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ABSTRACT 

Fatty acids and their derivatives have been used as model organic friction modifiers for 
almost a century, but there is still debate as to the nature of the boundary films that they 
form on rubbed surfaces.  In this study, in situ liquid cell atomic force microscopy (AFM) is 
used to monitor the self-assembly of boundary films from solutions of fatty acids in alkanes 
on to mica surfaces. Because the mica surfaces are wholly immersed in solution it is 
possible to study directly changes in the morphology and friction of these films over time and 
during heating and cooling.   

It has been found that stearic and elaidic acid, that are able to adopt a linear molecular 
configurations, form irregular islands on mica that are tens to hundreds of microns in 
diameter and typically 1.6 nm thick, corresponding to domains of tilted single monolayers.  At 
a relatively high concentration of 0.01M, stearic acid in hexadecane forms an almost 
complete monolayer, but at lower concentrations, in dodecane solution and for elaidic acid 
solutions these films remain incomplete after prolonged immersion of more than a day. The 
films formed by fatty acids on mica are displaced by repeated scanning in contact mode 
AFM but can be imaged without damage using tapping mode AFM. 

Rubbed quartz surfaces from a sliding ball-on-disc test were also scanned ex-situ using AFM 
and these showed that stearic acid forms similar monolayer island films on quartz in macro-
scale friction experiments as are found on mica. 

Oleic acid solutions behave quite differently from stearic acid and elaidic acid, forming 
irregular globular films on both mica and rubbed quartz surfaces.  This is believed to be 
because its cis-double bond geometry means that, unlike its trans-isomer elaidic acid or 
saturated stearic acid, it is unable to adopt a linear molecular configuration and so is less 
able to form close-packed monolayers.  

KEYWORDS 

Organic friction modifier; boundary friction; AFM, in situ; stearic acid 

 

  



2 
 

1 INTRODUCTION 

A companion paper [1], describes the application of in situ liquid cell atomic force 
microscopy (AFM) to investigate the self-assembly and morphology of boundary films 
formed by octadecylamine on mica surfaces.  The current paper employs the same 
experimental approach to study boundary film formation by various long chain carboxylic 
acids.  

1.1 Carboxylic acids as organic friction modifiers 

Almost exactly one hundred years ago, it was discovered that the addition of a small 
concentration of oleic acid to mineral oil was able to reduce friction and thus increase the 
efficiency and reliability of machine components [2].  This acid very soon became widely 
employed as the first lubricant additive and its importance can be gauged from the fact that 
open release of the patent describing its use was withheld by the UK Admiralty for 18 
months until after the 1914-1918 war [2].  Various mechanisms for this behaviour were 
proposed but it soon became accepted that the additive worked by adsorbing on polar metal 
surfaces to form a low shear strength separating film, as graphically described by Allen in 
1919 [3]; 

In the extreme case we may picture each of the metallic surfaces covered with a layer of oil 
one molecule thick, resembling a piece of velvet firmly glued to the metal with the pile 
outwards.  Two such velvet-clad surfaces can glide over one another with but little friction. 

In the early 1920s, the term “boundary lubrication” was coined to describe reduction of 
friction by the adsorption of long chain, polar molecules on rubbing surfaces [4].  This class 
of additive, based on amphiphilic molecules with a long hydrocarbon chain having a polar 
functional group at one end, are now widely employed in the formulation of energy-efficient 
lubricants and are called organic friction modifiers (OFMs).  Nowadays, free long chain 
carboxylic acids (often termed fatty acids) are rarely used as OFMs in engine or 
transmission formulations due to bearing metal corrosion issues [5,6], although they are still 
employed in some metal-working applications.  However, esters that are designed to release 
fatty acids in small quantities of free acid during use and polyfunctional species in which the 
corrosive response of the carboxylic group is reduced by neighbouring groups are widely 
employed.    

There has been very extensive academic research into the friction-reducing behaviour of 
carboxylic acids as friction modifiers.  It was found that solutions of linear, saturated 
carboxylic acids in hydrocarbons, when used at concentrations of greater than about 
0.0001M (∼0.05% wt.) give greatly reduced friction with a wide range of metal-metal tribo-
pairs [7].  Friction reduction occurs when the number of carbon atoms in the chain exceeds 
about 4, and increases with increasing carbon chain length. There is, however, still some 
disagreement about whether or not friction levels out above a critical chain length [8-10].  
Branched chain acids were generally found less ineffective than straight chain ones [11].  It 
was shown that to reduce friction, enough carboxylic acid must be present to form a 
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complete vertically oriented monolayer [8].   Research also showed that single monolayers 
of long chain carboxylic acid deposited on surfaces using the Langmuir-Blodgett technique 
were able to reduce friction just as well as when the surfaces were immersed in the acid 
solution [12,13].  Based on all these observations, the classical model of OFM behaviour 
was developed - that these additives adsorb on polar surfaces to form close-packed, 
vertically-oriented monolayers. The weak interaction potentials and very limited 
interpenetration between methyl end groups of monolayers on opposing, sliding surfaces 
results in a very low shear strength interface and thus low friction [14].  An important feature 
of these vertically-oriented monolayers is that Van-der-Waals forces between adjacent long, 
straight alkyl chains confer considerable strength to the monolayer, such that monolayers of 
long chain molecules are able to withstand the very large applied pressures present at 
asperity-asperity contacts [15,16].  

Although this monolayer model of OFM behaviour generally prevails, it should be noted that 
there is also a considerable body of literature to indicate that in some cases long chain 
carboxylic acids can form films considerably thicker than a single monolayer [17].    

There has been considerable debate as to the nature of the bond between carboxylic acid 
OFMs and metal surfaces, in particular whether the molecules are physically adsorbed as 
the free acid or chemically react with the surfaces to form metal carboxylates. This question 
was discussed by Bowden and Tabor, who concluded that carboxylic acids generally react 
with the oxides on metal surfaces to form metal carboxylates [7]. 

Most research on carboxylic acid-based friction modifiers has studied metals, showing that 
fatty acids are effective in reducing friction of reactive metals, including iron, but not of 
unreactive metals such as chromium and silver [9].  The latter is quite surprising since fatty 
acids have been shown to adsorb from hexadecane to form near-complete monolayers on 
such metals [18].  Some work has also been carried out using other substrates and Hardy 
found much less reduction of friction by fatty acid solutions with glass compared with steel 
[4] while Studt noted very little friction reduction with silicon carbide [11].  

The majority of academic research on carboxylic acid friction modifiers has studied saturated 
carboxylic acids, although there has been some research on oleic acid, which has one 
double C=C bond, and fatty acids with multiple double bonds such as linoleic acid and 
linolenic acid.  Derivatives of such acids are often used as commercial OFMs.  

Jahanmir and Beltzer compared the friction-reducing properties of copper lubricated by 
solutions of stearic acid, oleic acid and elaidic acid in refined mineral oil [14].  Elaidic acid is 
the trans isomer of oleic acid. They found that as concentration of acid was increased for 
each carboxylic acid, friction decreased, to reach a limiting value at high concentration.  
However, stearic acid produced a low friction film at much lower concentration than did oleic 
acid, while elaidic acid was intermediate between the two.  The asymptotic friction coefficient 
reached at high concentration by stearic acid was also lower than that reached for the two 
unsaturated acids. 
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Fox et al. compared the friction behaviour on steel of various concentrations of stearic and 
oleic acid dissolved in sunflower oil and found that stearic acid gave much lower friction (and 
wear) than oleic acid at low concentration but similar friction at high concentration [19]. 

Lundgren et al. compared the film-forming behaviour of stearic, oleic, linoleic and linolenic 
acid solutions in hexadecane using a surface forces apparatus [20].  They found that stearic 
and oleic acids formed monolayers on the opposing mica surfaces, with thickness indicative 
of vertical molecular orientation.  Linoleic and linolenic acid formed thicker films, which the 
authors interpreted as resulting from the presence of horizontally-oriented layers between 
the monolayers on the two mica surfaces.  By contrast, using quartz crystal microbalance to 
study adsorption on steel surfaces, Lundgren and co-workers found only partial monolayers 
formed by stearic acid and oleic acid in hexadecane [21]. 

In a recent study by the authors, the friction properties of stearic acid, oleic acid and elaidic 
acid solution in a steel-steel sliding contact were compared [22].  It was found that both 
stearic acid and elaidic acid solutions gave extremely low friction coefficient (typically 0.05) 
at very low sliding speed, which increased linearly with log(speed) to reach a value of ca 
0.08 – 0.09 at a sliding speed of 1 mm/s.  By contrast, oleic acid solution gave friction 
coefficient of ca 0.1 that was constant over the whole speed range.  The authors suggested 
that low friction that increases logarithmically with speed is characteristic of close-packed 
vertically-oriented monolayers and that the trans arrangement of elaidic acid enables its 
molecules, like those of stearic acid, to adopt a linear configuration and thus form such 
monolayers.  Oleic acid, however, due to its cis arrangement, cannot adopt a linear 
configuration and thus cannot form close-packed monolayers at the concentrations tested. 

1.2 AFM studies of carboxylic acid self-assembly 

Surprisingly little previous research has used AFM to study self-assembled films formed by 
fatty acids and in all of it AFM has been applied ex-situ, where a surface is immersed in 
solution to form a film and then withdrawn from solution and dried prior to study.  The 
potential disadvantages of this ex-situ approach have been discussed in a companion paper 
[1]. 

Benitez and co-workers studied the self-assembled films formed on mica by hexadecanoic 
acid solution in chloroform [23,24].  Mica was immersed in various concentration solutions 
for 30 s, withdrawn, dried in a stream of N₂ gas and stored, before being tested using contact 

mode AFM.  It was found that the acid initially formed dendritic islands of height 1.5 nm to 2 
nm and width approx. 0.75 µm, covering about 15% of the mica surface.  For higher acid 
concentrations the coverage increased to a maximum of 30% during prolonged storage.  
The authors suggested that the islands were tilted monolayers of acid molecules, weakly 
bound to the mica surface, although they conjectured that at high solution concentrations, 
acid dimers might adsorb [24]. 
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Zhang et al. used a similar approach to study the impact of relative humidity on the self-
assembled films formed on mica by arachidic acid (C20) solution in chloroform [25]. The 
films formed initially consisted of almost complete, tilted monolayers with small pinholes. 
During AFM scanning in moderate humidity conditions, the number of pinholes increased 
and then the pinholes were enlarged by removal of material at the edges. Upon resting, 
some recovery took place.  At higher humidity the damage caused to the monolayers by 
AFM scanning was reduced.  The authors suggested that the presence of adsorbed water 
molecules in and adjacent to the pinholes might increase mobility of the arachidic acid film 
and thus promote rapid healing. 

Song et al. used ex-situ AFM to study the films formed on mica from hexadecanoic acid 
solution in ethanol [26].  When the mica was exposed to solution for very short times, partial 
coverage was seen but this increased to full coverage for exposure times of more than 60 
minutes.  In contrast to the studies by Benitez [23] and Zhang [25], who found monolayers, 
the thickness of the films in the study indicated bilayers and multiple bilayers.  This is to be 
expected for the self-assembly of amphiphiles from polar solvents on to polar surfaces, since 
the film formed needs to be polar at both the film-solid interface and at the film-liquid one. 

Taylor and Schwartz [27] and Lim et al. [28] have both used ex-situ AFM to study the films 
formed by fatty acid solution on alumina. Taylor and Schwartz studied film formation by 
octadecanoic acid from hexadecane.  They found that islands of monolayer thickness were 
formed initially but that coverage increased with immersion time to reach a complete 
monolayer after about 1 minute with freshly annealed (i.e. dry) sapphire, but took 24 hours to 
reach a monolayer on sapphire exposed to ambient air.  Lim et al. immersed sapphire in 
octadecanoic acid solution in hexadecane to prepare monolayers and then immersed these 
in water for varying periods before mapping the sapphire surfaces using AFM.  They found 
that the film was progressively removed by molecular desorption into water. 

There appears to have been no published work to date to study the topography and friction 
properties of self-assembled films of fatty acid OFMs on solid surfaces using in-situ AFM, 
where the surface is fully immersed in solution and scanned using an AFM tip in a liquid cell.  
The current paper describes such a study. 
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Fig. 1 Molecular structures of stearic acid (a), elaidic acid (b) and oleic acid (c) 

 

1.3 The chemistry of the mica surface 

Muscovite mica has the chemical formula KAl2(Si3Al)O10(OH)2 and it cleaves between 
aluminosilicate layers [26].  Negatively charged aluminosilicate layers are bound to an 
intermediate “sandwiched” layer of positively charged potassium ions and upon cleavage 
these potassium ions become approximately equally distributed between the two new 
surfaces [29]. 

In this study, it is important to consider the role played by potassium cations located at the 
mica surface since they may react with carboxylic acid to form insoluble potassium 
carboxylate salt.  The presence of metal cations at the substrate surface is of particular 
interest since the likelihood of reaction between iron oxide and carboxylic acid friction 
modifier resulting in the formation of a chemisorbed iron carboxylate film  has been a topic of 
much debate amongst scientists in the field.  Whilst it has been argued that the reaction to 
yield iron carboxylate is thermodynamically unfavourable [30], more recent surface analyses 
by techniques such as ToF-SIMS and FTIR support the formation of metal carboxylate [31-
33]. 

To investigate the role played by potassium cations in the self-assembly of carboxylic acids, 
potassium-free mica surfaces are prepared by ion exchange in aqueous solutions.  There is 
conflicting information as to the optimum experimental conditions required to displace K+ 
ions by H+.  Pashley found that at pH 7 few K+ ions were exchanged by H+, but that by 
decreasing the pH to 6, all the potassium ions could be replaced [34].  Xu and Salmeron 
were able to use deionized water for the preparation of mica surfaces with H+ ions [35].  
However, Osman et al. showed that dissolution of atmospheric CO2 in water leads to the 
formation of carbonic acid that can participate in hydroxonium ion formation by lowering the 
pH, thus facilitating ion exchange [36].  Gaines and Rutkowski reported that Al3+ and Si4+ 
could be extracted from mica at high acidity [37], while Pashley observed no damage to the 
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mica surface at pH 3 [34].  Xu and Salmeron also showed that ion-exchange by H+ is 
reversible [35].  This suggests that the adsorbed cation must in fact be H3O+, not H+, since it 
possesses a charge density comparable to K+. 

 

2 EXPERIMENTAL 

2.1 Materials and reagents 

The fatty acids, stearic acid (≥98.5%, 284.48 gmol ⁻¹), oleic acid (≥99%, 282.46 gmo l⁻¹) and 

elaidic acid (≥99.0%, 282.46 gmol ⁻¹), were used as supplied.  Hexadecane (99%) and 

dodecane (99%), used as base oil, were cleaned with silica (Fluka, chromatography, 60) and 
alumina (Sigma-Aldrich, Brockmann Activity I, basic) molecular sieves and stored over 
alumina to be filtered immediately before use.  Solutions of the additives in base oil were 
prepared at concentrations of 0.01, 0.001 and 0.0001 M as required.  All reagents were 
purchased from Sigma-Aldrich. 

Muscovite mica discs of 14 mm diameter were acquired from Agar Scientific (Stansted, UK).  
These had RMS roughness of ca. 0.1 nm.  Fused quartz balls of 6 mm diameter and fused 
quartz discs of 14 mm diameter and 3 mm thickness were obtained from the Technical Glass 
Company (Cambridge, UK).  Quartz balls and discs had RMS roughness of 1.5 nm and 0.3 
nm respectively.  The fused quartz specimens had hardness of 1050 VPN.  Steel AISI 52100 
balls of 6 mm diameter were acquired from PCS Instruments (Acton, UK).  These had RMS 
roughness of 6 nm and were of bearing grade steel through-hardened to 760 VPN. 

2.2 Preparation of mica substrates 

Mica was attached to steel discs using Araldite 2-part epoxy resin ready for mounting on the 
magnetic stage in the AFM head.  Immediately before use the mica was freshly cleaved in 
either air or dodecane.  Cleavage in air was made using adhesive tape.  Adhesive tape was 
gently pressed against the exposed flat surface of the mica substrate, parallel to the 
cleavage plane.  The tape was then slowly peeled away from the surface.  The tape was 
investigated under light to reveal the removed layer of mica and verify that cleavage had 
been successful.  This process was repeated three times.  Cleavage in dodecane was 
carried out using a stainless steel blade.  A crystallising dish was filled with clean dodecane.  
The mica sample and stainless steel blade were immersed in the dodecane.  The stainless 
steel blade was then firmly pressed against the curved edge of the mica disc, approximately 
perpendicular to the cleavage plane.  Once the blade was inserted at the edge of the mica it 
was slowly pushed across and away from the sample to lift away the top layer of mica. 

Potassium-free mica surfaces were prepared by placing both top and bottom-cleaved mica 
specimens in hydrochloric acid for 20 hours. Hydrochloric acid (Fluka, 0.01 M standard 
solution) was diluted with deionised water to give a pH of 5.  Chemically inert plastic 
tweezers were used instead of stainless steel tweezers to handle the mica to prevent 
corrosion of steel and release of metal cations into the acid solution.  After immersion in 
acid, the mica specimens were removed and rinsed 5 times with deionised water.  Excess 
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water was poured off the surface and the remaining water was removed with a heated blow-
dryer so that no water droplets could be seen under the optical microscope at 500X 
magnification.  Modified mica substrates were adhered to steel pucks with adhesive pads 
(Veeco Probes) rather than Araldite 2-part epoxy resin to prevent contamination of the 
prepared mica surface with amines, which are released during the curing of the latter. 

2.3 Preparation of quartz ball-on-disc friction surfaces 

Immediately before use, the steel balls were cleaned by ultrasonication in a bath of toluene 
for 30 min.  The steel specimens were then rinsed, first with clean toluene and then with 
acetone.  Quartz balls and discs were rinsed with toluene and acetone.  Specimens were 
dried using a heated blow dryer. 

Ball-on-disc pure sliding friction tests were carried out using a UMT-2 tribometer equipped 
with an ultra-low speed rotary drive and high range dual force sensor from CETR (Centre for 
Tribology Inc., Campbell, California, USA).  During friction tests, the ball was loaded against 
the rotating, flat surface of the disc.  Both ball and disc were immersed in carboxylic acid 
solution in hexadecane.  Friction tests were carried out using a load of 4 N, a sliding speed 
of 1x10⁻³ ms⁻¹ and a temperature of 35°C. 

After a friction test the lower disc specimen was left immersed in test lubricant until ready for 
AFM imaging; this was typically carried out within 1-2 h.  Once removed from the lubricant 
solution, the disc was held level so that a liquid film remained on the upper friction surface.  
Excess lubricant was removed from the lower surface by firmly pressing the underside of the 
specimen against a dry paper towel, a toluene-soaked paper towel, an acetone-soaked 
paper towel and finally a dry paper towel.  The underside of the quartz specimen was then 
attached to a steel disc using an adhesive pad, ready for mounting on the magnetic plinth in 
the AFM.  A temperature of 35°C was maintained inside the AFM, however, in the 
intervening time the specimens cooled to a room temperature of 22°C. 

2.4 AFM instrumentation and measurements 

All AFM measurements were made using a Veeco Multimode SPM with Nanoscope IV 
controller and either a vertical “J” or “E” scanner.  Contact and tapping mode AFM in liquid 
was achieved using a liquid cell.  In contact mode, height and lateral force images were 
obtained, while in tapping mode, height and phase images were generated.  Liquids were 
introduced to the liquid cell via pipette.  Triangular Si3N4 cantilevers with a backside gold 
coating (model NP-S) were obtained from Veeco Probes Ltd.  A long wide-legged cantilever 
was employed for all measurements.  According to the supplier’s specifications, this 
cantilever nominally has length of 196 μm, leg width of 41 μm, free resonant frequency of 20 
kHz and spring constant of 0.12 N/m.   

For force spectroscopy, normal deflections of the AFM cantilevers were calibrated using the 
reference cantilever method [37].   

To determine the effect of temperature on film formation by carboxylic acids a vertical “J” 
scanner with sample heater attachment (Veeco Instruments, Santa Barbara, California, 
USA) was used.  The heating element was located directly underneath the magnetic 
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specimen plate, fitted inside the scanner.  The temperature set-point was adjusted in the 
heater controller.  The tip was disengaged during heating and cooling and once the set 
temperature had been reached, the sample was left for 5 min before re-engaging the tip and 
scanning. 

 

3 RESULTS 

3.1 Mica in alkane and after introduction of stearic acid solution 

In an initial experiment an air-cleaved mica surface was imaged first in hexadecane and then 
after the injection of 0.001 M stearic acid solution.  Fig. 2 shows two pairs of 1 µm x1 µm 
contact mode AFM height and lateral force images of an air-cleaved mica surface.  The first 
pair 2(a) and 2(b) are for mica immersed in hexadecane.  The surface is featureless except 
for small, ca. 10 nm, diameter spots.  The origin of these is not known but they may 
correspond to small contamination particles adhering to the mica when it was cleaved.  They 
were not observed in any subsequent experiment. 

 

Fig. 2 Contact mode AFM height (a, c) and simultaneously-obtained lateral force (b, d) 
images of mica in hexadecane (a, b) and after introduction of 0.001 M stearic acid solution in 

hexadecane (c, d); lateral force is higher (bright contrast) on the uncovered mica surface 

Figs. 2(b) and 2(d) show the surface shortly (within 6 minutes) after injection of a 0.001M 
stearic acid solution in hexadecane into the liquid cell.  The relative volumes of the cell and 
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the injected solution mean that the final stearic acid concentration is ca. 0.0004M.  Very 
irregular islands are formed of diameter ca 250 nm and, from the profile shown in Fig. 2(e), 
of height 1.4 nm. These are believed to correspond to islands of tilted, vertically-oriented 
monolayers of the acid, as reported for many surfactants in AFM studies [23,25,39-42].  The 
height suggests a tilt angle of approx. 56° from the surface normal.  The monolayer islands 
show lower lateral force than the regions between the islands. Fig. 2(b) also shows small, 
isolated round spots similar to those seen in the hexadecane scan, suggesting that these 
persisted after injection of stearic acid solution. 

Fig. 3 shows a series of contact mode scans on one region of the mica surface after injection 
of stearic acid, taken from the same experiment as shown in Fig. 2.  Figs. 3(a) and 3(b) 
show height during two successive 1 µm scans and indicate that the islands are 
progressively removed by scanning.  Fig. 3(c) is a 3 µm scan taken immediately after this 
and shows an almost bare region in the centre, corresponding to the previously scanned 1 
µm area.  Figs. 3(d) and 3(e) show two further 3 µm scans in which the surface is being 
progressively depleted of islands.  Finally, the scanned size was expanded to 10 µm as 
shown in Fig. 3(f).  The central, almost bare, 3 µm scan area can be seen very clearly.  Figs. 
3(g) and 3(h) show the final topography and lateral force images while Fig. 3(i) shows the 
height profile along the dashed line in 3(g).   

 

Fig. 3 Contact mode AFM height images showing removal of stearic acid film by loaded 
scanning at scan sizes of 1 µm (a, b, c) and 3 µm (d, e, f); height (g) and lateral force (h) 

images showing void in film; line profile of g (i) 
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These results show that the stearic acid monolayer islands are quite weakly bonded to the 
surface since they are displaced by the scanning tip.  Also, the acid molecules are not 
displaced laterally to the edges of the scanned region but are dislodged into the liquid 
phase.  It should be noted that when AFM imaging was carried out in tapping mode, the 
islands were not removed, even after multiple scans. 

3.2 Adsorption of carboxylic acids from solutions of known concentration 

In these experiments, cleaved mica surfaces were imaged in stearic acid solution in 
hexadecane and in stearic acid, elaidic acid and oleic acid solutions in dodecane.  
Concentrations of 0.01 and 0.001 M were used and since the liquid cell was filled with 
carboxylic acid solution from the outset, the concentrations present are known precisely. 

Fig. 4 gives an overview of the experimental results and permits a comparison of the films 
formed by the different carboxylic acids in both hexadecane and dodecane solvents.  For all 
carboxylic acids a higher surface coverage is achieved in more concentrated solution.  The 
surface coverage achieved by the carboxylic acids follows the trend: stearic acid > elaidic 
acid > oleic acid.  For stearic acid higher surface coverages are produced in hexadecane 
than in dodecane solvent.   

 

Fig. 4 Summary of results comparing films formed on mica by saturated and mono-
unsaturated carboxylic acids in hexadecane and dodecane solvents at concentrations of 
0.01 and 0.001 M; AFM height images; θ is surface coverage, h is film thickness and t is 

time in solution 
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In 0.01 M stearic acid solution in hexadecane a complete monolayer is formed on mica 
within 3 min., i.e. the time taken to commence scanning.  The appearance of the film did not 
alter throughout the course of the AFM experiment, which lasted 56 min.  Fig. 5 shows the 
contact mode AFM height and lateral force images obtained.  Note the decreased height 
scale bar of 500 pm.  Although the film is apparently complete, there is quite a marked 
variation in lateral force across the surface, as shown in Fig. 5(b).  At first sight the height 
image, Fig. 5(a) appears featureless.  However close inspection reveals regions where the 
height is slightly augmented, by less than 0.1 nm, and these regions correspond to the 
regions of lower friction.  The monolayer film, although complete, thus appears to have 
structure, possibly with regions of different molecular tilt direction or slight variations in 
packing density. 

 

Fig. 5 Contact mode AFM height (a) and lateral force (b) images showing complete stearic 
acid monolayer on mica in 0.01 M solution in hexadecane 

With 0.001 M stearic acid solution in hexadecane, a monolayer with pinhole inclusions is 
formed a shown in Fig. 6.   

 

Fig. 6 Contact mode AFM height (a, d) and lateral force (b, e) images of stearic acid 
monolayer with pinhole inclusions on mica in 0.001 M solution in hexadecane during two 

separate experiments; line profiles of a (c) and d (f) 

These pinholes have diameters of 100-400 nm and a depth 1.6 nm.  The pinholes display 
higher friction than the CH₃ terminated stearic acid monolayer film.  In the first experiment 
(6a-c) the surface coverage is calculated to be 0.99, while in the repeat experiment (6d-e) a 
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greater number of pinholes are observed and consequently a slightly lower surface coverage 
of 0.97 is achieved.  Assuming an all-trans configuration of the adsorbed stearic acid 
molecules and no film within the pinholes, it is calculated that the molecules are tilted 50° 
from the surface normal. 

The adsorption of stearic acid onto mica from solution in the shorter, 12-carbon dodecane 
was investigated.  In 0.01 M solution a low friction partial monolayer containing circular holes 
is observed.  Using depth profile analysis the film height is calculated to be 1.6 and 1.5 nm 
and the surface coverage 0.75 and 0.85 in contact and tapping modes respectively.  The film 
formed within 3 min., i.e. before scanning commenced, and did not alter in appearance 
throughout the 3.5 hour duration of the experiment.  In contact mode some of the holes 
appeared elongated which gave the film a patchwork appearance, as illustrated in Fig. 4.  
These elongated holes were not visible when the same area was scanned in tapping mode.  
It is postulated that these elongated holes demarcate former inter-island spaces and indicate 
that the last stage of film growth was an island (mica continuous phase) to monolayer 
(stearic acid continuous phase) transition.  It is likely that in contact mode the applied forces 
are high enough for the tip to penetrate the film at weak points.  If the last stage of film 
growth occurs at the boundaries of former islands, it is possible that the film in these 
locations has less stability and is thus more easily disrupted by the tip.  The mechanism of 
the transition from isolated islands to continuous film may be predominantly via translational 
motion of pre-adsorbed stearic acid molecules across the mica surface rather than 
adsorption of new molecules from the bulk solution.  This would lead to these molecules 
exhibiting larger intermolecular separations in order to bridge the gaps between islands and 
in turn would reduce the strength of the lateral van der Waals interactions that help stabilise 
the film.  A repeat experiment yielded a similar result, i.e. a continuous film with 
approximately circular holes.  In this instance, the film height was 1.5 nm and the surface 
coverage 0.90. 

An experiment was also carried out using dodecane-cleaved mica rather than air-cleaved 
mica.  Again, a low friction monolayer film containing holes is observed.  In this case, the 
holes were irregularly shaped.  Using line profile and depth analysis it is calculated that the 
film height is 1.5 nm and the surface coverage 0.92, similar to the values observed with air-
cleaved mica. This suggests that the cleavage medium does not have a significant effect on 
stearic acid adsorption.  It is noted that the surface coverage achieved in 0.01 M stearic acid 
solution in dodecane is lower than that which is achieved at one tenth of this concentration in 
hexadecane. 

In 0.001 M stearic acid solution in dodecane, a film grows on mica gradually over time, Fig. 
7.  The initial stages of film formation and subsequent film growth were monitored in contact 
mode AFM, as shown in Figs. 7(a-d).  It is found that stearic acid initially adsorbs forming 
islands of approximately 2.3 nm height and 1 μm diameter.  In the next stage of film growth, 
smaller islands form in between these initial islands. These smaller islands have an 
approximate height of 1.4 nm and diameters of 0.3 to 0.5 μm.  In the subsequent stage of 
film growth, both the large and small islands grow.  After 33 min in solution, the large islands 
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display lower friction than the small islands; and both show lower friction than the mica 
substrate, as can be sees in Fig. 7(h). 

 

Fig. 7 Contact mode (a-d) and tapping mode (e, f) height images showing film growth on 
mica with time in 0.001 M stearic acid solution in dodecane; contact mode height (g) and 

lateral force (h) images after 33 min in solution; line profile of g (i) 

After 140 min in solution, tapping mode AFM showed that both large and small islands have 
undergone subsequent growth and that all islands now have a uniform height, Fig. 7(e).  By 
depth profile analysis the film height is 1.5 nm and surface coverage is 0.16. The AFM 
cantilever was disengaged and the controller switched off, whilst the mica substrate with 
supernatant stearic acid solution and liquid cell were left in situ overnight so that 
measurements could be continued the following day.  After a total immersion time of 19 
hours the islands had grown laterally and the height of these islands had also augmented. 
Depth profile analysis revealed that the film height was 2.1 nm and the surface coverage 
was 0.32.  

For a 0.001 M stearic acid solution in dodecane, adsorbing molecules first adopt an 
orientation approximately perpendicular to the mica surface as the height of the initially-
formed islands is 2.3 nm, a value not much less than that of an all-trans stearic acid 
molecule, which is reported to be 2.5 nm [43].  In the next stage of the growth process, 
smaller islands form across the surface.  Like the large islands they have irregular shapes, 
however, they are not as high.  The 1.4 nm height of the smaller islands suggests that the 
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molecules are tilted from the surface normal by 56°.  Growth then proceeds by the flattening 
of the larger islands.  It is likely that the molecules in the larger islands tilt because this 
allows the molecules to spread out slightly without severely diminishing the stabilising lateral 
van der Waals forces between the alkyl chains.  It is proposed that the molecules spread out 
to try to close the gaps between the islands so that a continuous monolayer film is achieved.  
After 2.5 hours all islands have a similar height of 1.5 nm.  After 19 hours the film islands 
have a uniform height of 2.1 nm.  The increased surface coverage observed after an 
extended immersion time suggests that a greater number of molecules are adsorbed to 
increase the packing efficiency and drive the molecules to adopt a more perpendicular 
orientation. There must be an energetic playoff between achieving a complete monolayer 
film and molecular tilt angle.  If the molecules tilt by a greater angle, a larger area of the 
substrate can be covered.  In a more concentrated 0.01 M solution it seems that the 
equilibrium state of the monolayer is such that the molecules adopt a larger tilt angle to 
achieve a continuous film. However, in 0.001 M solution it appears that a continuous film 
cannot be achieved; hence molecules retract into discrete islands where van der Waals 
forces are maximised by molecules adopting an orientation close to the surface normal. 

 

Fig. 8 Series of AFM height images showing film growth on mica with time in 0.01 M elaidic 
acid solution in dodecane (a-e); contact mode height (f) and lateral force (g) images with line 
profile (h); film destruction caused by loaded scanning (i and j); θ is surface coverage and h 

is film thickness 
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In 0.01 M elaidic acid solution in dodecane it was observed that film growth occurred 
gradually over time, see Fig. 8.  Elaidic acid molecules adsorbed forming irregularly-shaped 
islands similar to those observed in stearic acid solution.  These islands increased in size 
and number throughout the experiment.  The film height and surface coverage were 
observed to rise from 0.9 nm and 0.02 to 1.9 nm and 0.37 at immersion times of 30 and 135 
min respectively.  At smaller scan sizes, scanning near the tip pull-off point, the film height 
appeared to be higher, approximately 2.3 nm, see Figs. 8(f,h) and 8(i,j).  The elaidic acid 
islands displayed lower friction than the mica substrate, image as shown in Fig. 8(g), and 
were destroyed by loaded scanning at a scan size of 3 µm, Fig. 8(i). 

In more dilute 0.001 M elaidic acid solution in dodecane, no film formation was observed 
during an experiment that lasted 121 min.  Likewise, oleic acid was not observed to form a 
low friction film on mica in either 0.01 or 0.001 M solution in dodecane.  After an immersion 
time of 2 hours in 0.01 oleic acid solution a small number of features having heights of 0.5 to 
30 nm and diameters of 50 to 350 nm were observed in tapping mode.  These features were 
not sufficiently stable to be imaged by contact mode AFM and their lateral force is therefore 
not known. 

3.3 Stearic acid films at elevated temperature 

Experiments were carried out to determine the effect of temperature on the films formed on 
mica by stearic acid.  This was achieved by using a sample heater located directly 
underneath the mica substrate.  The mica surface was imaged in 0.0001 M stearic acid 
solution in hexadecane; a low concentration was selected to ensure only partial monolayer 
coverage.  After an immersion time of 1 hour the sample was heated from 22°C (room 
temperature) to 35°C.  At this temperature the 1.6nm height film formed by stearic acid 
remained on the surface.  When the sample was heated further to 45°C the film disappeared 
from the height image.  Upon cooling the sample to 30°C, the stearic acid film appeared to 
reform in the height image as islands.  These islands had a height of 1.6 nm, the same as 
the film height observed prior to heating. 

The AFM tip was then disengaged and the sample and liquid cell left in situ for a period of 20 
hours before the surface was imaged again.  Scanning at large scan sizes revealed that the 
stearic acid film now consisted of large dendritic crystals.  These crystals measured 50 to 70 
µm across and had a height of 1.6 nm.  The sample was reheated from 24°C (room 
temperature) to 30°C and then in 5°C intervals to 45°C, before being cooled in stages, as 
shown in Fig 9.   As the temperature was increased the surface coverage appeared to 
decrease.  Inside the dendritic crystals, the film was depleted by the expansion of pre-
existing small holes and the formation of new holes.  The film was also depleted at the edge 
of these crystals whilst small islands located in between the crystals disappeared altogether 
at a temperature of 35°C.  At a temperature of 40°C the majority of the film had disappeared 
leaving only a few very small isolated islands.  By 45°C the film had completely disappeared 
leaving a featureless surface except for the ripples due to localised slight buckling of the 
mica layers caused during cleavage, visible at the top of all images.  Upon cooling the 
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stearic acid film was observed to reform.  Initially the film formed individual islands, which 
started to join up, adopting the same dendritic crystal structures observed before heating. A 
characteristic fault in the cleavage plane enabled us to account for xy drift that occurred 
during the experiment and scanning across the edge of a fault in the mica cleavage plane 
showed that the dendritic crystals reformed in exactly the same location on the mica surface.   

 

Fig. 9 The effect of temperature on stearic acid film during a second heating-cooling cycle; 
contact mode AFM height images of mica in 0.0001 M stearic acid solution in hexadecane 

20 hours after the first heating-cooling cycle, scan size = 50 µm 

3.4 Force spectroscopy of stearic acid film on mica 

Force-distance curves for a dodecane-cleaved mica surface in dodecane and after the 
injection of 0.001 M stearic acid solution in dodecane are shown in Fig. 10.  n.b. The actual 
concentration of stearic acid in the liquid cell was ca. 0.0004 M.  In dodecane the surface 
appeared featureless, however, after the injection of stearic acid solution, low friction islands 
were observed.  In stearic acid solution, force-distance curves were obtained for both the 
island and the inter-island regions. The pull-off force in nN was determined from these force 
curves by using the experimentally-obtained deflection sensitivity and cantilever force 
constant found by the reference cantilever calibration technique [38].  The distribution of pull-
off forces for the different surfaces are also shown in Fig 10.  The mean pull-off force for the 
mica substrate is 19 nN in pure dodecane.  In stearic acid solution, the low friction islands 
have a mean pull-off force of 0 nN whilst the regions between these islands display a mean 
pull-off force of 6 nN.  The lower adhesion force from the regions between the islands 
compared to that in pure dodecane could indicate one or both of the following: (i) stearic acid 
molecules are adsorbed onto the AFM tip and/or (ii) stearic acid molecules are adsorbed 
onto the mica surface between the islands.  If adsorbed onto the mica surface, these 
molecules may be lying flat with their long axis parallel to the plane of the surface.  
Alternatively, they may form a very sparse covering of upright molecules which are 
elastically or plastically displaced by the tip when scanning in both contact and tapping 
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mode.  Either one of these reasons could provide an explanation as to why adsorbed stearic 
acid molecules are not visible outside of the islands in height images. 

 

Fig. 10 Force-distance retraction curves (left) and distribution of pull-off forces (right) for 
mica in dodecane and stearic acid solution 

3.5 Stearic acid adsorption onto chemically modified mica 

The mica surface produced naturally by cleavage of the aluminosilicate layers has 
potassium cations located at its surface.  However a mica surface with hydroxonium ions 
located on the surface in place if potassium, (H-mica), was created by ion exchange.  This 
allowed an investigation of the role that metal cations play in SAM formation by stearic acid 
from solution in n-alkane.   

The H-mica surface was first imaged in pure dodecane.  Tapping mode AFM revealed a 
mostly flat surface but, at a small scan size of 1 μm it is evident that the surface actually has 
rounded surface heterogeneities.  The same area was then scanned in contact mode using 
a high deflection set point so that a relatively large load was applied by the tip.  Upon 
decreasing the deflection set point and increasing the scan size to 3 μm it was found that 
loaded scanning had created a recess in the surface, Fig. 11(a-c).  It is likely that a thin 
water film remained on the hydrophilic mica surface after ion exchange in aqueous solution 
and it is postulated that this patterned surface was generated by the mechanical 
displacement of water molecules across the surface by the AFM tip.  At the right and left 
hand edges of the area scanned under load the height is augmented which suggests that 
the displaced water molecules do not desorb but remain at the surface.  This is the expected 
outcome given that water is insoluble in dodecane.  The area from which water molecules 
have been removed exhibits lower friction than the water-covered H-mica surface.  This is 
also expected since the capillary forces between the tip and the surface would be greater 
when scanning the water film and this would lead to higher friction.  The recess created in 
the thin water film is 1-2 Å deep. 

Studies of mica surfaces in humid environments have revealed that water can form a bilayer 
on mica, the first monolayer being phase I and the second monolayer being ice-like; with 



19 
 

each monolayer having a height of 2 Å [44-46].  In the phase I monolayer it is believed that 
water molecules bind to oxygen at the basal plane of the mica surface, whilst in the second 
monolayer the water molecules solvate K+ ions at the surface, and interact with the 
underlying water molecules in the first monolayer and with neighbouring water molecules in 
the second monolayer [47].  In this case it is expected that solvation of K+ ions would not 
occur since they have already been displaced during ion exchange in acid solution.  It is not 
known whether the thin water film observed here is a monolayer, bilayer or even a thicker 
multilayer film.  If the film is a bilayer, it is assumed that the first monolayer of water at the 
basal plane remains intact since the observed thickness of the film that is removed is 
indicative of a single monolayer of water. 

Stearic acid solution, 0.001 M in dodecane was then injected into the liquid cell and the 
same surface imaged further in tapping mode.  The height and phase images appeared to 
be similar to those observed previously in dodecane.  The tip was moved to a new area on 
the surface and scanning resumed, see Fig 11(d-l). 

 

Fig. 11 AFM of H-mica in dodecane (a-c) and after injection of stearic acid solution (d-l); 
contact mode height (a) and lateral force (b) images after loaded scanning in dodecane; 

tapping mode height (d) and phase (e) images in stearic acid solution; contact mode height 
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(g) and lateral force (h) and tapping mode height (j) and phase (k) images after loaded 
scanning in stearic acid solution; line profiles of a (c), d (f), g (i) and j (l) 

The surface appeared similar to that previously observed in dodecane by both tapping 
mode, Fig. 11(d-f) and contact mode.  However, loaded scanning in contact mode at a scan 
size of 1 μm resulted in the formation of a low friction film, Figs. 11(g) and 11(h).  This film 
was also imaged in tapping mode and it was observed that the film exhibited a negative 
phase shift respective to the water covered H-mica surface, see Figs.11(j) and 11(k).  By line 
profile analysis it was calculated that the height of the film was between 0.85 and 0.9 nm 
above the plane of the water covered H-mica surface as shown in Figs. 11(i) and 11(l) for 
contact and tapping modes respectively.  Taking into account the height of the stearic acid 
film above the water covered H-mica surface and the depth of the H-mica surface below the 
thin water film implies that the thickness of the stearic acid film is between 1.0 and 1.1 nm.  
This is indicative of a monolayer of stearic acid where the molecules are tilted by 
approximately 65° from the surface normal.  It is suggested that loaded scanning in stearic 
acid solution performed two, possibly related functions, firstly to remove a monolayer of 
surface-adsorbed water and secondly to promote the creation of a low friction organised 
monolayer of stearic acid.  Removal of water alone was not sufficient to allow a film to form 
since this had already been achieved in the initial scan in dodecane, suggesting that the 
process of rubbing in stearic acid solution is a necessary stage in the formation of the film. 

3.6 Carboxylic acid films formed on quartz in friction tests 

Liquid cell AFM was used to study the friction surfaces of quartz discs lubricated by 
carboxylic acid solutions in hexadecane.  The friction surfaces were prepared ex situ in a ball 
on disc (BOD) tribometer as decribed in the Experimental section of this paper.  After the 
BOD friction test, the friction surface of the quartz disc remained wetted by lubricant during 
transference to the AFM.  Additional lubricant from the friction test was then injected to 
completely fill the liquid cell. 

The surface of a quartz disc after a BOD test with a steel ball in 0.01 M stearic acid solution 
in hexadecane is shown in Fig. 12.  It was observed that a low friction film had formed within 
the rubbed friction area.  This film exhibited directionality, with regions of film growth running 
parallel to the direction of sliding employed in the BOD test.  The direction of sliding, 
indicated by the arrow, runs diagonally across images 12(a) and 12(b).  At a scan size of 1 
μm, it is apparent that the film consists of a network of irregularly shaped islands, similar to 
those observed on mica during in situ AFM experiments.  Control of the cantilever deflection 
setpoint allowed for both height and friction information to be obtained.  At a cantilever 
deflection of 0 V, before the tip pull-off point, the stearic acid islands appear well-resolved in 
the height image.  The islands have a height of 2 nm, equivalent to a monolayer of stearic 
acid molecules possessing a 37° molecular tilt from the surface normal.  The 
simultaneously-obtained lateral force image gives little information since, under minimal load 
the lateral deflections of the cantilever were negligible.  A larger load was achieved by 
increaing the cantilever deflection to 4 V.  Under increased load the lateral deflections of the 
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cantilever were augmented and the low friction nature of the islands became apparent.  
However, the increased load led to a reduced island height of approximately 0.7 nm.  The 
decreased film thickness was likely to be due to load-induced tilting of the adsorbed stearic 
acid molecules. 

 

Fig. 12 Contact mode AFM height (a, c, e, g) and lateral force (b, f, h) images showing film 
formed on quartz disc in a BOD friction test with a steel ball in 0.01 M stearic acid solution in 

hexadecane; line profile of c (d); arrow in image (a) indicates sliding direction 

In a repeat experiment a similar result was achieved, however this time the film which 
formed inside the rubbed friction area consisted of a continuous monolayer rather than 
interconnected islands.  This film had a height of 2 nm and displayed lower friction than the 
quartz surface.  Loaded scanning at a cantilever deflection of 5 V resulted in removal of the 
low friction film, see Fig. 13.   

 

Fig. 13 Contact mode AFM lateral force images showing before (a) and after (b) film removal 
by loaded scanning; film formed on quartz disc in a BOD friction test with a steel ball in 0.001 

M stearic acid solution in hexadecane 
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It is postulated that the steel ball may have facilitated the formation of a low friction film 
during the BOD friction tests via a tribochemical reaction with entrained stearic acid 
molecules to yield insoluble iron stearate.  To determine whether OFM tribofilm formation 
was dependent on the presence of iron in the contact, a repeat experiment was made using 
a quartz ball.  The appearance of the quartz disc after a BOD test with a quartz ball in 0.01 
M stearic acid solution is shown in Fig. 14.  It is observed that again a low friction film has 
formed on the rubbed friction surface.  As before, the film exhibits directionality parallel to the 
direction of sliding used in the BOD friction test.  Two different types of film are observed.  
That which formed at the centre of the contact consists of isolated islands of approximately 
20 to 100 nm diameter, as seen in the profile shown in 14(e).  These islands have a height of 
approximately 1.8 nm, suggesting a monolayer tilted by 44° from the surface normal.  At the 
edge of the contact the film contains thicker regions where the height exceeds 4 nm, as 
evident in the profile in 14(h).  The stepwise increases in height strongly suggest that the 
monolayer film contains multilayer (bilayer and trilayer) regions, see line profile 14(h). 

 

Fig. 14 Contact mode AFM height (a, c, f) and lateral force (b, d, g) images showing film 
formed on quartz disc in a BOD friction test with a quartz ball in 0.001 M stearic acid solution 

in hexadecane; line profiles of c (e) and f (h) 

Film formation by mono-unsaturated oleic acid in a steel ball-quartz disc friction test was 
also investigated by AFM.  A film formed on the rubbed friction surface of the quartz disc as 
shown in Fig. 15.  Film growth was parallel to the direction of sliding employed in the BOD 
friction test but the film was quite different to the low friction monolayer films formed by 
stearic acid.  Firstly, the film did not have a uniform height.  Secondly, by LFM the film 
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exhibited higher friction than the quartz surface, Fig. 15(h).  The thickness of the film formed 
by oleic acid was not constant and large, local variations in height were detected.  By line 
profile analysis it was calculated that the film thickness was approximately 7 nm; however a 
value of 20 nm was reached at its thickest parts.  At small scan sizes of 3 μm and 1 μm, 
Figs. 15(d) and 15(e) respectively, it is observed that the film consists of many rounded 
globular features of approximately 100 nm diameter and 5 to 10 nm height.  Thus, the film 
formed in oleic acid is not the typical monolayer or multilayer film expected of an OFM.  It is 
postulated that the film consists of deposited aggregates, possibly of iron oleate.  The 
reduced packing efficiency of the bent cis mono-unsaturated tails of oleyl molecules seems 
to make organised SAM formation unfavourable.  Alternatively, the film may be the result of 
material transfer from the steel ball onto the quartz disc that occurred during the BOD friction 
test.  As observed for stearic acid, loaded scanning at small scan sizes resulted in removal 
of the film, Fig. 15(g).  

 

Fig. 15 Contact mode AFM height (a, b, d, e, g) and lateral force (h) images showing film 
formed on quartz disc in a BOD friction test with a steel ball in 0.01 M oleic acid solution in 

hexadecane; line profiles of b (c) and e (f); arrow in image (a) indicates sliding direction; film 
removed by loaded scanning (g, h) 
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4 DISCUSSION 

This study has shown the effectiveness of using liquid cell AFM to study boundary film 
formation by self-assembly of fatty acids on mica surfaces.  Injection of fatty acid solution 
into a cell already containing the solvent, as shown in Fig. 2, means that the films formed by 
the amphiphile can be identified unambigiously.  As shown in Figs. 7, 8 and 9, it is also 
possible to monitor the formation of the film as it develops over time of immersion and during 
changes of temperature.   

The results show that stearic and elaidic acid both form irregular, approximately monolayer-
thickness island stuctures with a coverage that depends on concentration and solvent type.  
At 0.01M concentration, stearic acid in hexadecane forms essentially a monolayer of 
complete surface coverage quite rapidly, but at lower concentration there is only partial 
coverage.  Even when full coverage is observed however, the surface film appears to have a 
structure, with some regions being slightly thicker and showing lower lateral force than 
others, as seen in Fig. 5. 

When coverage is not complete the thickness of the film can be estimated.  As shown in Fig. 
7 this can vary with time of immersion.  For stearic acid in dodecane, islands of height ca. 
2.3 nm form initially, corresponding to almost vertically-oriented molecules.  However as 
coverage increases, this thickness decreases, implying that the molecules become tilted to 
about 56° from the normal.  After even longer immersion time the film then starts to grow in 
thickness again.  This suggests a thermodynamic trade-off between increased packing 
efficiency, leading to more vertical orientation, and substrate coverage that can be increased 
by tilting.  It should be noted that the thickness and thus tilt angle of the monolayer will also 
depend on the pressure applied by the tip.  In contact mode the applied pressure is 
dependent on the total cantilever deflection, the difference between the cantilever deflection 
during scanning and that when the tip is disengaged.  Salmeron has discussed the subtle 
and often complicated response of  adsorbed monolayers to applied load [48]. 

There was no evidence of any film thicker than one vertically-orientated monolayer being 
formed by either stearic or elaidic acid in n-alkane. 

It is not possible using the AFM topography maps to establish whether the region between 
the monolayer islands is actually bare mica or has adsorbed amphiphile species.  However 
AFM force-curves indicate that the pull-off force between the islands is much less than that 
from mica immersed in pure alkane.  This strongly suggests that in the inter-island regions 
the mica surface has an adsorbed layer of the fatty acid, probably oriented horizontally. Such 
a layer would be only ca. 0.1 nm thick.  

From Fig. 4 it is evident that both stearic and elaidic acid show considerably lower coverege 
in the alkane dodecane than in hexadecane.  In general such differences should reflect 
variations in solvency and suggest that the acids are less soluble in hexadecane than in 
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dodecane, and thus show more tendency to adsorb from solution.  It is not immediately clear 
why this should be the case although Groszek has reported that stearic acid showed greater 
heat of adsoprtion on iron oxide from hexadecane than from heptane [49].  Both types of 
fatty acid should, of course, exist as dimers in alkane solution.  Alternatively, the greater 
adsorption from hexadecane may reflect the elusive phenomenon known as “chain 
matching”, where some authors have proposed that various amphiphilic surface adsorption 
processes and film properties are “stronger” when the amphiphile is dissolved in an alkane 
of identical chain length than when the chain length of the dissolved amphiphile and the 
alkane solvent are different [14,50-51].  One possible reason for this might be that a 
vertically-oriented monolayer film comprising a mixture of amphiphile and alkane might be 
strengthened by greater lateral side-chan interactions if the lengths of the alkyl groups were 
the same.  Clearly a wider range of alkane solvents or fatty acid chain length should be 
studied to explore this more throroughly.     

Contact mode AFM also shows that the film formed by fatty acids on mica surfaces is quite 
weak and rapidly displaced during repeated scanning.  The mean Hertzian contact pressure 
during loaded scanning in contact mode was 1.6 GPa; this is based on a tip radius of 40 nm 
from SEM micrographs, a load of 38 nN (cantilever deflection 5 V), Young’s moduli of 60 
GPa and 280 GPa for mica and silicon nitride respectively and Poisson ratios of 0.25 and 
0.20 for mica and silicon nitride respectively [52-60].  Interestingly, the fatty acid film was not 
displaced laterally – there is no evidence of pile up at the edges of the scan, but instead 
appears to return to solution.  This is in marked contrast to studies with long chain amines 
where contact mode AFM led to an increase in monlayer coverage during repeated scanning 
[1].  It is not clear why displacament of the film from the surface using AFM was not followed 
immediately by re-adsorption.  The weakness of the film is also evident from the heated 
liquid cell work in Fig. 9 where a quite modest increase of temperature led to loss of the 
monolayer island structure.  It is striking that the film recovers upon cooling in precisely the 
same island moropology as was present prior to heating. This suggests a memory effect, 
possibly due to slight imperfections in the mica substrate.  Alternatively, there could be a 
reversible surface melting, where the alkyl tails of the stearic acid molecules become 
disorganised whilst the carboxyl head groups remain bound to the mica surface. 

The three fatty acids, stearic acid, elaidic acid and oleic acid were compared.  Stearic acid 
and elaidic acid solutions both formed monolayer-thickness, island-structured films, although 
stearic acid formed this much more rapidly, at lower concentration and to a higher coverage 
level than elaidic acid.  The behaviour of oleic acid solution was very different.  There was no 
evidence of monolayer island-structured film.  Instead there was evidence in tapping mode 
of few, scattered round features of variable height (0.5 to 30 nm) and diameter (50 to 350 
nm), which were too weak to image in contact mode.  The composition of this not known 
though they may be small insoluble globules of potassium oleate.   

The difference between the trans-alkenyl elaidic and cis-alkenyl oleic acid isomers has been 
noted by several authors in the contexts of adsorption [61], friction [14] and contact angle 
[62]. Elaidic acid, with an alkyl group arranged in a trans-geometry across the C=C double 
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bond is able to adopt an almost linear configuration and thus form a close-packed monolayer 
structure in a similar fashion, though not quite as effectively as, stearic acid.  By contrast, the 
cis-double bond in oleic acid always has a bent arrangement which limits lateral side chain 
interactions.  The difference is also reflected in the melting points of the two isomers.  This 
confirms the need for amphiphiles to be able to close-pack in order to form monolayer-type 
boundary lubricating films.  

The contribution of the K+ ions on mica to fatty acid film formation was investigated by 
displacing these ions by hydroxium ions using ion exchange.  When mica is cleaved, half of 
the K+ ions at the interface are left on each surface and it was estimated that these would be 
sufficient to produce 40% vertically-oriented, condensed surface coverage of fatty acid 
potassium salt.  It was thus conjectured that replacement of K+ ions might prevent surface 
adsoprtion by fatty acid.  In the event this simple concept was complicated because the 
exchange process left a film of water on the mica surfaces that could not be removed with a 
heated blow dryer.  As shown in Fig. 11, this film was partially or fully displaced by contact 
mode AFM.  Removal of this water film in stearic acid solution resulted in the imemdiate 
formation of a 1 nm thick, low friction film in the scanned region.  This suggests that metal 
cations may not be essential for stearic acid to form a low friction film on mica, athough the 
apparent thickness of this film is lower than normally seen for the stearic acid/mica system.    

In order to try to relate the above findings concerning boundary film formation by fatty acids, 
a few experiments were also carried out in which ex situ liquid cell AFM was applied to study 
immersed quartz disc surfaces taken from a stationary ball on roating disc friction tester.  
Quartz was used since it can be obtained with very low surface roughness.  n.b. Mica proved 
an unsuitable substrate for BOD testing since it underwent catastrophic wear including 
fracture and delamination.  Both steel and quartz balls were employed.  With both steel and 
quartz balls, 0.01 M stearic acid solution was found to markedly reduce friction and also to 
form the monolayer island structure films seen during in situ AFM studies on mica.  As on 
mica, the film was removed by repeated scanning.  With a quartz ball on quartz disc, parts of 
the film appear to be thicker than one monolyaer and to vary in a stepwise fashion 
suggesting bi- and tri-layers. 

It is noteworthy that rubbing of the ball against the disc during the BOD friction test promoted 
the formation of a low friction film, while rubbing of the AFM tip against the disc destroyed 
this film.  These two different outcomes can be explained by the different natures of the 
contacts.  During the BOD experiment, the Hertzian contact area is 9300 µm² and the mean 
Hertzian contact pressure is 0.43 GPa.  n.b. Values calculated for a steel (Young’s modulus 
= 208 GPa and Poisson ratio = 0.29) on quartz (Young’s modulus = 72 GPa and Poisson 
ratio = 0.25) contact.  However during the AFM experiment the real area of contact is much 
smaller (25 nm²) and the mean contact pressure about 4 times higher.   
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5 CONCLUSIONS 

Liquid cell AFM has been used to study the in situ formation of boundary films of fatty acids 
from solutions in n-alkane onto mica.  It has been found that stearic and elaidic acid 
generally form irregular islands of tens to hundreds of microns in diameter and thickness 
typically 1.6 nm, corresponding to tilted monolayers.  These are similar to the SAMs reported 
to be formed by several other amphiphilic systems on mica.  For stearic acid, it is found that 
films form more rapidly and to a higher level of surface coverage from hexadecane than from 
dodecane.  At relatively high concentrations of stearic acid in hexadecane, an almost 
complete monolayer is formed but lateral force measurements indicate that although 
complete, the film is not homogeneous but consists of domains of slightly different height 
and lateral force.  

The use of in situ AFM enables temporal variations in the nature of boundary films immersed 
their solutions to be monitored, including studies of the kinetics of film build and the influence 
of temperature changes.  These show that film formation proceeds by initial formation of 
small islands that expand and subsequently tilt to maximise coverage of the surface.  Upon 
heating, stearic acid boundary films are lost but they reform at the same locations on the 
mica surface upon cooling.  

The films formed by fatty acids on mica are progressively removed by contact mode 
scanning but can be studied without damage using tapping mode AFM.  

The hypothesis that potassium ions present on freshly cleaved mica surfaces aid fatty acid 
adsorption by forming potassium salts was tested by replacing the K+ by hydronium ions 
using acid washing.  However, this resulted in a thin film of water on the mica surfaces that 
prevented straightforward interpretation.  Part of this water layer could be removed by 
contact mode AFM scanning and when this was done in stearic acid solution, a thin 
boundary film was formed, suggesting that K+ ions are not an essential component of the 
boundary film-forming process. 

Ex-situ liquid cell AFM scans were also made of rubbed quartz surfaces from a sliding ball-
on-disc test and these showed that stearic acid formed similar monolayer island films on 
quartz in this macro-scale friction experiment as was found on mica. 

Oleic acid solutions behaved quite differently from stearic and elaidic acids, forming 
irregular, globular films on both mica and on rubbed quartz surfaces.  The cis-double bond 
geometry of oleic acid means that, unlike its trans-isomer elaidic acid or saturated stearic 
acid, it is unable to adopt a linear molecular configuration and so is less able to form close-
packed monolayers.  Instead, it may form small quantities of insoluble ferrous oleate. 

From this study, it is clear that in situ liquid cell AFM is potentially a very powerful technique 
for studying the fundamental boundary film-forming properties of organic friction modifiers 
and other amphiphiles on smooth solid surfaces. 
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