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Abstract 

We studied the formation and stability of Stearic Acid (SA) based films on aqueous sub-phases via 

Langmuir trough and imaging ellipsometry experiments. The aqueous phase was based on Artificial 

Sea Water (ASW), a multicomponent salt solution with a total molarity of 0.53. The composition of this 10

solution was varied via dilution (1, 10 and 100 times) and adjustment of the pH (3, 7, 10). Also water 

sub-phases without the ASW salts were studied. Pressure-area isotherms of the SA monolayers show 

an enhanced stability of the film against fracture when the pH and/or the salt concentration of the sub-

phase are increased. Isobars of SA measured below the pressure needed for film fracture, indicate

distinct mechanisms for loss of material: 1) at low pH and salt concentration, three dimensional (3D) 15

structures are formed at the air/water interface via nucleation and growth, and 2) at high pH and salt 

concentration, diffusion-controlled dissolution of molecules in the sub-phase occurs. The formation of 

multilayer structures was corroborated with ellipsometry images of the films after Langmuir-Blodgett 

transfer. 

20

Keywords: Stearic Acid, monolayer stability, Artificial Sea Water, Langmuir trough, imaging ellipsometry

1. Introduction

Interfacial layers of fatty acids (and derivatives thereof) are ubiquitous. In nature they can be found for 

example in the membranes of biological cells or in (oil and water containing) rock reservoirs. In industry 25

fatty acid (derivatives) are used in food products and detergents, exploiting their spontaneous 

assembly at oil/water (O/W) and air/water (A/W) interfaces. The geometry of thus formed layers may 

be flat, like for macroscopic menisci, or curved, as with capsules or emulsions.

In many cases, the mechanical properties of the layer are of key importance to their functionality [1, 2].

For example, membranes of cells need to be deformable in various processes, thereby resisting shear 30

and bending forces. When vesicles or emulsion droplets are subjected to flow, the interfacial layer 

coats have to accommodate bending, stretching or compression forces. In food or pharmaceutical 

products, the involved deformations should remain small enough to prevent droplet coalescence [3, 4]. 

However, also undesirable mechanical stabilisation can occur, like in enhanced oil recovery (EOR).

Here layers of naphthenic acids and/or asphaltenes can stabilize O/W interfaces, and impair the 35

separation of oil and water [5-7].

Understanding these mechanical behaviors, requires insight into the assembly and interactions of the 

amphiphiles at the molecular length scale [1, 8, 9]. Given the interfacial area per molecule and the 

compositions of the monolayer and fluid phases, the interfacial molecules will tend to assemble into a 

structure (or phase) that minimizes the free energy. The mechanical properties of the layer then follow40
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from the increase in free energy associated with the deformation. Defining the stability of an interfacial 

monolayer as the ability to withstand increasing surface pressure without losing its character of a two-

dimensional equilibrium phase, different mechanisms for loss of stability can be distinguished. The 

largest surface pressure that an interfacial monolayer can sustain is the so-called fracture pressure πf. 

Fracture [10] will occur if during an on-going compression, the interfacial molecules are unable to 45

leave the monolayer, either because this is thermodynamically disfavored or because the compression

is too fast [11]. A mechanical instability then results, in which the layer breaks up. The formed

fragments may or may not merge upon further compression of the layer [12, 13].

Besides monolayer fracture, also a thermodynamically driven expulsion of the interfacial molecules 

can take place. Examples hereof are the formation of a 3D solid phase [13], [14] or the (compression-50

induced) dissolution of interfacial species into the sub-phase [13, 15, 16]. The occurrence of these 

processes makes the resistance of the layer against loss of its constituents an important aspect of its 

mechanical stability. The mechanism in which 3D crystals nucleate and grow in a direction 

perpendicular to the interface [17] has been proposed by Xu et al [18] and Carry and Rideal [19], 

demonstrated by Lee and Liu [13] and modeled by Vollhardt et al. [20]. Nucleation can only occur if the55

surface pressure exceeds the equilibrium spreading pressure (ESP) [14, 18]. Similar to the situation in 

bulk liquids, it involves an activation energy which diminishes upon increasing the surface pressure

[21]. Alternatively, molecules may also get expelled from the monolayer by dissolution into the aqueous 

sub-phase (driven by a difference in the chemical potential). This mechanism has been reported by 

Patil et al [15, 22, 23] and Matuura et al [23], and modeled, amongst others, by Ter Minassian [24, 25]. 60

The loss rate of the interfacial molecules depends on the curvature of the layer, the concentration 

(profile) in the sub-phase and the diffusion coefficient.

The occurrence of these scenario’s (whether it occurs in an aqueous drop or in a Langmuir film) can 

strongly depend on the composition of the sub-phase. For interfacial layers of SA (pKa ≈ 10 [26-28])

on either O/W or A/W interfaces, acid dissociation plays a key role, since the stearate anion is much 65

more interfacially active than the undissociated species [29, 30]. While increasing the pH provides the 

most direct way to enhance the dissociation, also the presence of salt can facilitate the deprotonation

of the COOH group of SA [27, 31, 32]. Besides that, salt can also provide specific cations that can

induce complexation of SA anions.

While the interfacial behavior of SA on aqueous sub-phases has been well-studied for simple or binary 70

salt solutions [13, 33-41] the regime of highly concentrated multiple salt mixtures has hardly been 

addressed. These conditions are of importance in several practical situations. Several biological fluids 

(e.g. blood, bile, gastric or pancreatic juices [42, 43]) contain mixtures of electrolytes, at a total molarity 

of ≈ 0.1 M. Another example is the enhanced oil recovery processes, where often saline (sea) water of 

high molarity (≈ 0.5 M) is used to displace oil in the rock reservoir. Interestingly, recent findings 75

indicate that significantly better recovery results are sometimes obtained with water of lower salinity 

[44]. These observations make it interesting to examine the effect of (multiple) salt concentration on 

the interfacial stability of thin films. In view of the importance of the dissociation of the fatty acid, also 

the pH of the aqueous sub-phase should be taken into account. Considering the complexity of this 

system (see Fig. 1), a systematic study of both variations is warranted.80
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Figure 1. Schematic representation of possible interactions in a system with interfacial SA and various cations in the sub-phase. 

Interactions can be hydrophobic (between hydrocarbon chains) or electrostatic (between charged head-groups, or between 

charged head-groups and counter-ions)

In the present work, we explore a matrix of conditions, where the pH is set at 3, 7 and 10, and the salt 85

concentration(s) at 0, 1, 10 and 100% times the concentration of so-called Artificial Sea Water (ASW)

[45]. We investigate the effects of these aqueous sub-phase variations via Langmuir trough 

experiments (at the air/water interface). Here pressure vs. area (π-A) isotherms are studied for two 

purposes. First, to measure the characteristic surface pressures and molecular areas where transitions 

in the layer state (including fracture) occur. These quantities are very suitable for revealing the 90

(sometimes subtle) effects of varying the pH and salt concentration. Secondly, the (π-A) isotherms are 

used as a reference for defining a constant surface pressure in follow-up experiments. These 

experiments entail both film relaxation experiments, aimed at detecting losses of interfacial material to 

another phase, and Langmuir-Blodgett transfers to enable imaging ellipsometry. The latter technique 

is used in particular for detection and quantification of (2D or 3D) structures formed at the interface.95

2. Materials and methods

2.1. Chemicals and solutions

Octadecanoic acid (stearic acid, grade 1, approx. 99%, S4751-100G) was purchased from Sigma, and 

chloroform (CHCl3, ACS reagent, 319988-2L) from Sigma-Aldrich. 0.1M standard solutions of NaOH

(71395-1L) and HCl (49015-1L) were purchased from Fluka. Solutions of SA were prepared in CHCl3100

at concentrations of approximately 1 mg/ml. Artificial Sea Water (ASW) is a 10 component mixture 

with total concentration of approximately 0.53 M [45]. Specifically, it consists of: NaCl (426 mM, 

S7653-1KG), NaSO4 (29.4 mM, 23859-7), KCl (9.45 mM, P3911-1KG), NaHCO3 (2.43 mM, S6014-

1KG), KBr, (0.86 mM, 24341-8), H3BO3 (0.44 mM, B0394-1KG), NaF (0.074 mM, 201154-500G), 

MgCl2×6H2O (55.5 mM,  M9272-1KG), CaCl2×2H2O (10.8 mM, 22350-6) and SrCl2×6H2O (0.094 mM, 105

255521-500G). All these salts were of ACS reagent grade and were purchased from Sigma, and used 

as received. Dilutions of ASW were prepared with ultrapure water (18.2 Mcm, Millipore Synergy UV

system). The pH was adjusted with 0.1M NaOH or 0.1 M HCl. The change in concentration of Na+, H+, 

Cl-, and OH- due to pH adjustment was very small also as compared to 100 times diluted ASW.
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2.2. Experimental techniques110

Pressure-area (π-A) isotherms and (A-t) isobars were determined with an automated Langmuir trough 

(NIMA model 1212D1) equipped with a pressure sensor and a dipper. All measurements were carried 

out at room temperature (22.5 ± 0.5°C), which was monitored continuously together with the humidity. 

To reduce contamination with dust and to ensure stable measurement conditions, the trough was

placed on a floating table and surrounded by a home-built laminar flow box. The airflow in the box was 115

stopped during measurements. Prior to experiments the trough was rigorously cleaned with pure water 

and chloroform. After filling the trough with freshly prepared sub-phase, impurities were removed via

suction of the top layer (using a NeoLab GmbH vacuum system). The interface was considered clean 

if the pressure change during consecutive compression and decompression of the interface was less 

than 0.1 mN/m. SA solutions in chloroform were spread at the interface (initial surface area S= 500 120

cm2, corresponding to 0.40 nm2/molecule) with a 50 µL Hamilton micro-syringe. After spreading, the 

film was allowed to equilibrate for 30 min. In subsequent measurements, films were compressed at 

constant rate dS/dt of 10 cm2/min, and π was measured continuously using a Wilhelmy plate (filter 

paper) attached to a force sensor. Given the trough area S, the area A per molecule was calculated 

assuming that no molecules had left the interface.125

For each sub-phase composition, at least five π-A isotherms were measured to ensure the repro-

ducibility. The isotherms, of which the encountered shapes (along with some definitions) are shown in 

Fig. 2, were also used as a reference for defining the surface pressure in film relaxation measurements. 

In these isobaric experiments, which were typically performed twice per (pH, cASW) condition, the

monolayer was compressed to a target pressure π, which was subsequently maintained by automatic 130

adjustment of the film area. Isobars of the most stable films were recorded up to several hours.

Langmuir-Blodgett transfers were performed to allow studying the morphology of the interfacial layers 

ex-situ. As a substrate, we used CZ silicon wafers (Type P, boron doped, 100 from Okmetic) that had 

been cleaned, thermally oxidized and diced into 1×5 cm2 pieces under clean room conditions. Films 

were transferred at a speed of 2 mm/min and at a surface pressure of 30 mN/m. The choice for this 135

low speed was made to allow for complete water drainage and preservation of the structure of the 

floating film. The selected surface pressure of 30 mN/m should ensure that the layer was in the γ-

regime during the transfer. The morphology of the transferred films was analyzed within 24 hours after 

the transfer, using an imaging ellipsometer at a wavelength of 658 nm (EP3 Nanoscope, Accurion). 

With this technique, absolute thickness maps of the material are obtained in a non-invasive manner, 140

by measuring the ellipsometric angles ψ and Δ for each location (‘pixel’ size: 1.07 x 1.07 µm2) on the 

substrate, and using the (complex) refractive indices ni of both layer and substrate along with the 

Fresnel equations to translate (ψ, Δ) into a thickness di [46, 47]. Fitting ψ and Δ for the bare substrate 

with a two-layer model (Si: d →∞,n= 3.96 – 0.02i and SiO2: n=1.46) yielded a typical dSiO2 of 40 nm, 

(precision per wafer 0.1 nm, variation between wafers 2 nm). The thickness of the transferred SA 145

layers was calculated using a three-layer model, assuming a refractive index of 1.43.
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Figure 2. Schematic representation of encountered surface-pressure vs. area per molecule (π–A) isotherms. The maximum 150

packing density corresponds to a molecular area of am. Upon compression of the interfacial molecules, the film undergoes 

transitions from a low density α-state via a β-state, to a high density γ-state. The transition from β to γ is marked with πt. Beyond 

the point of the film fracture at πf, π may either remain constant (constant pressure collapse, dashed line) or show a rapid 

decrease, a stabilization (δ) and a subsequent increase again (ε) (constant area collapse, solid line). For SA monolayers on 

(almost pure) water sub-phases, the precise nature of the states have been identified, and a nomenclature exists (e.g. [48-50]).155

3. Results and discussion

3.1. Pressure-area isotherms of SA

The pressure-area isotherms given in Fig. 3 show remarkable changes, both upon variation of the pH 

and upon increasing the salt concentration cASW from 0 to 100%. We first discuss the most significant 

trends and features.160

Figure 3. π – A isotherms of stearic acid films on Artificial Sea Water sub-phase of varying total salt concentration and pH. A –

area per molecule, π – change of the interfacial pressure upon film compression. The concentration of Na+ ions in pure water 

sub-phase due to pH adjustment is 0.09 mM and 1 mM for pH 7 and 10, respectively.165

3.1.1. Dependence of isotherms on pH and cASW

Several global trends are observed upon variation of the pH. The signatures of the isotherms are very 

different at pH 3 (Fig. 3a) and pH 10 (Fig. 3c). Whereas at pH 3 a ‘constant area collapse’ is found, at 

pH 10 most isotherms show behavior resembling a ‘constant pressure collapse’. Another difference is 170

that at pH 10 the fracture pressures πf are significantly larger than at pH 3. In contrast, the surface 

pressures πt are much lower at pH 10. The molecular area A where the first non-zero π is encountered 

(upon compression) is also smaller at pH 10. 
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Several features in the isotherms at pH 7 can be viewed as a transition between the signatures at pH 

3 and pH 10: in Fig. 3b both ‘constant area’ and ‘constant pressure’ collapses are encountered, and 175

likewise for the occurrence of either a broad or a narrow β-regime (in the sense of the A-range). The 

isotherms at pH 7 appear to be very sensitive to the salt concentration, at least for cASW ≤ 10%.

Due to the strong differences between the π-A isotherms at pH 3 and pH 10, it is questionable whether 

one should speak of a global (i.e. pH independent) effect of varying the cASW. One feature which is 

common to all pH’s, is that a ‘constant area collapse’ signature is observed at cASW=0. A salient detail 180

here is that the (apparent) molecular area where this occurs at pH 10 (0.13 nm2/molecule), is much 

lower than usual. For cASW > 0 the effects of increasing the salt concentration are clearly pH 

dependent. At pH 3 the β-regime (and to a lesser extent also the γ-regime) becomes more expanded, 

whereas at pH 10 it is hard to point out a clear trend, apart from the abrupt change that takes place at 

0 < cASW < 1%. At pH 7, an intriguing transition is found around cASW ≈ 1%: while the β-state resembles 185

the one at cASW = 0, the transition to the γ-state occurs at an area per molecule that is clearly larger 

than for all other cASW. This observation was well reproducible.

3.1.2. Mechanistic aspects

In this section we give tentative explanations for the observed isotherms. The isotherms at pH 3 should 

correspond to the presence of uncharged SA molecules at the interface. This expectation, based on 190

the high pKa ≈ 10 as found for SA in assembled states [27, 28], is confirmed by our experimental 

observations: i) all isotherms at pH 3 have a ‘constant area collapse’ signature, regardless of the salt 

concentration. This signature, associated with fracture into multilayer structures that coexist with bare 

interface, has been found also in other cases where the interface was essentially uncharged [35]. ii)

the effect of varying cASW on other characteristics of the isotherm is modest, as compared to the other 195

pH values. The picture of uncharged SA at low pH has also been suggested in previous studies on SA

monolayers, on sub-phases of simple or binary salt solutions [27, 34, 35].

At pH 7 presumably a small fraction of the SA molecules is charged. Adding ASW salt appears to have 

multiple effects, which become manifest in different ranges of cASW. At cASW=0 the dissociation of SA 

seems to be marginal, as suggested by the similarity to the isotherm at pH 3. For all cASW > 0 the 200

interface is occupied with significant amounts of dissociated SA species at pH 7. This is suggested by 

the disappearance of the constant-area collapse signature [35].

Increasing cASW to 1% ASW appears to increase the acid dissociation, thereby causing electrostatic 

repulsions between the SA anions. At intermediate intermolecular distances (0.28 down to 0.23

nm2/molecule) these forces appear to be weak, but at smaller distances they become significant, 205

causing appearance of the γ-regime at a relatively large value of A (0.22 nm2/molecule). It is here 

remarked that in a bulk solution with cASW=1%, the Debye length κ-1 [51] amounts a few nm, which is of 

the same order or magnitude as the intermolecular distance in the β-state. This κ-1 is reduced 10-fold 

on increasing cASW to 100%.

For cASW >> 1% the salt-induced SA dissociation still occurs, but an additional mechanism comes into 210

play, making the β-regime almost disappear and reducing the minimum intermolecular distance back 

to its expected value; i.e. am = 0.20 nm2/molecule. This might be attributed to the formation of cation 
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bridges between adjacent SA anions. This process is enhanced in particular by the binding of divalent

cations such as Ca2+ or Mg2+ [52]. Such cation bridges could cause electrostatic attractions at inter-

mediate distances between ionized SA species [53] whereas at shorter distances they might enforce a 215

higher packing density of the aliphatic chains [36].

At pH 10, i.e. very close to the pKa, a substantial fraction of the SA molecules should be charged, at all

salt concentrations. For cASW ≥ 1% the isotherms have the same signature as for cASW  ≥ 10% at pH 7,

suggesting that both the enhanced SA dissociation and the ion bridging effects occur. The finding that 

this occurs at lower cASW at pH 10 is in line with the picture that enhancements of pH and ASW salt 220

concentration work together in making a larger proportion of SA species available for cation complex-

ation at the interface. The remarkable difference between the shapes of the isotherms at cASW=0 (with 

1 mM monovalent ions present) and for cASW ≥ 1% could be due to the divalent cations in the ASW. 

The occurrence of a ‘constant area’ collapse at an unphysically low am of 0.13 nm2/molecule suggests 

that at pH 10 and cASW=0, dissociated SA species get removed from the interface. Further evidence for 225

this was obtained from additional experiments, in which a sequence of cleaning the interface, 

spreading SA and measuring the isotherm was repeated without replacing the sub-phase. Here it was 

found that the value of am progressively increased with each experiment. This clearly shows that SA 

can dissolve in the sub-phase (presumably as sodium stearate), and that the dissolution from the 

monolayer slows down as the sub-phase concentration gets higher. We observed this effect only on 230

the sub-phase at 0% ASW and pH 10. 

3.2. Morphology of SA films

LB transfers were done at π=30 mN/m, corresponding to the γ-regime of the monolayers. 

Representative film-thickness maps determined with ellipsometry and typical cross-sections thereof 235

are shown in Fig. 4. Here it is remarked that even with the large sample-areas that were probed (350 

µm x 350 µm), the total amount of material showed slight variations with the chosen (X, Y) region of 

interest. Another noteworthy aspect is that the time needed for a single LB transfer, was approximately 

15-20 minutes. This means that ongoing changes in the layer structure during transfer (like 3D solid 

formation) cannot be excluded.240

Considering all 12 thickness maps in conjunction with the isotherms in Fig. 3 (both were measured at 

the same subphase compositions), we observe a remarkable correlation: at the (pH,cASW) combinations 

where the isotherms show a ‘constant area collapse’, the LB layers show crystal-like structures, while 

at the (pH, cASW) combinations where the isotherms show a ‘constant pressure collapse’ the layers 

appear to be smooth. Quantitative details are discussed below.245

Sub-phases without ASW

First we consider films formed on sub-phases with cASW=0. While the isotherms at pH 3 and 7 look 

very similar, inspection of the films with ellipsometry reveals remarkable differences in morphology. At 

pH 3 (where the ESP of SA on a water sub-phase ≈18 mN/m [14]) we observe sharp-edged, solid-like

structures with large areas in between them. The typical lateral size of the structures is 50–100 μm, 250

while their height ranges from 5 to 30 nm, indicating that they are multilayer assemblies (a stretched 

SA molecule is ~2.5 nm long [39]). The area between the aggregates turns out to be bare interface.
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These observations clearly indicate the tendency of uncharged SA molecules to form 3D structures at 

the A/W interface at pH 3. It appears that at this low pH, the undissociated carboxylic head groups 

allow the hydrophobic interactions between the fatty-acid chains to dominate, and hence drive the 255

aggregation.

At pH 7 (ESP ≈15 mN/m [13]) we observe solid aggregates with a very different morphology. Most of 

the sample area is covered with large structures that are built up from much smaller units. Their height 

is in the 15-20 nm range, indicating significant growth in the direction perpendicular to the interface. 

These aggregates coexist with areas of what appears to be bi- and mono-layers. These findings 260

correspond well, and expand to the results of Lee and Liu, obtained with Brewster Angle Microscopy 

directly on the Langmuir trough [13]: their Fig. 8a-3, taken after a comparable waiting time, looks 

rather similar to a projection image (losing the height information) of our data.

At pH 10, where dissolution of SA into the subphase occurs (Sec. 3.1.2), a relatively homogeneous film 

is formed. Locally we still observe some sparse multilayer aggregates. These changes in morphology 265

should probably be ascribed to enhanced electrostatic repulsions as compared to pH 7. These forces 

counteract the attractive chain-chain interactions and diminish the driving force for aggregation.

Effects of adding ASW salt

In the presence of salt (cASW ≥ 1%), the morphologies of the films change significantly. At pH 3, sharp-

edged aggregates are still found but they become much thinner at 100% ASW. Also a coexistence of 270

the fragments with areas of monolayer is found, suggesting a stabilizing effect of ASW on SA mono-

layers. This is most prominent at cASW = 1% and becomes less significant at higher salt concentrations. 

A second observation is that for cASW 10 or 100%, bare areas are mostly found in the direct vicinity of 

the multilayer structures, suggesting growth of the latter at the expense of the former. The relative 

occurrence of bare and monolayer areas might indicate how far the nucleation and growth had 275

progressed at the time of the LB transfer. It would then be suggested that the cASW dependence of the 

nucleation rate shows a local minimum at 1% ASW.

At pH 7 the addition of ASW salt causes a drastic change: instead of a large volume of aggregates, 

thin homogeneous films are formed. Their thickness corresponds, within experimental error, to a mono-

layer. An exception is the film formed at 10% ASW, where thickness of 1 nm is found. This might be 280

the result of an imperfect LB transfer, leading to SA chains that are tilted with respect to surface 

normal. Remarkably, the layer transferred from a sub-phase at 1% ASW does not show any special 

morphology, in spite of the deviatory isotherm (see Fig. 3b). Considering the overall effect of adding 

ASW salt, it is implied that electrostatic effects play a key role in the formation of homogeneous layers. 

This might involve both repulsive and attractive interactions, as discussed in Sec. 3.1.285

At pH 10, predominantly smooth films are obtained in the presence of ASW. A drastic increase in film 

thickness is found upon increasing cASW from 0 to 1% ASW. On further increasing cASW the thickness 

becomes smaller again. The thicknesses found at 1 and 10% ASW are clearly above that of an SA 

monolayer. Since neither the isotherms (Sec. 3.1) nor the isobars (Sec 3.3) provide a clue about the 

microscopic origin of the formation of these thick layers, we can only speculate that it might involve290

folding [54] of several monolayers, or the entrapment of water underneath the (SA) film [55]. This 

would require further study, which is beyond the scope of this paper.
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295

300

305

310

Figure 4 (color online). Thickness maps of SA films transferred onto silica substrates from air – liquid interfaces. Liquid sub-

phase was ASW of varying total salt concentration and pH. Films were transferred at constant pressure of 30 mN/m. Below each 315

map we show a thickness profile along the red line marked on the map. The y-axis scale is the same in all graphs.
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3.3. Relaxation of SA films
3.3.1. Isobars

To examine the mechanisms for loss of layer stability via the expulsion of material, we performed 

Langmuir trough experiments in which the surface pressure π was maintained at a constant level, and 320

the change of the film area was measured as a function of time. Based on the measured isotherms 

(shown in Fig. 3), two π-values were studied per (pH, cASW) condition: one just below the fracture 

pressure πf and one significantly lower, but still above the (estimated) Equilibrium Spreading Pressure.

This should allow studying different modes of monolayer collapse, where we characterize collapse as

an accelerating loss of monolayer area over time [19].325

Figure 5 shows the film relaxation curves as A/A0 vs. t, where A0 is the area at the beginning of the 

relaxation experiment; any losses of interfacial SA that occur before reaching the target π (during  

equilibration) are thus ‘normalized out’. The corresponding absolute areas A0 can be looked up from 

Fig. 3, and indicate that (except for pH=10 and cASW=0) the loss of SA during the equilibration period 

was generally very modest. At pH 3, the relaxation behaviors are very different for the two surface 330

pressures. At π = 20 mN/m, where SA film is still in the β-state, the changes of the film area in time 

are so minor that it is difficult to assess the effect of varying the salt concentration. However at π =30 

mN/m where film is the γ-state, the film area shows a five-fold reduction in less than one hour. For all

cASW an S-shaped relaxation is observed. The area decrease appears to become slower as cASW is

increased. However the trend is not regular, considering the interchanged locations of the curves at 1 335

and 10% ASW.

Figure 5. Relaxation curves of SA films determined on sub-phase of varying cASW and pH. Axis scaling is the same in all figures.

Note that the ordinate starts at 0.2.
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Combining these observations with our earlier findings at pH 3, it is clear that the loss of material at π 340

=30 mN/m is due to the formation of a 3D solid phase. This explanation, which was also proposed by 

others [19], [40], [56] (albeit for sub-phases containing only single or binary salts) is supported by our 

observation of solid-like morphologies shown in Fig 4, that were found at the same pH and π. We did 

not find any kinked A(t) curves, indicative for trilayer formation [35]. 

When the pH is raised to 7 or 10, the film relaxations follow S-shaped A(t) curves only for some SA 345

layers that were formed on ‘low-salt’ sub-phases (cASW = 0 or 1%). Analyzing the A(t) curves in con-

junction with the isotherms and the ellipsometric thickness maps, it appears that several separate 

cases need to be distinguished. At pH 7 and 0% ASW the SA should hardly be dissociated [27], and 

therefore be able to form nuclei of 3D solid phase. This should explain the S-shaped curve at π =30 

mN/m. We note that the initial part of this curve corresponds well to that in ref [13]. At pH 7 and 1% 350

ASW the SA molecules probably dissociate without significantly binding to cations, resulting in charged 

interfacial assemblies that cannot form nuclei anymore, due to the strong electrostatic repulsions. A 

very high surface pressure (π =50 mN/m) needs to be imposed in order to observe expulsion of SA. 

Considering that the measured fracture pressure is only marginally higher for this sample, it cannot be 

excluded that the S-shaped curve is due to monolayer fracture.355

At pH 10 the SA can partly dissolve into the sub-phase, at least at 0% ASW (see Sec. 3.1.2.). Also 3D 

solid phase formation can occur at this sub-phase condition (see Sec 3.2.). It is therefore conceivable 

that both mechanisms can contribute to the film relaxations at pH 10 (with each mechanism depending 

on cASW and π). At π=30 mN/m all loss rates dA/dt are rather small. The highest rate, observed at 0% 

ASW, is still much smaller than the average dA/dt during the equilibration time (in which dissolution 360

took place). It might correspond to a late stage of the SA dissolution that was started upon spreading 

(π ≈ 0), but could also be due to an enhanced solubility at π=30 mN/m. Besides that, since 3D solid 

formation was observed under this condition (Fig. 4), also this could contribute to the measured dA/dt. 

In any case it is clear that adding ASW salts increases the stability of the film. At π=50 mN/m all loss-

rates are higher. Again this could correspond to (pressure induced) dissolution of SA and/or nucleation 365

and growth. This will be further explored in Sec. 3.3.1 where comparisons with models are made. 

Looking at the entire dataset of Fig. 5, the principal trend is that a higher pH and/or a higher cASW,

disfavor the occurrence of S-shaped relaxation curves, and the formation of 3D solid phase. This 

corroborates our earlier interpretation that (probably the divalent) cations in the salty water favor the 

formation of (thermodynamically more stable) metal-stearates at the interface; here the pH facilitates 370

the deprotonation whereas the ASW provides the (divalent) cations for complexation [30].

3.3.1. Comparison to theoretical models

In this section we present a quantitative analysis of the relaxation curves in Fig. 5, by comparison to 

two theoretical models: i) formation of 3D solid phase at the A/W interface and ii) dissolution into the 

sub-phase. In different models by Vollhardt et al (see [21] for a recent overview) the formation of a 3D 375

solid phase (at surface pressures above ESP) is described via nucleation [20, 57] and growth [14]

processes. Other processes that remove molecules from the interface (like desorption) are supposed 

to be negligible, which in the case of SA on water sub-phases with low pH was proven to be justified
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[21]. Taking into account several possible geometries for the nucleating structures, and considering 

the overlap of growing nuclei, the following general expression for A(t) was obtained:380

))(exp(1
)(

0

0 x
ix ttK

AA

tAA







   (Eq. 1a)

Here A(t) is the film area at time t, and the subscripts 0 and ∞ pertain to the corresponding limiting 

values of t. Fit parameters in the model are the nucleation constant Kx, the induction time ti and the 

exponent x, which should reflect the geometry for nucleation (and subsequent growth). Specifically, 

x=1.5 or 2.5 for hemispheres and 2.0 or 3.0 for cylinders showing edge growth (under somewhat 385

simplifying assumptions) [57]. All isobars that show an accelerated decrease of A over time were 

analyzed with Eq. 1. Instead of using the values of x corresponding to the various known mechanisms 

as input, and optimizing Kx and tI to get the best fit to the linearized Eq. 1, we have performed a least-

squares fit of our data with Eq. 1a, using not only Kx and ti but also x as a (simultaneous) fit parameter.

The proximity of the obtained x to the known cases should then give indications about the nucleation390

geometry and kinetics. 

The results shown in Table A1 (Appendix) indicate that fairly good fits were obtained (correlation 

coefficient R2>0.99) for t ≤ 1200 s. At longer times deviations from the model became significant. 

Remarkable variations are found in the exponent x. The most consistent picture is found at pH 3, 

where x ≈ 3 for all cASW, except 100% ASW where it is 2.2. The relaxation curves at pH 7 give x ≈ (3, 395

2.3) for cASW= (0,1%) respectively. These values appear to be roughly in agreement with the previously 

suggested nucleation and growth mechanisms, which indicates that 3D solid phase formation occurs 

for all ASW concentrations at pH 3. One fact that remains, is that our morphologies show sharp-edged 

(rather than rounded) structures. At pH 10, fitting the model to the experimental data yields x=0.7. This 

number is too low to be related to any of the described model cases, possibly suggesting that 400

nucleation is not the dominant loss mechanism at this pH. 

The model by Ter Minassian-Saraga [24, 25] considers the loss of interfacial material via ionization and 

subsequent diffusion of the molecules into the sub-phase. Assuming that the diffusion is rate-limiting, 

and that the medium is an infinite half-space, A(t) is described with:

t
DC

A

A


0

0

2ln 







(Eq. 2)405

where A0 is the initial area of the film, δ the density of the monolayer [mass/area], C0 the concentration 

of the diffusive species adjacent to the monolayer [mass/volume], and D the diffusion coefficient. Patil 

et al [15] found that for fatty acid films, the desorption kinetics changes in time: initially ln(A/A0) shows 

a linear decrease with t1/2, but in a later stage the scaling goes with t. The underlying picture is that in 410

the initial stage a concentration profile has to be set up. The corresponding desorption coefficients are 

defined as:
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td

AAd
K

)/ln( 0'
1     (Eq. 3a)    and  

dt

AAd
K

)/ln( 0'
2        (Eq. 3b), 

Most A(t) curves that showed a monotonous (but not S-shaped) decrease, were analyzed with dis-415

solution model. An exception was made for a few curves, for which the decrease in A was too small to 

make a significant fit. Replotting the data from Fig. 5 as ln(A/A0) vs both t1/2 and t, indeed a transition 

from the behavior of Eq. 3a to that of Eq. 3b was found (see Fig. A1 in Appendix). For all considered 

pH values a good agreement with the model was found for cASW ≥10%. The corresponding desorption

coefficients K’1 and K’2 can be found in Table A2 (Appendix). The most significant trend in this table 420

appears to be, that both desorption coefficients increase with pH. This indicates that the solubility of 

the interfacial layer increases with pH. At pH 10 where the solubility is highest, the addition of more 

ASW salt appears to lower the desorption rate. A similar stabilizing effect of the sub-phase ionic 

strength has been found earlier [58].

425

3.4. Overview

Finally we summarize the qualitative findings from the different experiments in Figure 6. It appears that

in spite of the chemical complexity of the system, the correlation between phenomena and conditions 

(pH, cASW) is quite strong. This seems to suggest that the collective behaviors of the layers are largely 

determined by the properties (acid dissociation, ion binding) at the molecular level.430

Figure 6 (color online). Overview of the behaviors of SA monolayers in different experiments, as a function of the pH and cASW of 

the aqueous sub-phase. ●/▲ and □ are obtained from the isotherms and indicate constant area / constant pressure collapse 

respectively the presence of a β-regime with a broad A-range (see Fig. 3). X denotes where 3D solid phases were observed in 

the morphology maps (Fig. 4). ○ indicates where dissolution of interfacial molecules into the sub-phase occurred (see Fig. 5). In 435
cases where the effects were weak, the plot symbols have been given a higher transparency. 

440
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4. Conclusions and Outlook

Monolayers of stearic acid on aqueous sub-phases can lose stability via dissolution into the sub-

phase, via 3D solid formation at the air/water interface and via fracture. The occurrence of these 

mechanisms, which is of relevance to various fields in science and technology (biology, food, oil 

recovery), was studied for several combinations of salt concentration and pH value, using sub-phases 445

based on Artificial Sea Water. Formation of 3D solid phase occurs mainly under acidic conditions (pH 

3) where the SA molecules are uncharged. Dissolution can occur under basic conditions (pH 10), 

where it can be suppressed by increasing the salt concentration. Fracture ultimately occurs upon 

continued compression of the interface. The required surface pressure generally increases with pH, 

while also the fracture mechanism changes, from a ‘constant area’ collapse at pH 3 to a predominantly 450

‘constant pressure’ collapse at pH 10. Increasing the salt concentration has strong effects at pH 7, 

where it suppresses formation of 3D solid phase, and at pH 10 where it suppresses dissolution.

While the global effects of pH and salt concentration can be mechanistically understood by considering 

acid dissociation, electrostatic effects and ion binding, also some yet unexplained observations were 

made; in particular the behavior at low (100x diluted) ASW salt concentration. Also some clues were 455

obtained that specific cations play a role; this warrants further study.
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Appendix

Table A1. Results of fitting the Vollhardt model to the relaxation data of SA films on ASW of varying total salt concentration and 595

pH 3: x – characteristic quantity determining particular nucleation mechanism, Kx –transformation constant , ti – induction time, 

R2 – correlation coefficient. We consider first 20 min of the relaxation process.

Pressure [mN/m] Sub-phase x Kx ti [s] R2

pH 3 30 Water 

1% ASW 

10% ASW

ASW

3.36

2.91

3.25

2.17

1.39×10-11

2.53×10-10

2.52×10-11

4.26×10-8

-120.82

-180.77

-216.32

-176.58

0.9985

0.9923

0.9995

0.9895

30 Water 3.00 1.04×10-10 -214.05 0.9919pH 7

50 1% ASW 2.30 5.57×10-8 -76.63 0.9967

30 Water 0.73 2.02×10-3 -11.51 0.9974pH 10

50 Water 0.73 4.12×10-3 0 0.9684

Table A2. Estimates of the desorption coefficients of SA molecules from films formed on sub-phase of varying total salt 

concentration and pH. K’1 is defined as d(ln(A/A0))/d(t1/2), and K’2 is defined as d(ln(A/A0))/d(t).

Pressure [mN/m] Sub-phase K’1 [s-1/2] K’2 [s
-1] K’2/K’1 R2 (t1/2) R2 (t)

pH 3 20 10% ASW

100% ASW

0.0005

0.0004

7.55×10-6

5.86×10-6

1.51×10-2

1.47×10-2

0.9803

0.9822

0.9946

0.9901

30 1% ASW

10% ASW

100% ASW

0.0002

0.0005

0.0006

1.35×10-6

3.15×10-6

3.36×10-6

6.75×10-3

6.30×10-3

5.60×10-3

0.9490

0.9909

0.9706

0.8985

0.9421

0.9853

pH 7

50 10% ASW 

100% ASW

0.0002

0.0004

2.52×10-5

4.51×10-6

1.26×10-1

1.13×10-2

0.9410

0.9079

0.9977

0.9844

30 1% ASW

10% ASW

100% ASW

0.0004

0.0007

0.0006

2.62×10-6

-

3.24×10-6

6.55×10-3

-

5.40×10-3

0.9785

0.9963

0.9705

0.9695

-

0.9730

pH 10

50 1% ASW

10% ASW

100% ASW

0.0008

0.0007

0.0008

3.90×10-5

2.39×10-5

1.04×10-5

4.88×10-2

3.41×10-2

1.30×10-2

0.9585

0.9821

0.9973

0.9992

0.9993

0.9956

600
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Figure A1. Change of surface area per molecule during relaxation of SA films at constant pressure on sub-phases of varying 

total salt concentration and pH. ln(A/A0) is plotted as a function of t (solid symbols, lower scale) and t1/2 (open symbols, upper 

scale). Solid lines represent linear fits to the experimental data and are extended to the axis for clarity.
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Graphical Abstract
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Highlights

615

 Langmuir films of stearic acid can be stabilized by increasing salt concentration and/or pH of 

the sub-phase. 

 3D solid phase is formed under acidic conditions.

 Dissolution of molecules into sub-phase occurs only at high pH and low salt concentration.

 The influence of multicomponent salt is a combination of ionic strength and specific ion effects.620


