system, focusing on the pressure–

area isotherms and the stability of the observed domains at the air–water interface, as well as 

at the air–solid interface in deposited films. 
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Figure 24. Summary of results from AFM imaging and NR as a function of 18-MEA:EA fraction in 

wt%. The left-hand axis relates the filled circles and triangles to the fitted characteristic lengths found 
via FT analyses of the deposited monolayer AFM images. The right-hand axis corresponds to the fitted 

roughness parameters obtained from fits to NR at the air–water interface using a two-layer model for low 
(10 mN m-1) and high (45 mN m-1) surface pressures, indicated by grey and black bars, respectively. The 
dashed lines have been added as guide for the eye. The gradient bar shows the surface roughness due to 

thermally induced capillary waves, measured to 2.83 Å on a neat D2O buffer 

Method evaluation 

FT analysis 

In order to determine the domain size from AFM images of deposited monolayers, the 

corresponding 2D FT images were statistically analysed by performing a sectorial intensity 

integration. For neat 18-MEA and the 75:25 fraction, the integration was performed over two 

sectors, as depicted for the 75:25 fraction in Figure 25A, to decouple intensity contributions 

due to domain elongation. The resulting intensity integration is shown in Figure 25B as a 

function of distance from the FT centre, where the figure legend specifies the integration 

angles, with 0° being represented by the positive x-axis. The intensity peaks were fitted with 

a Gaussian function, assuming a normal distribution of domain dimensions, where the peak 

positions of the first intensity maxima were used to represent characteristic domain 

diameters. In addition, sectorial integration provided a qualitative indication of the lateral 



 

56 
 

preservation of the characteristic length scale, which is essentially described by a structure 

factor, as depicted by the decrease in pair correlation with distance. 

 
Figure 25. A FT of an AFM phase image of a deposited monolayer of 18-MEA:EA 75:25 is shown on 
the left (A). The two segments distinguish the semi-axis lengths of the domains observed in the AFM 

image. To the right (B), corresponding radial intensity integrations of each segment in A are shown as a 
function of distance from the FT centre. Gaussian fits to the intensity peaks were used to determine 

domain dimensions. 

XRR fitting 

The NR data presented above was collected for hydrogenous hydrocarbons, which are 

intrinsically insensitive to the neutron probe, with an SLD of -0.36 (10-6) Å-2. To accurately 

provide fitting parameters in terms of molecular dimensions and SLDs, XRR data was 

collected for 18-MEA and EA using the same subphase conditions as the NR measurements. 

A two-layer model was used to fit the data, where one layer comprised the hydrocarbon chain, 

and the second, headgroup layer, consisted of the carboxylic acid moiety, any associated 

metal ion, and any water required to fill the remaining volume. The hydrocarbon chain layer 

was in contact with an air fronting, and the headgroup layer was in contact with a water 

backing. All thicknesses and SLDs were loosely constrained to initial fitting parameters, and 

all interfacial roughnesses were fixed to be equal.§ A Monte Carlo analysis option in the 

analysis package MOTOFIT,252 an extension to the software IGOR Pro, was used to visualise 

co-dependency of the fitting parameters in 1250 individual fits to each data set at a given 

surface pressure. None of the fitting parameters reached the predetermined boundary 

conditions, and clustering of the tail thickness and SLD allowed the choice of a mean value, 

 
§ The fitting procedure was performed for a range of interfacial roughnesses that were fixed to be equal 
at each interface (air–hydrocarbon, hydrocarbon–headgroup, and headgroup–water). The interfacial 
roughness affects the fit the most at higher qz and only varied within 0.5 Å for each surface pressure.   



    Summary of Results 

57 
 

as an initial estimate for further, refined fitting. The pairs of headgroup thickness and SLD 

were subsequently used in two independent calculations (Route 1 and Route 2) to determine 

the water volume in the headgroup layer, its degree of dissociation, and finally the total 

headgroup volume. 

Route 1. The SLD of the headgroup was defined as a summation of all scattering 

contributions from the headgroup layer, normalised by their volume ratios: 
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where 𝑏 is the scattering length determined by the product of the classical electron radius 

(28.17910-6 Å) and the number of electrons in the molecular species. 

Route 2. In a two-layer model fitting procedure of stratified media, it is assumed that the 

number of hydrocarbon chains and headgroups are equal in the two layers. It is also assumed 

that the headgroup area corresponds to the projected hydrocarbon area which, in the case of 

a larger hydrocarbon to carboxyl area, needs to be filled by solvent molecules, in order to 

avoid empty space. The total headgroup volume can thus be described as the combined 

volume of the carboxyl group (including any associated metal ions) and possible solvent 

contributions: 
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Here, 𝑎  is the average area of a hydrocarbon chain in the layer, calculated from the initial 

fitting parameters described above. The total headgroup volume Vtot can be calculated from 

where the calculated water volume in VH2O in Route 1 and Route 2 intercept. This value is 

connected to the number of electrons in the headgroup volume Vhead, which in turn is 

predominantly determined by headgroup dissociation and subsequent association of a metal 

counterion. To calculate the degree of dissociation, it is assumed that one metal counterion, 

in this case cadmium, will bind to each dissociated carboxyl group. The determined 

headgroup thickness and SLD can be used as fixed parameters, while the hydrocarbon 

thickness and SLD are fitted. These fitted hydrocarbon parameters are then employed to find 

a new value for the water volume, the headgroup volume, and thus also the degree of 

dissociation. This iterative process is continued until the fitted and calculated headgroup 

volumes coincide. The resulting fits to XRR data are presented in Figure 26, from which 

molecular dimensions and SLDs were used for the NR fits presented in Figure 23. 

 
Figure 26. Specular X-ray reflectivity data for 18-MEA (left) and EA (right) as a function of momentum 
transfer vector qz. The experimental data sets are represent by the coloured filled circles, whilst the solid 

lines represent corresponding model fits. Reflectivity was collected at increasing surface pressure, as 
represented by the darkening colour gradient of data and fits. The insets show resultant SLD-profiles 

obtained from the fitted parameters as a function of distance from the water interface. 
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Structures formed on the basis of a packing parameter, from 
mixtures of branched and straight chain fatty acids, are 
thermodynamically stable at the air–water interface and are 
resistant to decomposition when transferred to the air–solid 
interface 

So far, the domain-formation and ensuing 3D texturing of the air–water interface by 18-

MEA:EA mixtures has been analysed by AFM imaging of deposited films, and by in-situ 

monolayer investigation by scattering techniques. It remained to be investigated whether 

pressure–area isotherms could provide evidence for the observed domain formation. Thus, 

data collected from Langmuir isotherms of mixed monolayers are analysed below in terms 

of a classical thermodynamic approach. Moreover, the stability of the domain-forming 

monolayers is examined to ascertain if it is adequate for use in templating applications. This 

was evaluated as floating films at the air–water interface and at the air–solid interface as 

deposited monolayers. 

Pressure–area isotherms of monolayers of 18-MEA:EA, collected on a water subphase, are 

presented on the right-hand side of Figure 27. The isotherm for EA, indicated by a solid line, 

agrees well with what has been reported previously,111,112,114,115 and is characterised by a tilted 

condensed phase on isotherm lift-off, followed by a transition to an untilted condensed phase 

around the cross-sectional area of a hydrocarbon chain of 19 Å. (Note that the isotherms 

collected on water (solid lines) have been shifted with respect to each other to emphasise the 

isotherm slope tilt, whereas isotherms collected on a 0.1 mM Cd2+ subphase (dashed lines) 

have been shifted for fracture collapse comparison.) With increasing fraction of the branched 

fatty acid 18-MEA, the isotherm behaviour changes. The tilted condensed phase is no longer 

visible below an EA fraction of 18-MEA:EA 25:75. This suggests that 18-MEA plays a 

disruptive role in the packing of its mixed monolayers with EA on a neat water subphase. 

This is supported by AFM and BAM images presented in the supplementary information of 

Article III, showing high and low density regions of 18-MEA monolayers. 

Isotherms collected on a subphase containing 0.1 mM Cd2+ at pH 6.0 are presented on the 

left-hand side of Figure 27. The addition of cadmium to the subphase is common practice in 

the study of Langmuir monolayers, and is known to condense the monolayer by charge 

screening and metal–carboxylate binding, as further explained in the Scientific Context 

section. This is clearly observed for EA in Figure 27, which reveals an untilted condensed 

behaviour at monolayer lift-off. An increased fraction of the branched fatty acid 18-MEA 
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leads to a systematic reduction of the fracture collapse pressure as well as a decrease in 

isotherm gradient, classically attributed to a tilted condensed phase. Overall, the isotherms 

of the domain-forming 18-MEA:EA monolayers are highly reminiscent of similar domain-

forming low molecular weight amphiphiles, where little to no headgroup interaction is 

present, either in absence of  an actual headgroup, or due to charge screening.28–33,310 

Together, the domain-formation observed with AFM and surface texturing determined from 

NR—which increases with surface pressure—therefore leads to the suggestion that the 

observed isotherm behaviour results from surface texturing of a constrained domain-forming 

monolayer, with reduced headgroup repulsions. 

 
Figure 27. Langmuir isotherms of the saturated long chain fatty acids 18-MEA (circles) and EA (no 

markers) on water (solid lines) and on a subphase with 0.1 mM Cd2+ at pH 6.0 (dashed lines). Mixtures 
of the two fatty acids (18-MEA:EA) are shown with increasing fraction of EA: 75:25 (squares), 50:50 

(triangles), and 25:75 (diamonds). All monolayers were compressed at a barrier speed of 9.0 cm2 min-1. 
Isotherms on Cd2+ subphase have been shifted to align monolayer collapse at a molecular area 

corresponding to the cross section of a hydrocarbon chain, which is around 19 Å2. Isotherms on a water 
subphase have been shifted to align with the lift-off of the 50:50 ratio. 
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To test the hypothesis that domain-formation can be inferred from isotherm shape, pressure–

area isotherms have been investigated by thermodynamic analysis. Such monolayer analysis, 

however, assumes a 2D system unlike the domain-forming films of 18-MEA; the apparent 

conflict will be addressed in the analysis. 

The change in Gibbs free energy of a system of a component A is estimated by the integrated 

area under a pressure–area isotherm by: 

 
0A AG Â d


   , (30) 

where Â  is the area per molecule in Å2 and   is the surface pressure. A linear combination 

of the excess free energies of pure compounds can be employed to estimate the expected 

change in excess free energy for a mixed system. Subtracting this from the experimentally 

determined corresponding change yields the difference in expected and observed excess free 

energy of a mixed system. This is expressed by: 

 * * *

E
AB A A B BG Â d x Â d x Â d

  

  
       , (31) 

where 𝑥  and 𝑥  are the mole fractions of component A and B, respectively. The lower limit, 

Π∗ of the definite integral denotes a surface pressure at which components A and B are 

assumed to mix ideally in the monolayer. This was chosen as 0.3 mN m-1 for monolayers of 

18-MEA:EA, based on the absence of a liquid expanded phase at large areas per molecule. 

Neither the BAM images presented in Figure 28 for different 18-MEA fractions, nor the 

previously observed monodispersed domains, suggest any phase separation in the mixed 

system. Additionally, compression above 0.3 mN m-1 showed featureless monolayers for all 

18-MEA:EA mixtures investigated by BAM. 
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Figure 28. BAM images of 18-MEA:EA taken at isotherm lift-off at 0.3 mN m-1 on a subphase of 

0.1 mM Cd2+ at pH 6.0. The bright areas represent monolayer reflection and the black areas the lack of 
reflection of p-polarised light from water at the Brewster angle. The scalebar represents 100 µm. No 

background correction has been applied to any of the images. 
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Excess free energies for 18-MEA:EA mixtures at four different surface pressures are 

presented in Figure 29, calculated using the isotherms in Figure 27. For the fractions 75:25 

and 50:50, a positive excess free energy was calculated, and the opposite is observed for the 

25:75 fraction, which, from a classical analysis would indicate a repulsive mixing for the 

former fractions. This result is difficult to interpret from a classical analysis of a 2D 

monolayer. For this reason, an effort was made to calculate the surface energy corresponding 

to an increased surface area of a 3D textured film, using the lateral domain dimensions from 

AFM images, and NR to invoke an out-of-plane height modulation for the domains. The 

calculated surface energy at 40 mN m-1 resulted in an increase of 25 and 82 J mol-1 for the 

75:25 and 50:50 fraction, respectively, compared to the experimentally determined values of 

44 and 110 J mol-1. (The high EA fraction was not included in the analysis as this monolayer 

does not form regular surface domains.) The fact that such a simple estimation bears 

resemblance to the calculated excess free energy, strengthens the aforementioned hypothesis 

that Langmuir isotherms can indeed suggest domain-formation in floating monolayers, and 

correspondingly that the work required to pattern the surface is manifested in the isotherm. 

 
Figure 29. Gibbs excess free energy for mixed monolayers of 18-MEA and EA on a 0.1 mM Cd2+ 

subphase at pH 6.0. All energies were calculated for distinct surface pressures based on isotherms shown 
in Figure 27. The dashed lines between fatty acid fractions have been added for readability. 

To address whether the observed structures are stable with time, display any consolidation, 

aggregation, or are indeed rate dependent, the inherent stability of the domain-forming 

monolayers was investigated. The monolayer stability of 18-MEA:EA mixtures on a Cd2+ 

subphase was investigated by performing area reduction stability isotherms for 18-MEA, EA 
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and their 50:50 mixture. The results are presented in Figure 30. The straight chain fatty acid 

monolayer of EA undergoes an area decrease of roughly 2 % over the course of 6 hours, 

during which a minor initial decrease in area of EA is attributed to molecular rearrangements 

in the monolayer.114,125,162 In contrast, the monolayer of 18-MEA and the 50:50 ratio, display 

a rapid initial decay, which levels out with time to a total area loss of around 10 % and 5 %, 

respectively. In order to investigate the distinct difference in monolayer stability between the 

lamellar monolayer of EA and domain-forming monolayers of 18-MEA and the mixed 

system, LB depositions were performed as a function of stabilisation time at the air–water 

interface for a monolayer of 18-MEA. 

 
Figure 30. Monolayer (surface pressure) stability as a function of time for EA (solid line), 18-MEA 
(circles), and 18-MEA:EA 50:50 (triangles). Stability was measured as the reduction in monolayer 
surface area, while maintaining a constant surface pressure of 20 mN m-1 for 18-MEA and the 18-

MEA:EA 50:50 mixture, and 40 mN m-1 for EA. The inset shows the corresponding isotherms. 

Three depositions from the same monolayer of 18-MEA are presented in Figure 31, where 

the depositions were performed at the same surface pressure of 20 mN m-1 after stabilisation 

times of 15 minutes, 1 hour and 5 hours at the air–water interface. All three depositions 

clearly display the domain-forming properties of 18-MEA presented earlier; no domain 

coalescence is observed with increasing stabilisation time, and FT transforms for each image 

(shown in the figure insets) confirm domain monodispersity. As two connected features, the 

lack of domain coalescence and the domain monodispersity further favours the hypothesis of 

a thermodynamic basis for the domain formation. Increased multilayering with time at the 
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air–water interface, distinguished by the white areas in the AFM height images in Figure 31, 

is not restricted to the branched fatty acid 18-MEA, but is also observed for EA.129 Thus, the 

observed area decrease of the monolayers of 18-MEA and EA in Figure 30 is partly a 

molecular consolidation and subsequent continuous multilayering. However, for the domain-

forming monolayers of 18-MEA and 18-MEA:EA 50:50, the observed monolayer area 

decrease is mainly the result of a reduced disorder of domains by an increased hexagonal 

packing. The observed area decrease for domain-forming monolayers cannot therefore be 

assigned to a less stable monolayer as might be suggested at a first glance. 

 
Figure 31. AFM height images of monolayers of 18-MEA deposited on a silicon wafer for different 

stabilisation times of the monolayer at the air–water interface on a 0.1 mM Cd2+ subphase at pH 6.0. The 
monolayer stabilisation time is indicated in the top right of each image. The height modulation scale bars 

start at zero nanometre. The insets show FTs of the images, which indicate an increased ordering with 
time at the air–water interface. This was analysed with azimuthal integration in the supplementary 

information of Article III. 

The thermodynamic metastability (resulting in multilayering, governed by nucleation and 

growth theory129,141) of monolayers of 18-MEA at the air–water interface raises the question 
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of the stability of monolayers after deposition to a solid support, for possible applications in 

nanopatterning. Monolayers of 18-MEA and 19-MEA, deposited from a subphase of 

0.1 mM Cd2+ at pH 6.0, were imaged with AFM after storage in air-tight containers in 

ambient conditions. The same monolayer of 18-MEA was imaged 6 days after, and again 

40 days after deposition from the air–water interface at 20 mN m-1, as presented in the top 

and middle images of Figure 32, respectively. The deposited monolayer of 19-MEA was 

imaged 685 days after deposition at 40 mN m-1. The average domain dimensions of 18-MEA, 

as determined from the FT insets, decreased from 32 to 26 nm for the short axis and from 42 

to 36 nm for the long axis, between imaging after 6 and 42 days. This modest decrease in 

domain size is reasonable considering the transfer of 3D-texturing domains from a 

deformable air–water interface to a rigid 2D silicon wafer; the domain size at the air–water 

interface is dictated by the curvature imposed by the methyl-branch, whereas upon 

deposition, the domain must adopt to a flat surface with a different surface charge. 

Importantly, no domain coalescence is observed over time for the deposited monolayers, 

suggesting that the domains are kept intact by van der Waals forces inhibiting fatty acid 

surface diffusion. 

As a final step to evaluate the stability and domain-forming properties of the mixed fatty acid 

system 18-MEA:EA, thin films were prepared by drop casting on dry silicon wafers. The 

films were characterised by AFM imaging and are presented in Figure 33, where height (left) 

and phase shift (right) images are shown for drop casted films of EA, a 50:50 18-MEA:EA 

mixture and neat 18-MEA. The straight chain EA (Figure 33A1 and A2) displays a 

homogenous, but patchy monolayer, with a monolayer height of 2.4 nm. This layer thus bears 

high resemblance to that observed for an EA monolayer deposited by the LB technique from 

a neat water subphase.40 In contrast, the 50:50 18-MEA:EA ratio (Figure 33B1 and B2) 

exhibits a disordered, dendritic structure of 1.5 nm in height modulation. Meanwhile, the neat 

18-MEA monolayer (Figure 33C1 and C2) shows domains of roughly 30–50 nm, sparsely 

covering the surface. The three systems thus show distinctly different monolayer structures, 

with no resemblance to either pure EA or pure 18-MEA, in the structure of the mixed 

monolayer. This further strengthens the assumption of homogeneous mixing, and that there 

is no phase separation of the monolayer at this fraction. Additionally, the discrete domains 

observed for drop casts of 18-MEA cements the intrinsic properties of the branched fatty acid 

to not form monolayer in the classical sense, as a result of hydrocarbon chain packing 

constraints induced by the methyl branch. 
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Figure 32. AFM height images of deposited monolayers of 18-MEA (top and middle) and 19-MEA 

(bottom) on silicon wafers after different storage times, shown at two different magnifications for each 
sample (left and right). The images were collected 6 days (top), 40 days (middle), and 685 days (bottom) 
after monolayer deposition. All samples were stored in air-tight containers in ambient conditions before 

imaging. Corresponding FTs shown in the insets demonstrate that the hexagonal ordering of the 
monodisperse domains of 18-MEA is retained after long term storage, and that the monodispersity of the 

domains is retained for the 19-MEA sample. 
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Figure 33. AFM height (left) and corresponding phase (right) images of monolayers formed by drop-

casting EA (A), a 50:50 18-MEA:EA (B) mixture and 18-MEA (C) on silicon wafers. Drop casts of EA 
show a patchy albeit homogenous monolayer. A dendritic structure is observed for the mixed monolayer, 

and 18-MEA shows domain-formation with characteristic size and domain distance. The scalebars for 
height and phase modulation start zero nanometre and degrees, respectively. 
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Varying subphase conditions and straight chain hydrocarbon 
length allows control of the morphology of domains and 
topography of the air–water interface  

The hitherto investigated domain-forming monolayers of 18-MEA and mixed monolayers 

with EA have been prepared on a Cd2+ subphase. Although cadmium possesses advantageous 

properties as a divalent ion in fatty acid monolayer preparation, and is widely used in 

quantum dots in nanotechnology, the toxicological risks posed by industrial use of cadmium 

require careful consideration.311–313 Thus, to investigate the possible nanopatterning 

properties of 18-MEA without the use of hazardous heavy metals, monolayers were deposited 

from a subphase containing Na+. 

The covalently bound fatty acid barrier at the outermost surface of mammalian hair is 

composed of a number of different saturated fatty acids, with 18-MEA being the major 

component. The fraction at which 18-MEA expresses has been shown to increase with 

reduced hair strand diameter.61 The other remaining covalently bound fatty acid fractions are 

then mostly composed of hexadecanoic acid (HA) and OA, also known as palmitic acid and 

stearic acid, respectively.58 The effect of hydrocarbon chain length was investigated in mixed 

monolayers of 18-MEA with HA, and one monolayer composing the three components 18-

MEA, OA, and HA, roughly reflecting the expression levels on human hair.  

Monolayers of 18-MEA:HA were deposited at three surface pressures, 0, 5, and 20 mN m-1 

from a subphase with 0.4 mM Na+ at pH 10.0. The deposited monolayers were characterised 

by tapping mode AFM, with resulting images presented in Figure 34. From images A2 and 

A3, it is clear that monolayers of 18-MEA form monodisperse circular domains of 60 nm in 

size on a Na+ subphase, showing that domain-formation is not intrinsic to a subphase 

containing Cd2+. The observed domains are the result of hydrocarbon packing constraints by 

the methyl-branch preventing a close packing at the end of the chain. For this to occur, 

headgroup repulsions must be sufficiently screened. The observed monodisperse domains in 

Figure 34A2 and A3 conclusively show that the domain size can be tuned by changing the 

nature of the metal counterion, and thus effectively varying the headgroup repulsion. By 

comparison, a monolayer of 18-MEA presented in Figure 22 shows monodisperse domains 

of roughly 30 nm when deposited from a Cd2+ subphase. Cd2+ is known to condense floating 

monolayers by metal ion–headgroup interaction of covalent character, rather than the 

predominantly electrostatic character, which is the case for Na+.112,132,135,165,314 Thus, with an 

effectively larger headgroup on a Na+ subphase, the difference in cross-sectional area 



 

70 
 

between the two ends of the branched molecule is smaller, leading to a larger radius of 

curvature and consequently larger domains. 

 
Figure 34. AFM phase images of 18-MEA:HA monolayers deposited on silicon wafers at 0, 5, and 

20 mN m-1 from a 0.4 mM Na+ subphase at pH 10.0. The fatty acid ratios for each 18-MEA:HA 
deposition are shown in the bottom right and stated in wt%. Phase shift scalebars all start at zero degrees. 

FT insets in top left corners indicate characteristic length-scales in the images. The phase in image B2 
has been inverted. 
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Monolayers with the addition of HA to the ratio 18-MEA:HA 87:13 also form surface 

domains at the highest surface pressure, as shown in Figure 34B3. These domains are 

enlarged and slightly elongated compared to neat 18-MEA, with a long and short axis 

dimension of 85 and 70 nm, but are nonetheless monodisperse. Deposition at a low surface 

pressure results in an unordered continuous labyrinthine structure with a systematic boundary 

distance of 60–100 nm, as determined by the FT inset. Upon further increasing the HA ratio 

to 75:25, a dendritic centipede-like structure is observed for deposition at 0 mN m-1, 

presented in Figure 34C1. Upon compression to 5 mN m-1, the structure is redefined to a 

continuous structure, similar to what is observed for the 87:13 ratio in B2, with a systematic 

boundary distance close to 120 nm. At 20 mN m-1, the monolayer forms monodisperse 

elongated surface structures with long and short axis lengths of 100 and 60 nm. 

At higher HA ratios, no systematic domain formation is observed, however, grain domain 

boundaries are observed in D3, reminiscent of the boundaries observed for the 18-MEA:EA 

fraction 25:75 in Figure 22. It is thus observed that 18-MEA forms domains at the air–water 

interface on a subphase containing Na+. Furthermore, mixed fatty acid monolayers with the 

shorter chain HA show domain formation at higher ratios of 18-MEA, where the structure 

and domain size are tuneable with branched and straight chain ratio in the monolayer. The 

domain structure can thus be tuned by varying subphase conditions as well as changing the 

chain length of the straight fatty acid in mixed systems. 

The effect of the shorter chain on domain formation is further investigated by studying the 

corresponding pressure–area isotherms of monolayers of 18-MEA:HA, which are presented 

in Figure 35, collected on a Na+ subphase. The shape of the isotherm collected for 18-MEA 

is highly reminiscent of what has been shown before for domain-forming monolayers on a 

Cd2+ subphase. Similarly, the domain-forming ratios 87:13 and 75:25 show no sign of an 

untilted condensed phase upon monolayer compression. With further increased HA ratio, the 

isotherms are distinctly different and display the untilted condensed phase around 19 Å2, 

corresponding to the cross-sectional area of a hydrocarbon chain,91,97,315 which is indicative 

of a maximum packing density. An explanation for this observation is as follows. Assuming 

that the long chain fatty acids adopt a full-trans confirmation in the monolayer at the air–

water interface, the introduction of HA (a C16 hydrocarbon) into a monolayer of 18-MEA, 

will reduce any packing constraints induced by the methyl branch at the C18 position, as 

suggested from the molecular structures of 18-MEA and HA presented in Figure 35, where 

the branch sits above the C16 chain of HA. With the hydrocarbons packing in an orthorhombic 

crystal lattice in the monolayer,98,316 it could be estimated that there will be no packing 
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constraints induced by the methyl branch when each 18-MEA is neighboured by four HA 

molecules. This condition would then be reached for a 50:50 ratio in an orthorhombic crystal 

lattice, and is indeed observed for the 18-MEA:HA 50:50 and 63:38 ratios (corresponding to 

44:56 and 56:44 in molar ratios) shown in Figure 35. 

 
Figure 35. Isotherms of the mixed 18-MEA:HA fatty acid system collected on a subphase with 

0.4 mM Na+ at pH 10.0, with a monolayer compression speed of 9.0 cm2 min-1. The isotherms are 
presented in order of increasing ratio of 18-MEA: 50:50 (nablas), 62:38 (triangles), 75:25 (squares) and 

87:13 (diamonds), 100:0 (circles). 

The isotherms in Figure 36 were collected on a neat water subphase for the 18-MEA:HA 

mixed system, showing an increased collapse pressure with increasing HA ratio. For a 50:50 

18-MEA:HA mixture, the isotherm shape is highly reminiscent of that of a pure straight chain 

fatty acid, with an untilted condensed phase and a high collapse pressure of constant area 

type. This resemblance gradually disappears with increasing 18-MEA ratio, and the untilted 

condensed phase is not visible above a ratio of 62:38. 
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Figure 36. Isotherms of the mixed 18-MEA:HA fatty acid system collected on a neat water subphase 

with a monolayer compression speed of 9.0 cm2 min-1. The isotherms are presented in order of 
increasing ratio of 18-MEA: 50:50 (nablas), 62:38 (triangles), 75:25 (squares) and 87:13 (diamonds). 

100:0 (circles). 

Lastly, to provide insight to the effect which the branched fatty acid 18-MEA has on the lipid 

barrier coating hair and wool, a biologically relevant mixed fatty acid system of 18-MEA, 

OA, and HA was investigated with the ratio 18-MEA:OA:HA 50:25:25 in wt% 

(corresponding to 45:26:29 in mol%). Pressure–area isotherms collected on a 0.4 mM Na+ 

subphase at pH 10.0 and on a neat water subphase are presented in Figure 37 as filled and 

empty circles, respectively, together with the molecular structure of each monolayer 

component. The isotherms show similar behaviour; however, distinctly different collapse 

mechanisms are observed for the two isotherms, which are characterised as constant pressure 

and constant area collapse for the Na+ subphase and neat water subphase, respectively. This 

behaviour agrees with previous accounts above, and has been detailed in the Scientific 

Context section. The isotherm lift-off pressures are close to that of a neat 18-MEA monolayer 

on a Na+ subphase, but the system enters an untilted condensed phase at maximum 

compression. This differs from the two-component system 18-MEA:HA, where the area per 

molecule at lift-off was greatly reduced by the introduction of the short straight chain fatty 

acid. It is evident that the effect of the C18 chain of OA interferes with the packing of the 

methyl branch of 18-MEA, rather than nestling under it as is possible for the C16 of HA—

compare molecular structures shown Figure 37. From the untilted condensed phase at 
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maximum compression, it can be assumed that the monolayer shows lamellar structure with 

an untilted molecular packing. The methyl-branch thus disrupts the monolayer at high areas 

per molecule but not visibly at monolayer collapse. This is an interesting observation and 

there are a range of possible explanations. This could potentially suggest a degree of fatty 

acid local rearrangement in the monolayer upon compression, which could manifest as an 

increased neighbouring of 18-MEA and HA, or OA and HA, to locally optimise chain 

packing. Alternatively, in the tilted conformation, it may be that the packing advantage of the 

HA is lost, and the branching is disruptive irrespective of the chain lengths of the neighbours. 

Compared to the neat 18-MEA and the two-component system with HA, the three-component 

system spans a larger range in average area per molecule, making it more effective and 

flexible for surface coverage of the hair surface, where an average density of roughly one 

cysteine binding site per 100 Å2 is expected for the protein matrix at the hair surface.317 To 

further investigate the monolayer properties of this biologically relevant fatty acid mixture, 

it was deposited onto a solid support and characterised by AFM imaging. 

 
Figure 37. Langmuir isotherms of 18-MEA:OA:HA on water (empty circles) and on a subphase of 

0.4 mM Na+ at pH 10.0 (filled circles). Both monolayers were compressed at a barrier speed of 
9.0 cm2 min-1. 
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A monolayer of 18-MEA:OA:HA 50:25:25 was imaged by AFM after deposition at 

20 mN m-1 from a Na+ subphase. The resulting height and phase shift images are presented 

on the left and right in Figure 38, respectively, for two regions of the same monolayer at 

different magnification. Patterned regions are observed to partially cover the area in the phase 

image, indicative of areas at the air–water interface with different curvature. The majority of 

the surface is covered by lamellar or low curvature regions, in line with the untilted 

condensed phase observed in the corresponding isotherm in Figure 38. The patterned regions, 

suggestive of domain boundaries, partially covering the surface are intriguing. The patterns 

are analogous to some of the images in earlier sections and are thus suggestive of an increased 

fraction of 18-MEA. They could thus be a result of the aforementioned suggested pressure-

induced compositional and ordering variation. Another possibility could also be the result of 

edge-effects associated with the consolidation of large low-curvature sheets, which would 

coalesce upon further increased pressure, in line with the untilted condensed phase observed 

in the pressure–area isotherm. Note that it is conceivable that there is a compositional 

difference at the edges of the large regions where the curvature will be locally constrained. 

This is in line with arguments of linactants (surfactant analogues in two dimensions) as 

advanced by Schwartz et al.225 Neither is a combination of the two unlikely; these arguments 

remain speculative, but their veracity could possibly be investigated with a combination of 

nano infrared spectroscopy and BAM.318,319 

Considering that the fraction of 18-MEA on the surface of hair increases with decreasing hair 

strand diameter,61 the observed sensitive interplay between 18-MEA and the shorter chain 

fatty acids OA and HA evidently plays a vital role in the formation of the protective lipid 

barrier, which should stress the importance of considering all these components when 

constructing model systems. Furthermore, the observed large range in area per molecule for 

the three-component system could imply self-healing properties of the same protective 

coating. 
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Figure 38. AFM height (left) and phase (right) images of 18-MEA:OA:HA monolayers deposited on 

silicon wafers at 20 mN m-1 from a 0.4 mM Na+ subphase at pH 10.0. The fatty acid ratios for each 18-
MEA:OA:HA deposition are shown in the bottom right and stated in wt%. All phase shift and height 

scale bars start at zero degrees and nanometres. Image B1 has been smoothed by a Gaussian smooth to 
increase the visibility of domain boundaries. 
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5. CONCLUSIONS 
The work in this thesis has aimed to answer the hypotheses put forward at the end of the 

Introduction, which have furthermore been used as basis to address the findings presented in 

the Summary of Results. Here, each hypothesis is evaluated in relation to the experimental 

findings. 

1. Domain-forming films of long chain methyl-branched fatty acids, forming at the air–

water interface, texture the underlying water subphase three-dimensionally in order 

to accommodate the packing constraints imposed by the methyl branch. 

Domain formation has been shown by AFM imaging of deposited monolayers at several 

surface pressures for the penultimately methyl-branched long chain fatty acid 19-MEA. 

Probing such monolayers in-situ at the air–water interface with NR shows a significantly 

increased topography of the water interface compared to a non-domain-forming monolayer. 

The results provided by AFM and NR are self-consistent and independently strengthen the 

hypothesis of a texturing of the air–water interface. Additionally, the two techniques 

complement each other perfectly: AFM provides high resolution lateral imaging but cannot 

be employed to image monolayers at the air–water interface. On the other hand, NR cannot 

provide in-plane structural information, but statistically probes elemental variations normal 

to the interface. Thus, by combining the unique results from deposited monolayers and NR 

directly at the air–water interface, it has been—all but unambiguously—proven that the 

packing constraints imposed by the methyl branch of 19-MEA forces a local curvature of the 

underlying water by domain formation. 

2. If 1. is true, it should be possible to mediate the effect of the packing constraint, and 

thus the curvature, in a systematic way by mixing the branched fatty acid with a 

straight chain analogue. 

Mixed monolayers of the branched fatty acid 18-MEA and its straight chain analogue EA 

were investigated by AFM as deposited monolayers and by NR at the air–water interface. 

The inclusion of the straight chain analogue relaxed the packing constraints in the 

hydrocarbon chain. The result of this was two-fold: First, it led to a larger effective radius of 

curvature and thus larger domains observed in deposited films. Second, a larger radius of 

curvature led to a higher degree of perturbation of the air–water interface as probed by NR. 

The observed correlation between these two criteria is remarkable. These results allow an 

extraordinary control over the texturing properties. And what is possibly even more 
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compelling is the observed connection to lyotropic crystal systems, showing analogous 

transitions upon reduced domain curvature from circular domains (micellar phase) through 

parallel cylindrical segments (hexagonal phase) to flat monolayers (lamellar phase) upon 

relaxing the packing constraint by increased ratio of straight chain fatty acid.  

3. If the domain formation can indeed be explained by the concept of a packing 

parameter, then the structures formed on this basis should be thermodynamically 

stable the air–water interface and be resistant to decomposition when transferred to 

the air–solid interface. 

The stability of domain-forming monolayers of 18-MEA mixed with EA were investigated 

at the air–water interface by monitoring area loss over time, attributed mainly to domain 

consolidation and rearrangement to an area-optimised hexagonal packing. This strengthens 

greatly the notion of a thermodynamic stability of the domains at the air–water interface, 

together with the monodisperse domain size and lack of coalescence. By extension, the 

observed monodispersity furthermore strengthens 1. by showing that the observed domain 

size is predetermined by the packing constraints induced by the methyl branch, rather than 

being a consequence of deposition. Moreover, domain integrity in deposited monolayers was 

retained for at least two years after deposition, showing remarkable stability in ambient 

conditions, opening an avenue of templating possibilities in material science. 

4. By employing the concept of a packing parameter, the headgroup area should also be 

a control parameter for the domain assembly, in addition the alkyl chain volume; 

varying subphase conditions should thus allow control of the morphology and 

topography of the air–water interface. 

Monolayer subphase conditions were altered by changing the metal counterion from Cd²⁺ to 

Na⁺, while maintaining the degree of headgroup dissociation and subphase ionic strength. 

Na⁺ does not condense the monolayer to the same level as Cd²⁺ has been observed to do, 

leading to an effective larger headgroup cross-sectional area associated to the monovalent 

counterion. Clear circular domains were still observed for 18-MEA on a Na⁺ subphase, with 

a larger domain size as compared to domains formed on a Cd²⁺ subphase, showing that 

surface structuring and topography can be mediated by varying subphase conditions. 

Additionally, mixing 18-MEA with the short straight chain HA provided tuneability of the 

observed structures as a function of straight chain concentration in the monolayer, adding to 

the aforementioned possibilities to surface patterning, however, by using simple natural 

materials. Finally, insight to the natural function of the branched chain 18-MEA was gained 
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by mimicking a biologically relevant mixture of 18-MEA, OA, and HA. The much larger 

range in area per molecule for this three-component system is suggestive of self-healing 

properties of the covalently bound lipid barrier at the surface of hair and wool. Furthermore, 

the curvature of the film is intricately dependent on the fraction of 18-MEA, which goes a 

long way to explain the fact that the amount of 18-MEA on hair and wool decreases with 

increasing strand diameter. 
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6. OUTLOOK 
As the tenet of a planar air–water interface has been proven false, the implications that this 

will have for interfacial sciences are difficult to gauge. Although it would be bold to expect 

a paradigm shift in surface science, the discoveries presented in this work are likely to 

influence the way self-assembly at the air–water interface is understood, as it can no longer 

be assumed that a water surface is flat under the monolayer it supports. 

The expression “all but unambiguously” has been used to stress the cumulative evidence in 

support of the presented hypothesis of a curved water surface under the influence of domain-

formation by hydrocarbon packing constraints. And although all the evidence point in the 

same direction, it has not yet been possible to directly observe the inferred curvature of the 

air–water interface. Grazing incidence scattering could possibly provide such information, as 

it can be performed directly at the air–water interface to yield in-plane, surface averaged 

structural information. Thus, in an effort to go beyond all reasonable doubt, GISANS 

measurements were performed at the FIGARO beamline on the 18-MEA system. While the 

technique has been successfully applied to thin polymer films and buried structures, the 

system at hand—texturing of a height below 2 nanometres—proved no more than a stress-

test for the instrumentation and the GISANS technique as the resolution was too low to 

conclude anything definitive from the measurements. A dedicated instrument for 

investigating such nano structuring would be crucial for providing this evidence, and 

although a monochromatic beam would be preferable, the high brilliance at ESS could 

possibly provide a definitive answer. 

Even though the question regarding the anti-microbial properties of the branched fatty acid 

remains unattended—albeit still of great interest—self-healing properties of the lipid barrier 

has been suggested to provide another piece of knowledge to the vexed question of the 

function of 18-MEA on the outermost surface of hair and wool. As it is already known that 

the ratio of 18-MEA changes with hair strand diameter, the fatty acid composition of 18-

MEA, OA, and HA should change to effectively cover the hair surface with a protective 

monolayer coating. The possibility of compositional variations in this coating would be of 

interest to investigate further with nano infrared spectroscopy and BAM. 

Lastly, almost limitless tuneable nanopatterning has been shown using simple fatty acids, 

table salt, and a water surface. Such regularly shaped and thermodynamically self-assembled 

structures can be used to decorate areas only limited by the area of a trough. Additional 
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surface active molecules following the same packing constraint criteria as branched fatty 

acids are expected to show similar nanopatterning, where phospholipids with varying 

headgroup and fatty acid composition are the obvious candidate for future investigation. 
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