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Abstract 
 

Asphaltenes have a predominant role in the interfacial behavior of crude oil. Fluid-fluid interfaces 

are ubiquitous in recovery, treatment, and transport processes for the crude oil industry having a 

determinant influence on their performance. Understanding different interfacial phenomena when 

asphaltenes are present is a critical challenge for efficiency and environmentally safe operations. 

This understanding represents a modern engineering challenge due to their complex molecular 

nature, the wide variety of chemical motifs, and dynamic functionalities. 

An alternative to address this complex challenge is the use of rationally designed molecules that 

serve as asphaltene model compounds reproducing the main features in terms of sorption and 

interfacial dynamics. The use of asphaltene model compounds, whose molecular characteristics 

are known, generates a solid framework to connect defined molecular structural characteristics 

with their interfacial properties. This approximation provides relevant insights to the 

comprehension of the interfacial activity of asphaltenes. 

Shedding light on such a complex system requires building a comprehensive view of the 

phenomena. Through the multi-scale approach presented here, isotropic and anisotropic interfacial 

deformations and dynamic structural visualization are coupled to construct connections at the 

molecular, microscopic, and millimetric scales to draw fundamental structure-properties 

relationships for natural and model asphaltenes at the decane-water and air-water interfaces. 

In this thesis, this set of tools was used to compare and understand the interfacial behavior of 

natural and model asphaltenes. Structure-properties relationships at different scales were found, 

showing the potential of an asphaltene model compound to capture surface pressure activity, solid-

like film structures, and aggregation of natural asphaltenes. It was possible to separate the dynamic 

effects of the equilibrium thermodynamic response using the asphaltene model compound. Finally, 

the structure-properties relationships, found for natural and model asphaltenes, were used to 

support the validity of an interfacial modeling approximation using a two-dimensional solution 

model. These results open the door to describe and possibly predict interfacial phenomena, 

something that provides some clarity to the current challenges of the crude oil industry. 
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1. Introduction 
 

“Be brave, be curious, be determined, overcome the odds. It can be done.” 

-Stephen Hawking 

 

 

Crude oil has been used by humankind since the beginning of civilization for pharmaceutical and 

luminescence purposes.1 Through generations, its uses have been diversified until becoming a 

cornerstone of our way of life as the supplier of almost half of the energy consumption 

worldwide.2–4 However, crude oil production, transportation, refining, and processing are 

associated with negative environmental impacts observed in phenomena such as global warming,5 

water contamination,6 and air quality reduction.7,8 Environmentally safe alternatives that supply 

the world energy requirements are being studied but still show flaws in terms of practical broad 

availability.4 Until these alternatives become widely available and affordable, research and 

development towards crude oil transformation into an environmentally safer, cleaner, and more 

efficient industry, are self-sustained. 

Fluid-fluid and solid-fluid interactions of crude oil are predominant in enhanced oil recovery 

(EOR),9–11 flow assurance,12,13 and water management,14,15 phenomena that constitute current 

breaking point challenges for the crude oil industry. Asphaltenes play a fundamental role in these 

interfacial interactions meaning that the understanding of their interfacial behavior could be a way 

to develop efficient and environmentally responsible solutions to those challenges. Multiple efforts 

have been made to shed light on asphaltene behavior16–26 but properties such as molecular weight 

and structure remain under debate. This lack of consensus inherently transforms the study of 

relationships between interfacial properties and molecular structures in a challenge. These 

properties-structure relationships are relevant to identify the implications of molecular interactions 

over the surface energy and possible interfacial interaction mechanisms. 

The rational design of molecules, with known chemical architectures that mimic parts of the 

interfacial characteristics, has been developed27–30 as an alternative to reduce the complexities 
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associated with asphaltenes interfacial evaluation. An acidic functionalized compound known as 

C5PeC11, the result of a rational design process, was used in this work as an asphaltene model 

compound to connect the structure with its interfacial effect trying to shed light on the interfacial 

dynamics of natural asphaltenes at oil-water and decane-water interfaces. 

The multi-scale approach is the process of seeking connections among different behavioral scales 

(molecular, microscopic and/or millimetric) through the transversal and simultaneous analysis of 

multiple measurement techniques. In this work, the multi-scale approach was used to find 

connections between the molecular and microscopic behavior of natural and model asphaltenes 

and the formulation of properties-structure relationships at oil-water and air-water interfaces. 

Interfacial deformations25–27,31,32 and structural visualization21,24,31,33 were used to provide new 

insights into the dynamic evolution of asphaltene structures at the air-water interface that, by way 

of correlation, would provide clarity in the molecular interaction of asphaltenes at the oil-water 

interface. 

This work shows a transversal connection between multiple structural visualization scales and 

interfacial (isotropic and anisotropic) deformations aiming to find structure-properties 

relationships that turns into a comprehensive view of the interfacial behavior of natural asphaltenes 

and an asphaltene model compound (C5PeC11) at the air-water and the decane-water interfaces.  
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2. Asphaltenes 
 

“I was born not knowing and have only a little time to change that here and there.” 

-Richard P. Feynman 

 

 

Asphaltenes are considered a solubility family of compounds present as indigenous components 

of crude oil34. They are commonly described as the most polar fraction of petroleum, soluble in 

aromatic solvents, but insoluble in n-alkanes.1,16,33,35 This makes them inherently difficult to study 

because their properties will change depending on the type of oil and the precipitation 

procedure.25,36,37 Several studies19,21,24,27,38–41 have probed the interfacial activity of asphaltenes 

making them largely responsible of crude oil´s interfacial and rheological behavior21,41 that 

influence crude oil production9,36 and transport.16,42,43 The highly associative and prone to 

aggregation17,19,44 and precipitation19,24character of asphaltenes may result in wettability alteration, 

rock permeability reduction,45 and crude oil thickening.46,47 Additionally, asphaltenes are also 

known for being able to produce highly stable water-in-oil emulsions.23,48 All these are categorized 

as undesirable phenomena for crude oil operations. In this context, understanding their interfacial 

behavior is key towards solving current crude oil industry issues such as enhanced oil recovery 

and flow assurance. 

Two main issues that challenge the evaluation of the interfacial dynamics of asphaltenes at fluid-

fluid interfaces are their molecular structure and weight. It is fair to say that there is no consensus 

regarding those matters, making it difficult to find connections between interfacial properties and 

asphaltene characteristics. The molecular weight estimation of natural asphaltenes varies from 

some hundreds to several hundreds of thousands1,49 depending on the method used.28,50 Research 

in this field is still moving forward to solve this controversy. The main focus of it is on the 

asphaltenes tendency to associate, an effect that hinders the correct detection of asphaltene 

“monomers” and the effect of resins, which depends on the degree of precipitation achieved by the 

n-alkane used during the separation process.51 Molecular weight estimation is a relevant matter for 

interfacial phenomena evaluation due to the required use of low asphaltene concentrations (≤
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0.1	g/L) where uncertainties due to interfacial parameters such as surface coverage estimations 

are directly related to surface energy measurements. For example, the use of monolayer as a 

descriptor of natural asphaltene organization at the interface is still under debate. 

 

Figure 2.1. Schematics for (a) Continental model52 (also known as Island model) and (b) Archipelago 
model.44 Image modified from Schulze et al.53 

 

Figure 2.2. Schematics for asphaltene architecture proposed by Ok et al.58 using Bay and Fjord structures. 

 

The description of the molecular structure of asphaltenes has been broadly studied. Two models 

have been traditionally put forward, namely, “continental” and “archipelago”. Figure 2.1. shows 

a. Continental Model b. Archipelago Model
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the schematic representation of the structures provided by each model. The continental model 

considers a nucleus of multiple aromatic structures packed together with peripheral alkyl chains,52 

while the general structure of the archipelago model considers multiple PAH’s (Polycyclic 

Aromatic Hydrocarbons) attached via aliphatic chains.1,53,54 Several studies for both structural 

models have been conducted55–57 showing that the continental model is the most likely structure 

found at different asphaltenes samples. A recent study58 proposes polyaromatic cores with aliphatic 

chain structures with the presence of porphyrin derivates and organic salts organized under the 

“bay” and “fjord” structures (Figure 2.2.).  

In this context, the molecular structure for asphaltenes is still unclear. Nevertheless, several studies 

have been conducted24–27,32,35,59–62  showing that high spreading solution concentrations (> 2	𝑔/𝐿	) 

of asphaltenes deliver asphaltene clusters at air-water interfaces. These structures present a steep 

increase in surface pressure with changes in surface coverage, forming large structures at the 

interface.24,25 Observed polycyclic groups in asphaltene nano-aggregates tend to position parallel 

to the interface at high surface coverages while n-alkanes are perpendicular.63 At oil-water 

interfaces, a small fraction of asphaltenes shows partially reversible adsorption.26,27,59 There is 

evidence60 of wrinkles at the interface during compression processes, suggesting the formation of 

rigid structures at high surface coverages and the reduction of the compressibility through time.61 

The most polar fraction of asphaltenes at oil-water interfaces can form massive asphaltene 

clusters35 similar to those observed at air-water interfaces. Despite these efforts, a comprehensive 

picture of their interfacial dynamic and thermodynamics at fluid-fluid interfaces still elusive.  
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3. Materials and Methods 
 

“Research is to see what everybody else has seen, and to think what nobody else has thought.” 

-Albert Szent-Györgyi de Nagyrápolt 

 

 

3.1. Materials 
 
3.1.1. Asphaltene Model Compound - C5PeC11 
 

Previously, it was shown the complex nature and structural variability of asphaltenes that makes 

challenging the understanding of their interfacial behavior. A possible alternative, described by 

Sjöblom et al.,28 to tackle this gap in the knowledge is the formulation of idealized systems that 

attempt to capture the main characteristics of interfacial phenomena observed in natural 

asphaltenes. This approach is based on the rational design of a molecule, or a group of molecules, 

with a specific set of characteristics, thought to mimic interfacial phenomena such as self-

assembly, and properties such as surface energy of natural asphaltenes at fluid-fluid interfaces. At 

the time, various research groups have developed this approach creating molecules known as 

asphaltene model compounds.27,28,30,64–70 This alternative seeks a reduction in the degrees of 

freedom for thermodynamic modeling and the interfacial activity evaluation, by having the 

certainty of molecular weight and structure of the asphaltene model compounds, where the highest 

uncertainty lies in natural asphaltene systems. 

The asphaltene model compound C5PeC1127 (Table 3.1.) is an acidic polyaromatic compound 

which could mimics certain interfacial properties of natural asphaltenes28 at liquid-liquid and 

liquid-solid interfaces besides being able to stabilize water-in-oil emulsions.22,71,72 C5PeC11 was 

synthesized by Nordgård et al.30 and Holman et al.73 replacing 7-tridecanone with 12-tricosanone. 

Initially, ammonium acetate and sodium cyanoborohydride in isopropyl alcohol were used to 

convert the 12-tricosanone into its amine. In the presence of imidazole, the produced amine is 
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reacted with perylene-3,4,9,10-tetracarboxylicdianhydride. The product of this reaction is further 

treated with potassium hydroxide in tert-butanol presence. Finally, this intermediate compound 

was reacted with 6-aminohexanoic acid in the presence of imidazole. C5PeC11 was purified using 

flash chromatography on silica gel with a methanol-chloroform mixture (0-5% in CHCl3) as eluent. 

The synthetized C5PeC11 was diluted in toluene to create solutions of 0.1 g/L for experimental 

use. 

Table 3.1. General aspects of the asphaltene model compound used in this study. 

Compound Molar mass 

C5PeC11 827.12 [g/mol] 

Structure 

 

 

 

3.1.2. Natural Asphaltenes - NAC-7 
 

The performance evaluation of a model system response requires knowing the response of the 

system to be represented. Thus, to investigate the ability of the C5PeC11 compound to mimic the 

interfacial response of asphaltenes, it is required to obtain the asphaltenes from a natural source 

and evaluate them at fluid-fluid interfaces. In this thesis, a Colombian heavy crude oil was used, 

based on its regional interest, to obtain natural asphaltenes by precipitation and its characterization 

is presented in Table 3.2. 

SARA (Saturates, Aromatics, Resins & Asphaltenes) analysis74,75 for this crude oil shows 

asphaltene content of 39 wt.% and 13 ºAPI. Asphaltenes were extracted following the ASTM 

D3279-12 method76 with minor modifications: i) Crude oil was dissolved in a 1:30 g/g ratio with 

n-heptane and gently stirred using magnetic stirring during 24 hours at 22 ºC. ii) The solution is 



 12 

then vacuum filtered using a 2.5 µm microfiber filter (Whatman 42, GE Healthcare). Finally, iii) 

the solvent present in the filter cake is allowed to dry out under a confined N2 atmosphere for 36 

hours. The result of the drying process was considered as the natural asphaltenes and due to the 

alkane used during the process it was named NAC-7 (Natural asphaltenes by n-heptane). To 

elucidate the effect of the asphaltene concentration in their structural behavior at fluid-fluid 

interfaces, three different natural asphaltene NAC-7 solutions in toluene were prepared: 0.1 g/L, 

0.01 g/L. and 0.001 g/L. 

Table 3.2. Composition and APIº analysis for Colombian crude oil. 

Parameter Method Value 

Saturates (%wt.) 

IP46975 

7.4 

Aromatics (%wt.) 37.8 

Resins (%wt.) 15.3 

Asphaltenes (%wt.) 39.5 

Density (kg/m3) at 15.5°C 
ASTM D7042-1977 

954 

Density (°API) at 15.5°C 13.6 

TAN (mg KOH/g) STM D664-18e278 0.134 

 

3.1.3. Fluid-Fluid Interfaces 
 

To evaluate the interfacial behavior of natural asphaltenes NAC-7 and asphaltene model 

compound C5PeC11, two different interfaces were used: the air-water interface and the decane-

water interface (Figure 3.1). Asphaltenes are not usually present at air-water interfaces. However, 

this system allows using imaging techniques to evaluate their interfacial structure, providing useful 

information regarding interfacial phenomena such as phase transition and aggregation. On the 

other hand, the decane-water interface was used as an idealized representation of crude oil-water 

interfaces.  
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Figure 3.1. Schematic representation of oil-water (left) and air-water (right) interfaces with the 
presence of natural asphaltenes NAC-7 and asphaltene model compound C5PeC11. 

 

The use of both interfacial systems is relevant to state correlations between them. The 

understanding of asphaltene interactions at decane-water interfaces could be enhanced by the 

understanding of air-water systems. The state of this experimental correlation will provide relevant 

insight into the understanding of asphaltene interaction at fluid-fluid interfaces. Further details in 

the interfaces’ formation can be found in the scientific papers included in this thesis. 

 

3.2. Methods 
 

3.2.1. Π − A Compression-Expansion Curves 
 

The surface pressure79 (Π) is defined as the difference between the interfacial tension at clean 

conditions (𝛾!) i.e. without surface-active species, and the interfacial tension measured with the 

presence of a surface-active substance (or substances) at the interface (𝛾). This relation80 is shown 

in Eq. 3.1. 

Π = 𝛾! − 𝛾 (3.1) 

Measurements of surface pressure (Π) as a function of surface coverage (Γ) are broadly used to 

describe the interfacial phase transition behavior of surface-active substances79,81–85 providing a 

molecular response to film deformation. In the literature,86,87 this function, evaluated at constant 

temperature, is commonly known as “isotherm”, but in NAC-7 and C5PeC11 systems,  the 

WaterWater

AirOil
NAC-7 

or
C5PeC11
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presence of aggregated structures through the change of surface coverages (Γ) will affect the 

measured surface pressure by the effect of deviatoric stresses at the interface.31,88 Thus, to avoid 

misinterpretations of the term “isotherm”, in this thesis the measurements of surface pressure (Π) 

as a function of surface coverage (Γ) is referred as “Π − 𝐴 compression-expansion curves” where 

𝐴 is the area modified to produce the surface coverage (Γ)  variation during the compression-

expansion process. However, due to the smooth area modification, the interfacial temperature stills 

invariant and its effect on the surface energy is negligible. 

Π − 𝐴 compression-expansion curves provide connection between the surface energy and the 

structural behavior of the molecules at the interface through the surface pressure. The change in 

the surface free energy,79,89 shown in Eq. 3.2,  

	
𝜕𝐺
𝜕𝐴8",$,%

= 	𝛾 
(3.2) 

can be calculated from the variation of the surface area (compression or expansion) at constant 

temperature, pressure and number of molecules.  This relation implies that the work required to 

compress or expand a surface depends on the surface tension and, based on Eq. 3.1, on the surface 

pressure leading to describe the latter as the force per length granted by the presence of molecules 

at the interface for surface compression or expansion.80 On the other hand, surface compression, 

and expansion processes force the molecules to interact among them leading to a different 

structural organization at the interface. Figure 3.2 shows the variation in the presumed orientation 

of molecules at the air-water interface as a function of the molecular area. 

The molecules present in a dilute state of the interface emulates the behavior of gas molecules in 

a two-dimensional plane hence the term gas-like phase (G). A compression process reduces the 

surface area increasing the interaction among molecules and consequently the surface pressure. 

The first stage of structural organization produced by molecular interactions is commonly known 

as liquid-expanded (LE), and initially coexists with the gas-like phase (G). At some point of 

surface area reduction, all the molecules at the interfaces increase their interaction and the G-LE 

coexistence is significatively reduced giving way to the dominance of LE structures at the surface. 
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Figure 3.2. Schematic of a typical Π − 𝐴 surface compression-expansion curve. The inlets in the image 
represent the presumed molecular orientation at air-water interfaces for amphiphilic molecules. 

Horizontal sections of the curve represent phase coexistence, and the slopes represents continuous 
transitions between interfacial phases: Gas-like (G), liquid-expanded (LE), liquid-condensed (LC), and 

solid-like (S). Image reproduced and modified from Kaganer et al.85 

 

The continuation of the area reduction by the compression process leads to a two-dimensional 

liquid transition from expanded structures (LE) to condensed (liquid-condensed phase LC).79 In 

this transition phenomenon there is a LE-LC coexistence dominated by LC after further area 

reduction. LC structures are compact and orient their hydrophobic tails due to the reduced mobility 

range produced by the compression.90 Further compression reduces the mobility range of the 

oriented tails to an untilted state (approximately orthogonal to the surface)91 when these structures 

populate the surface without other structural conformations and respond to the deformation as a 

whole entity. At this point the maximum surface pressure is achieved and stays constant during 

the area reduction, this phase is known as the solid-like phase (S).41,92 The area reduction in the 

latter structures results in the collapse of the surface layer.93 The previous description is an 

overview of the structural transitions of amphiphilic molecules at the air-water interface that may 

not be general but provides an example of the connections that can be made between surface 

energy, through the surface pressure, and the structural behavior of molecules at the interface. 
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3.2.1.1. Rectangular Langmuir Trough 
 

Compression-expansion experiments are traditionally conducted using a rectangular Langmuir 

trough (Figure 3.3.). The instrument and its variations (e.g. rectangular Langmuir Liquid-Liquid 

trough) are well-known and broadly used for the evaluation of interfacial phenomena at fluid-fluid 

interfaces. The interface is artificially set-up, usually, by water as the subphase for air-water (air-

liquid) experiments and the addition of oil as the upper phase for oil-water (liquid-liquid) 

experiments. Molecules of interest, in a solvent solution, are spread dropwise at the interface 

following a symmetric pattern to favor even distribution. It is needed to let the solvent dry to ensure 

that the interfacial response of the systems relies only on the adsorbed molecules.  

 

Figure 3.3. Schematic of a rectangular Langmuir trough surface used in compression-expansion 
experiments. The deformation applied by a rectangular geometry generates an anisotropic strain field due 

to the change of the surface shape during the area deformation. The 𝐿 dimension remains constant 
meanwhile the 𝑥 dimension varies leading the shape variation through the experiment. 

 

A Wilhelmy balance94 can measure the force exert by the interface based on the Eq. 3.395,  

𝐹 = 𝑝𝛾 cos 𝜃 (3.3) 

Where, 𝐹 is the force measured by the balance, 𝑝 the contact perimeter of the instrument used, 𝛾 

the surface tension, and 𝜃 is the contact angle of the instrument with the interface. To circumvent 

the contact angle dependence of the equation, a well-known contact angle and perimeter platinum 

L

! − 2∆! ∆!

!
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Wilhelmy plate was used in this thesis as interfacial contact instrument. In this context, Eq. 3.3 is 

only function of 𝛾 allowing the Wilhelmy balance, via software calculations, provides continuous 

surface pressure measurements as a function of areal deformation. 

The areal deformation applied by a rectangular Langmuir trough is anisotropic88 based on the 

invariant character of one of the rectangular trough’s dimensions during the compression (Figure 

3.3). The presence of this geometric constrain generates areal shape changes during the area 

deformation leading to a mixed interfacial-stress field (i.e. mixed shear and dilatational stresses 

simultaneously applied) that can influence the Π − 𝐴 compression-expansion curve response at 

rigid film systems.92 Nevertheless, this instrument is a valuable tool to understand the interfacial 

behavior of molecules adsorbed at fluid-fluid interfaces due to (i) its suitability with microscopy 

analysis devices for structural characterization,25 (ii) the versatility in experimental protocols that 

allows the configuration of a wide variety of experiment to understand the interfacial behavior of 

the adsorbed molecules96,97 and (iii) the possibility to extract the interfacial structures onto solid 

substrates for physical analysis.31,98 

 

3.2.1.1.1. Surface Structure Relaxation Experiment 

Among the experiments that can be performed using a rectangular Langmuir trough is the surface 

structure relaxation experiment.99 This procedure allows the evaluation of the surface pressure 

response to a finite compression as a function of time (Figure 2.4) until the interface achieves 

thermodynamic equilibrium.  

The variation in the surface pressure obtained during the experiment provides a measure of the 

change in the free energy per surface area79 dynamics (i.e. the change in the surface tension at the 

interface). The relaxation factor is the normalization of the surface pressure variation and it is 

calculated using the Eq. 3.4 and simplified in the Eq. 3.5,  

Θ =
Π − Π&'(

Π&)* − Π&'(
 (3.4) 
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Θ =
𝛾&)* − 𝛾

𝛾&)* − 𝛾&'(
=
𝜎
𝜎!

 (3.5) 

 

Where Θ is the relaxation factor,	Π is the surface pressure, 𝜎 is the variation in the surface tension 

as a function of time, and 𝜎! is the total variation between maximum and minimum surface tension 

in the experiment. Experimental data can be fitted to an exponential decay model to calculate 

relaxation parameters allowing the identification of possible relaxing structures at the interface. 

 

 

Figure 3.4. Schematic of the experimental procedure for a surface structure relaxation experiment that 
provides relevant information regarding thermodynamic stable structures at the interface at a finite area. 

 

3.2.1.1.2. Compressional Elastic Modulus 

Π − 𝐴 compression-expansion curves can provide information associated to the mechanical 

response of the film, formed during a compression process, through the compressional elastic 

modulus (𝜀). In 1913, Boussinesq100 introduced two interfacial concepts described by Derkach et 

al.101 as 2D elastic modulus (𝜀) and 2D dilatational viscosity (𝜂+) mathematically represented by 

Cicuta et al.102 in Eq. 3.6 and Eq. 3.7,103 

𝜀 = −Γ
∂Π
∂Γ (3.6) 
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𝜂+ = 𝐴	
Π − Π!

!"
!#

 (3.7) 

where Γ is the surface coverage that refers to the relation between the mass of molecules at the 

interface and the surface area (𝐴). These two equations determine the real and the imaginary 

components of the complex compression dynamic modulus.102 A practical approximation to 

evaluate the mechanical response of the film is its proportionality to the compressional elastic 

modulus (𝜀) proposed by Cicuta et al.102 under slow compress velocity conditions. This 

approximation establishes that an equilibrium compressional elastic modulus (𝐾)  may be 

calculated as the slope of the Π − 𝐴 compression-expansion curve. Imperiali et al.97 makes use of 

this approximation using the Eq. 3.8, 

𝐾 = −𝐴	
𝑑Π
𝑑𝐴 	≅ 	−

Π, − Π-
ln 𝐴, − ln𝐴-

 
(3.8) 

𝐾 is considered as the inverse of the compressibility102 and an appropriate parameter to identify 

stiffness or yielding97 behavior in 2D films under compression-expansion experiments. This 

approximation is also used in this thesis as a complementary tool to describe the mechanical 

characteristics of the interfacial systems of interest. 

 

3.2.1.2. Radial Langmuir Trough 

The presence of a mixed interfacial-strain field (i.e. shear and dilatational deformations) during 

the change of area per molecule makes challenging the identification of dynamic effects on the 

equilibrium thermodynamic response of the interface. The presented rectangular Langmuir trough 

generates this mixed interfacial-strain field by anisotropic deformation.88,102 Figure 3.5. shows a 

radial geometry that produces an isotropic areal deformation by the conservation of the interface 

shape during the compression process leading to the purely dilatational deformation of the 

interface. 
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Figure 3.5. Exploded schematic of the radial Langmuir trough. The inlet at the right indicates the 
change in surface area used in compression-expansion experiments. The deformation applied by a radial 
geometry generates an isotropic strain field, purely dilatational. There is no change of shape during the 

symmetric areal deformation. Image based on the original design104 property of the Soft-Matter and 
Interfaces Laboratory, Colorado School of Mines. 

 

The application of purely dilatational deformation favors the separation between rheological and 

equilibrium thermodynamics, especially important for rigid films, providing useful information 

for interfacial thermodynamic modeling of complex systems. The radial Langmuir trough104 used 

in this thesis (Figure 3.5) is a novel reinterpretation of the device presented by Pepicelli et al.88 

providing design features that allow its integration with inverted microscopes for structural 

characterization of interfaces. Π − 𝐴 compression-expansion curves are obtained following similar 

protocols of rectangular Langmuir trough experiments using a well-known platinum rod. The 

radial trough hardware and software was manufactured in the Soft-Matter and Interfaces 

Laboratory at Colorado School of Mines and it is detailly described by Kale et al.104 

 

3.2.2. Interfacial Structure Visualization 

Different thermodynamic analysis can be done using Π − 𝐴 compression-expansion curves. 

However, in complex interfacial systems, those analyses are open to different interpretations. A 

multi-scale approach,105,106 used as a methodological inspiration in this thesis, looks for the creation 
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of connections to circumvent misinterpretations between rheological and equilibrium interfacial 

thermodynamics and the structural organization of complex systems at the interface. The physical 

visualization at different resolution scales was used to evaluate the structural organization of the 

interfacial systems. 

 

3.2.2.1. Brewster Angle Microscopy 

Brewster angle microscopy (BAM)107 is a non-invasive microscopy technique that provides 

information about the morphology31 and structural dynamics24 of interfacial systems. This 

technique forms an image of the interface based on the detection of variations on its refractive 

index due to p-polarized light applied. At a clean interface, p-polarized light incident at a specific 

angle, known as Brewster angle, does not produce reflection, therefore, any variation on the 

refractive index (i.e. in the reflected light detected by the BAM sensor) is due to the presence of 

material at the interface. BAM is capable of obtaining real-time images of compression-expansion 

experiments allowing the dynamic evaluation of interfacial structural behavior. A schematic of the 

BAM set-up used in this thesis is presented in Figure 3.6. 

 

Figure 3.6. Schematic of a Brewster angle microscopy (BAM) instrument attached to a rectangular 
Langmuir trough for compression-expansion experiments visualization. This set-up was used to evaluate 
morphology and structural dynamics of interfacial structures obtaining images at the millimetric scale. 
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Traditionally, BAM set-up includes a rectangular Langmuir trough attached (Figure 3.6) 

providing structural information of the interface jointly to its surface pressure behavior during 

compression experiments.24 Additionally, this visualization technique provides (i) evaluation of 

subphase effects on the structural response of the interfacial systems108 and, based on the BAM 

images resolution, (ii) the structural understanding of the interfacial system at a millimetric scale. 

 

3.2.2.2. Interference Reflection and Fluorescence Microscopy 

Interference reflection microscopy (IRM) is a practical and wide-used optical microcopy method 

coming from cell biology and popularized in other fields due to its structural identification 

capabilities at interfaces. Traditionally, this method uses a beam of filtered light produced by 

forcing the pass of a collimated beam of light through a wavelength filter.31,109 The filtered beam 

of light passes through the water subphase and is reflected off the interfaces between the glass, the 

water, and the natural asphaltenes resulting in interference reflection that provides contrast 

images.110 IRM is used in this thesis based on the yielded contrast images useful to identify 

interfacial structures formed by complex molecules in nature and organization such as natural 

asphaltenes. Also, the use of interference reflection microscopy allows the integration of different 

scales providing structural recognition at the micron scale to connect with millimetric images from 

BAM. Figure 3.7. shows a schematic of the setup used for IRM image acquisition during the radial 

compression-expansion experiment.  

Fluorescence microscopy is a selective optical visualization technique, that selects the visualized 

molecules by their capacity to fluoresce. The emission of light (fluorescence) of a molecule of 

interest occurs after the adsorption of typically shorter wavelength light.111 In this context, based 

on the potentialities of interest molecules, it is possible to obtain high-contrast images setting up 

the system to ensure no-blocking of the emitted fluorescence by the incident light. Traditionally, 

the use of fluorescence microscopy demands the use of absorbance dyes to create an emission 

background allowing the identification of domains. However, in this thesis, fluorescence 

microscopy was used in the structural evaluation of the asphaltene model compound C5PeC11, 

characterized by an aromatic structure that highly fluoresces to the wavelength typically used for 

Texas Red (TXRed) dye. Figure 3.7. shows the setup used to obtain fluorescence microscopy 
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images. The experimental setup differs from that used in IRM image acquisition on the filter cube 

used to guaranty the wavelength associated with IRM and TXRed fluorescence. 

 

Figure 3.7. Schematic of radial trough device104 designed to apply isotropic deformation at interfacial 
systems. The tandem arrangement with inverted microscope allows the dynamic morphological 

characterization of interfacial systems using imaging analysis. The microscopy techniques used in the 
tandem arrangement were interference reflection microscopy (IRM) and fluorescence microscopy 

(TXRed fluorescence). 

 

3.2.3. Two-Dimensional Solution Model: Theoretical Approach to Interfacial 

Asphaltene Modeling 
 

Interfacial thermodynamic models provide the chance to describe and predict the molecular 

response of compounds adsorbed at interfacial systems. Due to their molecular structure and 

weight variability, the interfacial thermodynamic modeling of natural asphaltene is a current 

engineering challenge. The two-dimensional solution model, used in this work to partially describe 

the interfacial behavior of natural and model asphaltenes, consists of the derivations of the equation 

of state for an interfacial system at the equilibrium conditions between the surface and bulk 

chemical potentials. This model derived by Fainerman et al.112 provides an expression useful in 

interfacial systems populated by particle-like structures.  
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Assuming that the molar area is independent of the surface tension, the chemical potential of the 

𝑖-th specie in a surface layer (𝜇'.), can be described by Eq. 3.9,112,113 

𝜇'. = 𝜇'!. − 𝛾Ω' + 𝑅𝑇 ln 𝑓'.𝑥'. (3.9) 

Where the superscript ¨s¨ refers to the surface, 𝜇'!. is the standard chemical potential at a given 

pressure and temperature of an 𝑖-th species at the surface, Ω' is the molecular area of the 𝑖-th 

species, 𝛾 is the surface tension, 𝑓'. and 𝑥'. are the activity coefficient and the molar fraction 

associated to the 𝑖-th species at the surface, respectively, and 𝑅𝑇 is the product between 

temperature and the gas constant. This expression is known as the Butler equation.113 

On the other hand, the chemical potential of the 𝑖-th specie in the bulk, where ¨𝛽¨ refers to bulk 

can be written as follows in Eq. 3.10,112 

𝜇'
/ = 𝜇'

!/ + 𝑅𝑇 ln 𝑓'
/𝑥'

/ (3.10) 

The equilibrium estate of the 𝑖-th specie in the system would obey the equality between surface 

and bulk chemical potentials. It is commonly used the evaluation of the equilibrium for the 

subphase of the interfacial system refers (𝑖 = 0) showed in Eq. 3.11. This expression can derive 

in an equation of state for the surface layer,112 as follows, 

𝜇!. = 𝜇!
/ (3.11) 

Replacing Eq. 3.9 and Eq. 3.10 in Eq. 3.11, 

𝜇!!. − 𝛾Ω! + 𝑅𝑇 ln 𝑓!.𝑥!. = 𝜇!
!/ + 𝑅𝑇 ln 𝑓!

/𝑥!
/ (3.13) 

Based on the consideration of an ideal subphase where:	𝑓!. = 𝑓!
/ = 1, 𝑥!. = 𝑥!

/ = 1, and 	𝛾 = 𝛾!, 

then the expression became 

𝜇!!. − 𝛾!Ω! = 𝜇!
!/ (3.14) 

Combining Eq 3.13 and Eq. 3.14,  

Ω!(𝛾! − 𝛾) = 𝑅𝑇Sln 𝑓!
/𝑥!

/ − ln 𝑓!.𝑥!.T (3.15) 
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Considering the conditions of the bulk subphase U𝑓!
/ = 1;	𝑥!

/ = 1W, and the concept of surface 

pressure, Eq. 15 turns into, 

Π =
−𝑅𝑇
Ω!

[ln 𝑓!. + ln 𝑥!.] 
(3.16) 

Eq. 3.16 is considered an equation of state for the surface layer for any number of components 

with any geometry.112,114 In order to connect this expression with a parameter of the subphase 

molecule, the molecular area occupied by the subphase Ω!, is transformed into the molecular area 

of a single subphase molecule ω! leading Eq. 3.16 to,  

Π =
−𝑘𝑇
𝜔!

[ln 𝑓!. + ln 𝑥!.] 
(3.17) 

Where Π is the surface pressure, and 𝑘𝑇	is the product of the Boltzmann constant and the 

temperature. The parameters 𝑓!., 𝑥!. depends on the approximation used to estimate the fraction of 

surface occupied by each component at the interfacial system.112,114 A convenient approach is the 

evaluation of the surface area occupied 𝐴 by a particle with an average area 𝜔 could produce the 

expression that describe the Π − 𝐴 curve valid for a surface with particle-like structures adsorbed, 

Eq. 3.18, known as the Volmer equation,115 

Π =
−𝑘𝑇
𝜔!

Sln U1 +
𝜔
𝐴W + U

𝜔
𝐴WT − Π012 

(3.18) 

Where Π012 is the cohesion pressure41,112,115 and can be interpreted as the interparticle contribution 

to the Π at the interface.41 This two-dimensional solution approach has relevant features for 

asphaltene modeling such as the independence of specific geometric characteristics of the particles 

adsorbed. Eq. 3.17 allows the surface pressure evaluation of a mass of particles of any size 

adsorbed at the interface. This thermodynamic model derived from the two-dimensional solution 

approach was used to evaluate the surface pressure behavior of natural and model asphaltenes of 

aggregated states using experimental data obtained through compression-expansion experiments. 
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4. Main Results 
 

“I am just a child who has never grown up. I still keep asking these ‘how’ and ‘why’ questions. 

Occasionally, I find an answer.” 

-Stephen Hawking 

 

4.1. Probing Interfacial Behavior: NAC-7 and C5PeC11 
Paper 1 

Probing Interfacial Structure and Dynamics of Asphaltenes and Model 

Asphaltenes at Fluid-Fluid Interfaces 

In this article, natural and model asphaltenes adsorbed at decane-water and air-water interface were 

studied, looking for connections between interfacial morphology and interfacial dynamics 

combining isotropic and anisotropic deformation with structural visualization. 

 

 

Figure 4.1. Π − A compression curves for natural asphaltenes NAC-7 at the air-water interface using 
rectangular (lines) and radial (markers) Langmuir troughs. Three consecutive compressions are shown for 

two spreading solutions used (a) 0.1 g/L and (b) 0.01 g/L. Error bars show the variability through three 
compression-expansion experiments. 

 

The spreading solution concentration used to locate natural asphaltenes NAC-7 at the interface had 

a significant effect on the reproducibility of the surface pressure at the air-water interface, 

especially when anisotropic deformation was applied (Lines in Figure 4.1.). Based on the results 
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(differences between lines and markers in Figure 4.1.), it was possible to state that the surface 

pressure relation with the surface coverage was modified by the type of deformation applied. The 

use of isotropic and anisotropic deformations can provide information regarding the effect of 

interfacial strain-fields over the molecular interaction especially useful for complex interfacial 

systems where equilibrium thermodynamics and dynamics effects overlap. Hysteresis between 

first and subsequent compression cycles was higher for isotropic than for anisotropic deformations 

evidencing different aggregation kinetics for a different type of deformations applied. However, 

the second and third compression cycles showed similar trends and values between deformation 

types. A possible explanation is a reduced intermolecular activity among aggregated structures at 

the interface, leading to a particle-like behavior at the interface of the NAC-7 aggregates. 

 

Figure 4.2. BAM millimeter scale images for the first (upper rows, blue) and the second (bottom rows, 
red) compression cycles of natural asphaltenes NAC-7 at the air-water interface using two spreading 

solutions: A (0.1 g/L) and B (0.01 g/L). The numbers in each image approximately correspond to 
interfacial phases: Gas-phase (1 and 5), liquid-expanded (2 and 6), liquid-condensed (3 and 7), and solid-

like (4 and 8). 
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Figure 4.3. IRM microscopic images for the first (blue) and the second (red) compression cycles of 
natural asphaltenes NAC-7 at the air-water interface. Two spreading solutions were used: A (0.1 g/L) and 
B (0.01 g/L). Interference reflection microscopy was applied using an inverted microscope attached to the 

radial trough device. Numbering at each image set corresponds approximately to interfacial phases 
observed at the system: Gas-phase (1 and 5), liquid-expanded (2 and 6), liquid-condensed (3 and 7), and 

solid-like (4 and 8). 

 

Figures 4.2. and 4.3. show millimetric and microscopic images, respectively, for two consecutive 

compression cycles (First cycle blue, second cycle red) using two spreading solution 

concentrations of NAC-7 at the air-water interface. Results showed the formation of rigid 

structures at high surface coverages, that acts as rigid films, independent of the spreading solution 

used (Figure 4.2. Sections A.4, A.8, B.4, and B.8) and the differences between millimetric and 

microscopic domains. Structural visualization of the compression process allows the identification 

of three intensity regions for high spreading solution concentration (0.1 g/L) which can be 

qualitatively described as (i) high-intensity regions consistent with aggregates without inner 

mobility, (ii) medium-intensity regions associated with aggregates with inner mobility, and (iii) 
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low-intensity regions where asphaltenes are in low concentrations probably forming 

nanoaggregates. At low spreading solution concentration (0.01 g/L), those regions are not clearly 

observed at millimetric scale, possibly due to the initial asphaltene structures adsorbed whose 

aggregation is organized and subtle at this scale. Microscopic images (Figure 4.3.) emphasize the 

prone character to the aggregation of asphaltenes adsorbed from a high spreading solution 

concentration forming denser interfacial structures (Figure 4.3. Section A.5-8) than those formed 

from low spreading solution concentration (Figure 4.3. Section B.5-8). It was possible to connect 

the surface pressure behavior with millimetric and micrometric interfacial structures stating 

structure-properties relationships for natural asphaltenes NAC-7.  

 

Figure 4.4. Π − A compression-expansion curves for asphaltene model compound (C5PeC11) at the air-
water interface using the rectangular Langmuir trough. Three consecutive compression-expansion cycles 

are shown. The numbers within the plot area correspond to BAM millimeter scale images during first 
(blue) and second (red) compression cycles. Numbering approximately corresponds to interfacial phases 
observed at the system: Gas-phase (1 and 5), liquid-expanded (2 and 6), liquid-condensed (3 and 7), and 

solid-like (4 and 8).  

 

On the other hand, the interfacial behavior observed of the asphaltene model compound C5PeC11 

and its structural organization during the compression process at the air-water interface provide 
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evidence of its mimic potential for NAC-7 maximum surface pressure values, millimetric 

aggregated structures, and solid-like film behavior at high surface coverages. However, despite the 

similarities, it is not expected that a single molecule reproduces the whole interfacial behavior of 

natural asphaltenes. 

Based on the structure-properties relationships build for natural and model asphaltenes, their 

interfacial activity at decane-water interfaces was interpreted by way of correlation. A notable 

difference in surface pressure maximums was observed, but natural and model asphaltene preserve 

maximum surface pressure values similarity. Hysteresis between compressions is smaller than 

those shown at the air-water interface for both compounds revealing the presence of partially 

reversible aggregation. In this context, it is possible to think that the presence of decane reduces 

the interfacial energy of the system and allows the asphaltene molecules and aggregates to 

agglomerate reversibly. Insets in Figure 4.5. a-b provides evidence of structural reorganization in 

agreement with partially reversible aggregation. Nonetheless, a degree of irreversible aggregation 

is preserved. 

 

Figure 4.5. Π − A compression-expansion curves for (a) asphaltene model compound (C5PeC11) and 
(b) natural asphaltenes NAC-7 at the decane-water interface using the rectangular Langmuir trough. Thick 

lines represent compression cycles and thin lines represent expansion (E) cycles. The spread 
concentration used for both systems was 0.1 g/L. Insets present a zoom in to the reorganization occurs 

during the expansion process. 

 

Based on the use of a multi-scale approach of evaluation valuable insights on the interfacial 

behavior of natural (NAC-7) and model asphaltene (C5PeC11) compounds were obtained. 
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4.2. Interfacial Phenomena Understanding: C5PeC11 
Paper 2 

Deviation from Equilibrium Thermodynamics of an Asphaltene Model Compound 

During Compression-Expansion Experiments at Fluid-Fluid Interfaces 

The second paper studied the nature of an unexpected interfacial response during the compression 

of the asphaltene model compound C5PeC11 at decane-water and air-water interfaces previously 

reported27 and described as non-thermodynamic without further explanation.  

 

Figure 4.6. Π − A compression-expansion curves for the (a) asphaltene model compound (C5PeC11) and 
(b) natural asphaltenes NAC-7 at the decane-water interface using the rectangular Langmuir trough. Two 
compression-expansion cycles are shown for C5PeC11 and three for NAC-7. The inset presents the local 

maximum at consecutive compressions. Expansion (E) cycles are highlighted for NAC-7. 

 

Figure 4.6. shows the unexpected and reproducible local maximum at (a) air-water and (b) decane 

water interfaces. The same surface pressure value for different surface coverage is an unexpected 

equilibrium thermodynamics behavior during the compression of an interface. This phenomenon 

occurs through all the consecutive compression cycles at the decane-water interface and only 

during the first at the air-water interface. 

Film relaxation experiments were conducted to evaluate the presence of relaxing structures before 

(Pre-LM experiment) and after (Post-LM experiment) the local maximum. To provide structural 

visualization, these experiments were conducted for C5PeC11 at the air-water interface. Results 

in Figure 4.7. depict similar equilibrium thermodynamic states at the end of the relaxation process 
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which leads to think that the nature of the non-thermodynamic behavior can be caused by a 

dynamic effect between molecules during their structural organization.  

 

Figure 4.7. Surface pressure relaxation data (Pre- and Post-LM) and curve fitting models (Model 2 and 
Model 3, respectively) used to describe different theoretical structures for C5PeC11 at the air-water 

interface. Experimental data was obtained after compression at Pre–LM (	Π~5.8	mN/m), and Post–LM 
(	Π~7.4	mN/m) states. Top inset in the figure shows those states in the Π − A compression curve. 

Bottom inset presents a zoom in to the parametric models fit at late relaxations stages. Experiments were 
conduct during ~	1x10!	[s] at T = 22℃ and 𝑅𝐻	~	33%. 

 

Table 4.1. Curve fitting parameters for parametric models used to adjust experimental data of Pre- and 
Post-LM relaxation experiments. 𝜏"! presented the characteristic time of the structure 𝑖 of the model 𝑁. 
𝑆"! is the contribution of the structure 𝑖 of the model 𝑁. Parameters were estimated using non-linear least-

squares numerical method. The sum of the squares due to error (SSE) and the R2 are presented to show 
the goodness of the model. 

 

Parametric exponential models were used to fit the experimental data suggesting the presence of 

two main structural domains after the local maximum occurrence and three after. Table 4.1. 
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presents the fitting contribution to the surface relaxation and characteristic times of the theoretical 

structures that agrees with the existence of a structural organization before and after the local 

maximum that could result in a dynamic effect that generates the non-thermodynamic event 

observed for C5PeC11 at air-water and decane-water interfaces. 

A possible explanation for the dynamic nature of the unexpected local maximum could be the 

result of a spontaneous aggregation process that occurs once a critical interaction distance is 

reached at the early stages of the liquid-expanded stage of the compression. At this distance, 

intermolecular forces (i.e. hydrogen bonding and VdW interactions) become dominant over the 

mechanical stress applied to the interface and accelerating the aggregation process. This process 

could lead to an overestimation of surface pressure through a dynamic effect explaining the 

deviation from the expected equilibrium thermodynamic behavior during the compression process. 

To interrogate the dynamic nature of the interfacial phenomenon described, isotropic deformations 

were conducted for the C5PeC11 at the air-water interface. Figure 4.8. shows the surface pressure 

results for three runs where the variability on the local maximum in surface pressure and surface 

coverage is observable. Microscopic images of the interface (a) after and (b) before the local 

maximum was obtained agreeing well with the finding of the structural relaxation experiments. 

These three structures are consistent with aggregation processes observed for natural asphaltenes 

NAC-721. It was observed a drastic intensity variation between structures (a) after and (b) before 

(Figure 4.8.) that suggests the spontaneity of the initial aggregation process and the variation with 

molecular interaction during further stages of the compression processes (Figure 4.8c-d). These 

findings lead to the identification of two different aggregation mechanisms to take into account for 

thermodynamic modeling. Figure 4.9. does not show evidence of the spontaneous aggregation 

process during the early stages of the liquid-expanded phase of the interface. Results for the second 

compression cycle show that the aggregation continues forming larger, denser, and more stable 

domains after the first compression due to aggregation mechanisms different from the spontaneous 

aggregation that produces the dynamic effect evidenced in the local maximum. 
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Figure 4.8. Π-A compression-expansion curves and fluorescence TXRed microscopy images for 
C5PeC11 at the air-water interface using the tandem radial Langmuir trough/inverted microscope 

apparatus. Images correspond to the first compression experiment and show interfacial domains before (a) 
and after (b) the surface pressure local maximum, and the structural organization through continuous 

compression of the interface (c-d). Dashed circles represent observable domains and the dashed square 
represents a region of ongoing aggregation. 

 

In this context, the multi-scale approach is providing a fundamental description that explains the 

nature of the unexpected equilibrium thermodynamic response of C5PeC11 at the air-water 

interface using structure-properties relationships. This understanding was used to interpret the 

reproducible surface pressure behavior through consecutive compression cycles at the decane-

water interface (Figure 4.5.). A possible explanation for this phenomenon relies on the effect of 

the decane over the aggregation mechanisms of C5PeC11 at the oil-water interface. The presence 

of decane reduces the interfacial energy leading to partially reversible aggregation21, something 

also observed for natural asphaltenes. 
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Figure 4.9. Fluorescence microscopy images using TXRed fluorescence wavelength for C5PeC11 at the 
air-water interface during second compression in the radial Langmuir trough. Images correspond to 

compression (a) LE interfacial phase: Γ~	165	Å#/molecule - Π~12	mN m⁄ , (b-c) LC interfacial phase: 
Γ~	105	Å#/molecule -	Π~26	mN m⁄ , (d) solid-like interfacial phase: Γ~	49	Å#/molecule -

	Π~55	mN m⁄ , and expansion (e-h) at the end of expansion process Π~0mN m⁄  

 

These results highlight the need to understand interfacial systems at various length scales, from 

the molecular to micrometer, and to make multiscale connections among interfacial properties and 

structures to separate equilibrium thermodynamics and dynamic responses at complex interfaces. 
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4.3. Approach to Interfacial Modeling: NAC-7 and C5PeC11 

The development of interfacial activity models can improve the description and prediction of 

interfacial phenomena. The understanding of complex interfacial systems such as those formed by 

asphaltenes can be benefited through the use of this interfacial modeling. In this work, a two-

dimensional solution approach was used to model the liquid-liquid transition zone described by 

the asphaltene model compound C5PeC11 and the natural asphaltene NAC-7. It was found that 

despite structural differences observed at the microscopic scale, the millimetric structures describe 

a particle-like behavior with similar trends between model and natural asphaltenes. This result 

remarks the potential of C5PeC11 potential to mimic interfacial behaviors of NAC-7. 

 

 

Figure 4.10. Second (red) and third (green) compression cycles data for C5PeC11 and curve fitting of 
Volmer equation used to describe model the liquid-liquid transition zone at the air-water interface. 

 

The mathematical derivation of the model presented previously in this thesis (Chapter 3.) is based 

on the adsorption of structures considered as particles at the interface. Interfacial structural 

visualization suggests that C5PeC11 and NAC-7 present aggregated structures during the 2nd and 

3rd compression cycles. The particle-like behavior refers to the observation of high surface pressure 

chances in small area deformations that agrees with the expected behavior for aggregated 

structures at the air-water interface. Results show that particle-like consideration of the Volmer 

equation reproduces the liquid-liquid transition during second and third compression cycles for the 
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asphaltene model compound C5PeC11 (Figure 4.10.). This result is consistent with the multi-scale 

evaluation of its interfacial behavior. It is expected that the model fitting fails in regions near to 

the solid-like phase as it is shown. Figure 4.11. presents the model fitting for natural asphaltenes 

NAC-7. The Volmer equation shows a good fit for part the liquid-liquid transition in the second 

compression cycle of NAC-7 suggesting its particle-like behavior during early compression stages 

could be modified by an ongoing aggregation process. However, the third cycle data fit with the 

particle-like approach of the Volmer equation suggesting the presence of a consolidation process 

of the aggregated structures. 

 

Figure 4.11. Second (red) and third (green) compression cycles data for NAC-7 and curve fitting of 
Volmer equation used to describe model the liquid-liquid transition zone at the air-water interface. 

 

 

Table 4.2. Curve fitting parameters for the two-dimensional solution model (Volmer equation) used to 
adjust experimental data of the liquid transition zone during the 2nd and 3rd compression cycles for 

C5PeC11 and NAC-7 (Figure 4.10.  and Figure 4.11.). R2 are presented to show the goodness of the 
model. 
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The parameter of the Volmer equation for C5PeC11 and NAC-7 are shown in Table 4.2. The area 

occupied by a molecule of subphase (𝜔!) was used as a fitting parameter for each compound.115 

The average area occupied by the compounds at the interface 𝜔 is reduced through consecutive 

compressions in a similar ratio between natural and model asphaltenes (11% for NAC-7 and 8% 

for C5PeC11) agreeing with the prone to aggregation character of asphaltenes and the mimicking 

potential of rational design asphaltenes. The attractive character between aggregated structures is 

higher than reported values for other systems112,115 and indicates that the attraction between 

aggregates at the air-water interface is proportional to the degree of structural consolidation for 

both compounds. 

Based on the results of the mathematical modeling it is possible to state that the aggregation 

process during the liquid-liquid transition can be partially represented for aggregated structures of 

NAC-7 at the air-water interface by the particle-like approach in the Volmer equation that 

experimentally described C5Pe11. This modeling approach to the interfacial behavior of natural 

asphaltenes is a step in a long stair that provides insights for the use of rational design molecules 

to build fundamental knowledge in complex interfacial systems. 
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5. Concluding Remarks 
 

“… After all, the nature of matter is to be found in the structure and motion of its constituent 

building blocks…”. 

-Dennis C. Rapaport 

 

In this thesis, structure-properties relationships were found at molecular, micrometric, and 

millimetric scales allowing to shed some light on the fundamental of the interfacial behavior of 

natural asphaltenes and the potentialities of an asphaltene model compound to represent relevant 

characteristics of the complex system. The understanding of interfacial behavior of natural 

asphaltenes has direct implications on the development of enhanced oil recovery techniques and 

the formulation of flow assurance strategies towards a more efficient and safer crude oil industry. 

A possible alternative to unveil complexities associated with natural asphaltenes is the evaluation 

of rational design asphaltene model compounds thought to represent the main characteristics of 

natural asphaltenes in a controlled framework. Connections between natural and model 

asphaltenes will provide tools to develop interfacial thermodynamic models that, under idealistic 

restrictions, represent and predicts the behavior of natural asphaltenes. 

A multi-scale approach was used to find the structure-properties relationships through the 

transversal connection of evaluation techniques and scales. This methodology allows the 

integration between structural visualization and interfacial deformation (isotropic and anisotropic) 

and proved to be a versatile approximation to understand complex interfacial interactions 

providing a comprehensive view of the phenomena. 

The results of this thesis were divided into three sections (i) Probing Interfacial Behavior: NAC-7 

and C5PeC11, (ii) Interfacial Phenomena Understanding: C5PeC11, and (iii) Approach to 

Interfacial Modeling: NAC-7 and C5PeC11. The main objective of the first part, embodied in the 

First Paper, is to compare and understand the interfacial behavior of NAC-7 and C5PeC11 

identifying similarities and differences. It was possible to found structure-properties relationships 

at different scales for the air-water interface that serve as a basis to unveil interfacial phenomena 
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at the decane-water interface, where structural visualization is challenging, for natural and model 

asphaltenes. It was observed the existence of an effect of the deformation type applied to the 

interface in the molecular interaction and aggregation dynamics. It was shown the potential of 

C5PeC11 to represent surface pressure maximum values, solid-like film structures, and 

aggregation of NAC-7. 

The second part, completely developed in the Second Paper, aimed to understand the nature of a 

specific unexpected phenomenon during C5PeC11 compression experiments previously reported 

but unexplained. During this work, the multi-scale approach showed its potential to build a 

comprehensive vision of interfacial phenomena. It is presented evidence of the dynamic nature of 

a deviation on the expected equilibrium thermodynamic behavior during the compression process 

of C5PeC11 where competition between intermolecular forces at a certain critical distance and the 

mechanical stress applied to the interface. The use of isotropic and anisotropic deformations as 

complementary tools was crucial to separate interfacial equilibrium thermodynamics from 

dynamic interfacial effects.  

Finally, an approximation to the interfacial modeling of asphaltenes is presented in the third part 

of this work using a two-dimensional solution model approach that results in the application of the 

know Volmer equation. This equation provides a particle-like behavior view of the interfacial 

interaction of the compounds. Using structure-properties relationships obtained in this thesis, it 

was possible to state that the liquid-liquid transition phase for C5PeC11 and NAC-7 is mainly 

formed by interacting aggregated structures where the particle-like approach would be useful. It 

was found that the Volmer equation provide a good description of the liquid-expanded to liquid-

condensed phases for both asphaltene compounds at the air-water interface. 

 

 

About future work, the methodology used and the results obtained in this work have several areas 

to be expanded and exploited. First, it is important to design and evaluate different chemical 

structures to generate a new family of asphaltene model compounds. The main goal of this research 

would be the development of a experimental/computational approach to the evaluation, screening 

and design of chemical structures that acts as asphaltene model compound based on the effect of 
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chemical functionalities in the interfacial behavior. This approach would allow a systematic 

understanding of natural asphaltene by the evaluation of mixture of developed model compounds 

looking for better mimicking performance. The multi-scale approach proposed in this work is key 

to create a broad map of structure-properties relationships for natural asphaltenes. This expansion 

of this doctoral thesis will provide a broad framework to connect molecular structures to interfacial 

behaviors. Second, the coupled structural visualization and the surface deformation will be further 

exploited through the building of structure-properties relationships looking for the understanding 

and design of interfacial systems with the presence of polymers, surfactants, ions and other 

relevant compounds for crude oil production and transport applications. The evaluation of the 

interaction of multiple agents at the interface would provide a realistic scenario to the development 

of new EOR techniques and transport methodologies. Third, thermodynamic modeling of 

interfaces is a fundamental tool with high potentialities. The reformulation of the Volmer equation 

based on a different structural pattern would provide a possible solution to evaluate gas-liquid and 

liquid-liquid transitions in non-aggregated systems. This fundamental understanding will strength 

the structure-properties relationships found for multiple systems. Finally, the potentialities of the 

multi-scale approach are proved, however, the inclusion of computational tools such as the 

molecular dynamic simulation will provide eyes where it is not possible to see forming a stronger 

and more comprehensive view for macro, micro, and molecular understanding of interfacial 

complex phenomena. 
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ABSTRACT: Asphaltenes are largely responsible for crude oil
interfacial behavior. Due to their complex molecular nature,
studying connections between interfacial properties and molecular
structure is challenging, and these connections remain unclear.
Several groups have reported on the interfacial behavior of
asphaltenes, but a unified picture of both interfacial dynamics and
thermodynamics is still missing. We seek to establish connections
between asphaltene interfacial morphology and interfacial dynam-
ics by combining interfacial dilatational deformation with micro-
scopic structural imaging analysis. Understanding the behavior of
natural asphaltene samples is made difficult by the inherent
molecular variability. Therefore, we have also studied the behavior
of an asphaltene model compound to draw fundamental structure−property relationships. This work contains simultaneous
interfacial deformation and microscopy in systems of natural and model asphaltenes at air−water and decane−water interfaces. How
the dynamics of natural asphaltenes influences the morphological and thermodynamic state of the air−water and decane−water
interfaces is discussed based on the deviations observed between isotropic and anisotropic deformations. Areas where model
asphaltenes can help us to understand the behavior of natural asphaltenes are identified such as its high surface pressure activity and
aggregation character. An aggregation mechanism for model and natural asphaltenes is proposed based on an observed relationship
between microscopic and millimetric aggregates.

■ INTRODUCTION
Crude oil and reservoir components are an inherently complex
systems due to numerous fluid−fluid interactions. Under-
standing these systems thoroughly represents a modern
engineering challenge. Enhanced oil recovery of heavy and
extra-heavy hydrocarbons1,2 and cost reduction in trans-
portation through pipelines3 are strongly influenced by these
interactions and set the path in the present and future work for
the oil industry around the world. Asphaltenes are the most
interfacially active fraction of crude oil and play an important
role in issues such as conventional and unconventional oil
production, flow assurance, and environmental manage-
ment.4−10 Different studies have been conducted to assess
the effect of asphaltenes on these issues, but a comprehensive
understanding is still elusive.11−16 Asphaltenes are highly
associative and prone to aggregation15,17,18 and precipita-
tion.17,19 These may result in wettability alteration, rock
permeability reduction,20 or crude oil thickening.21,22 Asphal-
tenes stabilize water-in-oil emulsions,23,24 an undesirable
phenomenon for operations. Asphaltenes are defined as a
solubility fraction25 which makes them inherently difficult to
study because their properties will change depending on the
type of oil and the precipitation procedure.26−28 One possible
way to circumvent these issues is through the use of model
compounds.29−31 However, a complete description in terms of

chemistry and surface/interfacial activity is hard to obtain
because a synthesized set of molecules would not be able to
capture all aspects of the indigenous components.
This work aims to deepen knowledge on the behavior of

natural asphaltenes at air−water and decane−water interfaces
with the aid of an asphaltene model compound. Different
efforts have been conducted to understand the behavior of
natural asphaltenes at fluid−fluid interfaces. Under natural
conditions, asphaltenes are not usually present at air−water
interfaces. However, this system allows the use of imaging
techniques to assess their interfacial structure. Lobato et al.19,26

showed that when the spreading solution with asphaltene
clusters, typically at concentrations higher than 2 g/L,
isotherms at air−water interfaces exhibit steep slopes with
changes in the molecular area. Images showed that these
clusters are adsorbed at the interface as a whole domain.
Orbulescu et al.32 worked with asphaltene nanoaggregates and
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showed, using spectroscopy techniques, that polycyclic groups
tend to position parallel to interface while peripheral alkanes
are perpendicular to the interface at surface coverage values
close to that of a theoretical monolayer (∼20 Å2/molecule).
Zhang et al.33 studied the effect of the spreading solvent in
asphaltene interfacial behavior during compression−expansion
experiments and found that the use of toluene favors the
expansion process and weakens the compressibility of
asphaltene monolayers. The use of monolayer as a descriptor
of natural asphaltene organization at the interface is still under
debate given that the molecular weight of asphaltene
monomers, whether archipelago or island-type, still lies in a
wide range of values (∼500−1000 g/mol).34

Different groups have studied the interaction of natural
asphaltenes at the oil−water interfaces. Freer et al.35 and Qiao
et al.36 independently proposed that only a small fraction of
asphaltenes are reversibly adsorbed at the interface. These
results, emphasized by Pradilla et al.,31 showed that asphaltenes
are irreversibly adsorbed at oil−water interfaces. Strassner et
al.37 showed the presence of wrinkles at the interface upon
compression, an indication of an apparently solid state of the
asphaltene structures at the interface. Yarranton et al.12 found
similar behavior and also a decrease in the compressibility
based on the aging of asphaltene interfaces in toluene. Barre ́ et
al.38 conducted experiments showing that the most polar
fraction of asphaltenes forms the more massive asphaltene
clusters. These clusters are adsorbed as a whole at the interface,
similar to the air−water case. By analyzing microscopy of
asphaltenes Alvarez39 proposed that this structural interaction
is no longer a monolayer.
Despite these efforts, the complex nature of asphaltenes at

various interfaces remains unclear. The understanding of the
spreading solution effect, the asphaltene aggregation dynamics
and a better comprehension of the interfacial phase transitions
will provide relevant insights on the air−water interfacial
behavior of asphaltenes. However, further advance on
asphaltene interactions at oil−water interfaces could be
enhanced by understanding air−water systems by way of
correlation. The use of model molecules to mimic natural
asphaltenes could bridge the knowledge gap on their interfacial
interaction understanding from an ideal scenario.
This work uses a multiscale approach40,41 to simultaneously

study and correlate the molecular, microscopic, and millimetric
response of asphaltene model compounds and natural
asphaltenes at air−water interfaces through the use of two
complementary tools:42−45 surface pressure measurements and
interfacial visualization techniques.19,46 This connection will
deepen knowledge of asphaltene interfacial behavior at the
decane−water interface. In order to build this, surface
pressure−area (Π−A) compression−expansion curves pro-
vided by Langmuir trough devices were used to estimate the

molecular response of asphaltenes at the air−water and the
oil−water interfaces.
The compression−expansion curves are traditionally ob-

tained from a rectangular Langmuir trough that deforms the
interface with simultaneous area and shape changes. These
changes introduce an unknown distribution of shear and
dilatational stresses producing an anisotropic interfacial-strain
field.47,48 The presence of mixed deformation fields influences
the resulting compression−expansion curves leading to jointly
probing shear and dilatational moduli.49 However, new
developments allow one to obtain compression−expansion
curves using constant shape during area deformation that
introduces pure dilatational stress to the interface. The
application of this deformation produces an isotropic
interfacial-strain field. The compression−expansion curves
obtained using this single deformation field show a reduction
in the influence of mixed flow and deformation fields50 at the
interface leading to probing of pure dilatational moduli. A
radial trough design49 provides this constant shape during
compression−expansion experiments reducing the influence of
the anisotropic-strain field over the interface response. In this
work, rectangular and radial troughs were used to estimate Π−
A compression−expansion curves, and their responses were
compared to identify the influence of the interfacial-strain
applied in aggregation phenomena.
Two different microscopy techniques were used to visualize

the interfaces: Brewster Angle Microscopy (BAM) with a field
of view of 4 mm and resolution of 10 μm, and Interference
Reflection Microscopy (IRM) with a field of view of
approximately 300 μm, and submicrometer resolution. The
multiscale microscopy in this work reveals the complexity of
structure formation in even single-component model asphal-
tene systems, and it facilitates a broad behavioral under-
standing of natural asphaltenes at air−water and decane−water
interfaces.

■ EXPERIMENTAL SECTION
Materials. Solvents and Chemicals. N-Heptane (HPLC grade, ≥

99%), for asphaltene precipitation, and decane (anhydrous, ≥ 99%),
used as oil phase in the oil−water interface, were purchased from
Sigma-Aldrich Co., and used without further purification. Toluene
(HPLC grade, ≥ 99%), used for all asphaltene and model asphaltene
solutions, was purchased from Fischer Scientific and utilized without
any further purification. The subphase for all experiments was
ultrapure water with a resistivity of 18.2 MΩ·cm (pH 5.8).

Asphaltene Model Compound. The asphaltene model compound
with an acidic functionality, named C5PeC11 (Table 1), was
synthesized by Nordgar̊d,51 Holman52 et al., replacing 7-tridecanone
with 12-tricosanone. Ammonium acetate and sodium cyanoborohy-
dride in isopropyl alcohol were used to convert the 12-tricosanone
into its amine. In the presence of imidazole, the produced amine is
reacted with perylene-3,4,9,10-tetracarboxylicdianhydride. The prod-
uct of this reaction is further treated with potassium hydroxide in tert-

Table 1. General Aspects of the Asphaltene Model Compound Used in This Study
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butanol presence. Finally, this intermediate compound was reacted
with 6-aminohexanoic acid in the presence of imidazole. C5PeC11
was purified using flash chromatography on silica gel with a
methanol−chloroform mixture (0−5% in CHCl3) as eluent. A 0.1
g/L solution in toluene of the asphaltene model compound
(C5PeC11) was used for the experiments.
Natural Asphaltene Precipitation. A Colombian heavy crude oil

was used for asphaltene precipitation. Compositional analysis53,54 and
°API characterization55 are presented in Table 2. This crude oil shows

a significant presence of asphaltenes extracted following ASTM
D3279−12.56 Crude oil was dissolved in a 1:30 g/g ratio with n-
heptane. This solution was gently stirred using magnetic stirring
during 24 h at 22 °C. The solution is then vacuum filtered using a 2.5
μm microfiber filter (Whatman 42, GE Healthcare). Finally, the
solvent present in the filter cake is allowed to dry out under a confined
N2 atmosphere for 36 h. Three different natural asphaltene (NAC-7)
solutions in toluene were prepared using different concentrations: 0.1
g/L, 0.01 g/L. and 0.001 g/L. NAC-7 refers to natural asphaltene
precipitated using n-heptane.
Methods. Compression−Expansion Measurements. Rectangular

and radial Langmuir troughs used equal deformation ratio for
comparison purposes. Model and natural asphaltenes solutions in
toluene were spread dropwise over a water subphase to create air−
water interfaces in each device using gastight syringes of 1 μL, 50 μL,
and 1 mL (Hamilton Company, U.S.A.) for a range of volumes from
2.5 μL to 9.5 mL. Decane−water interfaces were set by positioning
the water subphase first and then decane was poured using a mica
glass to avoid turbulence. Then, the model and natural asphaltenes in
toluene solutions were directly spread at the interface with the same
set of syringes. Lin et al.7 studied asphaltene layers and variations in
the sequential order in which species are spread at an interface (or
surface). They found that by spreading the asphaltenes first at the
air−water interface, that is, by letting asphaltenes aggregate at the air−
water surface prior to oil phase addition (i.e., decane), the resulting
structures exhibited a tightly packed configuration with a fine grain

morphology. However, swelling of asphaltene aggregates due to
solvent entrainment hinders packing at the interface. Thus, when the
asphaltenes are injected directly at the interface after oil phase
addition, the resulting structures are less tightly packed with a coarser
grain appearance that better describes their interfacial activity.
Furthermore, Laal-Dehghani and Christopher57 showed that the
initial configuration of species at various interfaces (or surfaces) has a
direct influence on the onset and kinetics of aggregation. While
species at air−water surfaces exhibit faster cluster-to-cluster
aggregation, which in turn translates to times of aggregation in the
order of hours, the case of oil−water interfaces varies significantly
resulting in slower kinetics (e.g., aggregation measured in days)
possibly due to factors such as hydrodynamic interactions, capillary
force strength, capillary asymmetry, and dipole strength, among
others. Therefore, to avoid a kinetically trapped fine grain morphology
that would not be representative of an oil−water interface, asphaltenes
were directly injected into the decane−water interface for the
experiments of this work.

The rectangular trough used for air−water experiments, was a
commercially available ribbon barrier Langmuir−Blodgett trough KN
2005 (KSV Nima, Biolin Scientific, Sweden) with interfacial
dimensions of 67.7 ± 0.1 × 235.2 ± 0.1 mm2. Its open interfacial
area is 159.10 ± 0.05 cm2 and the compression ratio used was 6.5:1 at
barriers in the closed position.

The radial Langmuir trough,49 shown in Figure 1, was also used for
air−water interfaces evaluation, and had an initial effective interfacial
area of 5.33 ± 0.04 cm2 and a compression ratio of 4.3:1 at the end of
the compression cycle. For decane−water interfaces the Liquid−
Liquid Langmuir trough KN 2007 (KSV Nima. Biolin Scientific,
Sweden) was used. This trough has interfacial dimensions of 54 ± 0.1
× 226.5 ± 0.1 mm2 for an open initial interfacial area of 122.30 ± 0.05
cm2, and a compression ratio of 8:1 at barriers in the closed position.
A platinum Wilhelmy plate with a perimeter of 39.44 mm was used
with rectangular Langmuir troughs, and a platinum Wilhelmy rod with
a perimeter of 3.19 mm was used for the radial trough. These
platinum tools were attached to a Wilhelmy balance (KSV Nima,
Biolin Scientific, Sweden) and used to measure surface pressure
during compression−expansion experiments. All the experiments were
performed at 22 °C and using a constant area deformation of 6.7
mm2/s to facilitate comparisons between rectangular and radial
trough data. A humidity-controlled chamber was used to maintain the
relative humidity at 33%.

Brewster Angle Microscopy (BAM) Experiments. A BAM system
(MicroBAM, Biolin Scientific, Sweden) attached to the ribbon barrier
Langmuir−Blodgett trough KN 2005 (KSV Nima, Biolin Scientific,
Sweden) was used to obtain images of the model and natural
asphaltenes at the air−water interface during compression−expansion
experiments. The field of view of the MicroBAM is 3.6 × 4 mm2, and
the resolution is approximately 12 μm.58 The images were taken

Table 2. Parameters of the Heavy Crude Oil from a
Colombian Field Used in This Work

parameter method value

saturates (%wt) IP46953 7.4
aromatics (%wt) 37.8
resins (%wt) 15.3
asphaltenes (%wt) 39.5
density (kg/m3) at 15.5 °C ASTM D7042−1955 954
density (°API) at 15.5 °C ASTM D7042−1955 13.6
TAN (mg KOH/g) STM D664−18e254 0.134

Figure 1. Schematic of the radial trough device49 designed to apply isotropic deformation in interfacial systems. The device allows connection with
an inverted microscope for interfacial dynamic morphological characterization through image analysis.
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during several compression−expansion experiments and show
representative stages identified through the surface pressure/com-
pressed area relation. The image acquisition process used the same
parameters for compression−expansion experiments that were
described before.
Interference Reflection Microscopy (IRM) Experiments. The glass

bottom design in the radial trough allowed the use of inverted
microcopy techniques, including interference reflection microscopy
(IRM).59,60 Although simple fluorescence microscopy could have
been used to obtain images of both natural and model asphaltene
interfaces, IRM yielded better contrast and therefore was used
extensively. The microscope (Inverted Microscope, Eclipse Ti, Nikon,
Japan) was set up with a light beam band-pass filtered to a 532 ± 5
nm wavelength intensity that reaches the air−water interface. Goggin
et al.61 presents the details of the IRM setup. Images were taken with
a 40×/0.80W (NIR Apo DIC N2 ∞/0 WD 3.5, Nikon, Japan.)
objective with a resolution of ∼0.1545 μm/pixel. Every interference
reflection image presented in this work has a unidimensional length of
2048 pixels showing a final linear coverage of ∼316 μm per image.
This resolution allows analyzing the interfacial structural behavior at a
microscopic scale. All the images show different stages of interest
identified through the surface pressure/compressed area relation
described during the compression experiments. For comparison
purposes, IRM images were normalized based on the minimum and
maximum intensity values obtained for all deformation experiments
conducted.

■ RESULTS AND DISCUSSION

Natural Asphaltenes (NAC-7) at Air−Water Interfaces.
Ribbon Barrier Langmuir−Blodgett Trough Experiments.
Surface pressure−area (Π−A) compression−expansion curves
represent the interfacial activity of species than can adsorb at
various interfaces. Π−A compression curves at air−water
interfaces for NAC-7, presented in Figure 2, show the range of

variability found for the surface pressure (Π) during the first,
second, and third compression cycles based on different
concentrations of the spreading solution: 0.1 g/L, 0.01 g/L,
and 0.001 g/L.
Results show that the first cycle is reproducible for each

concentration of the spreading solution. However, reproduci-
bility variations in subsequent cycles (error bars estimated
through replica experiments) are an indication of possible
interactions of asphaltenes at the interface. This difference is
more pronounced in Figure 2a compared with the other
spreading solutions. When using the diluted spreading solution
(0.001 g/L), the early response of the first cycle, could be
considered as consistent with an unaggregated state of
asphaltenes at the interface (i.e., high surface area occupied
by the mass spread). However, higher concentrations of the
spreading solution indicate adsorption of different structures
which in turn could be viewed as asphaltene aggregates at the
interface (i.e., small surface area occupied by the mass spread).
Results show that based on the same mass of asphaltenes
spread at the interface, the slope of the surface pressure curve
(between 10 and 40 mN/m) for the first compression
increases as the concentration of the spreading solution
decreases. These results are in agreement with other
works19,26,32 that relate the active molecular area with the
size of the asphaltene aggregate at the interface. Spreading
solutions of higher concentrations provide larger asphaltene
aggregates reducing their interfacial activity.
The second and third compression cycles show high

variability as evidenced by the error bars (shaded areas in
Figure 2). The magnitude of the variability is a function of the
concentration of asphaltenes in the spreading solution, as
shown in Figures 2 and Figure S1 of the Supporting

Figure 2. Π−A compression−expansion curves for natural asphaltenes (NAC-7) at the air−water interface using the rectangular Langmuir trough
(only the compression part of the curves is shown, full cycles are presented in Figure S1). Three compression−expansion cycles and three spreading
solutions were used (a) 0.1 g/L, (b) 0.01 g/L, and (c) 0.001 g/L. The numbers within the plot area correspond to millimetric images shown in
Figure 3, and also corresponds approximately with interfacial phases observed in the system: Gas-phase (1 and 5), liquid-expanded (2 and 6),
liquid-condensed (3 and 7), and solid-like (4 and 8).
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Information, SI. Results for the 0.1 g/L solution have ∼14%
deviation at the maximum compression for the second cycle,
and ∼60% for the third. A decrease in the concentration of
asphaltenes in the spreading solution reduces this variability.
Results show that a variation in this parameter leads to
different interfacial dynamics. Figure 2 shows changes in the
surface coverage in the initial surface pressure response for
each compression cycle. For example, Figure 2b presents a
difference of ∼0.5 mg/m2 in surface coverage between the first
and third cycles. This difference can be attributed to
irreversible aggregation of NAC-7.
Indications of the type of asphaltene structures that are

formed at the air−water interface due to consecutive
compressions can also be seen in Figure 2. There are no
well-defined plateaus indicative of interfacial phase transitions.
Instead, phase transitions were identified based on the changes
in the slope of the compression curves. Results suggest that the
change in the slope of the surface pressure curve (The
compression portion shown in Figure 2) during consecutive
compressional cycles may be a function of the extent of
structure. Large aggregation leads to particle-like transitions

that can be observed in the compression curves. Particle-like
transition is the chosen term used here to describe a
phenomenon observed in compression curves: small changes
in the surface energy associated with the absence of
interactions at the interface, and large changes in surface
energy when particles interact in a narrow region of surface-
area coverage. Additionally, it is possible to see that at high
compression rates, NAC-7 exhibits a solid-like behavior,
especially for diluted spread solutions, agreeing with previous
studies.62 In this context, the solid-like behavior refers to the
phenomenon observed in compression curves where the
highest surface energy value is achieved, and the interfacial
structures are deformed as a whole entity without physical
space for other structural conformations.
There is a direct relationship between the surface pressure

behavior of natural asphaltenes and the concentration of the
spreading solution. This relationship shows significant differ-
ences during the first cycle, depicting distinctive interaction
dynamics. Once the first cycle ends, interactions between the
formed structures are similar in subsequent compressions. On
the basis of this observation, it can be said that the initial

Figure 3. BAM millimeter scale images for the first (upper rows, blue) and the second (bottom rows, red) compression cycles of natural
asphaltenes (NAC-7) at the air−water interface using two spreading solutions: A (0.1 g/L) and B (0.01 g/L). The numbers in each image
approximately correspond to interfacial phases: Gas-phase (1 and 5), liquid-expanded (LE) (2 and 6), liquid-condensed (LC) (3 and 7), and solid-
like (4 and 8). The numbering also corresponds with the numbering used in Figure 2 to identify surface concentration.
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aggregation process of asphaltenes, regardless of its dynamics,
leads to similar surface pressure responses in consecutive
compressions.
BAM Experiments. NAC-7 films at air−water interfaces

were evaluated using BAM imaging to understand the behavior
of millimetric-scale formed structures. Images obtained during
compression−expansion experiments captured the highly
dynamic morphological features present at these interfaces.
Figure 3 shows the interfacial structures of NAC-7 spread
using two different concentrations (0.1 g/L and 0.01 g/L),
during two consecutive compression cycles.
For the 0.1 g/L solution, the first cycle gas-phase displays

larger structures after solvent evaporation compared with those
structures formed using the 0.01 g/L solution. These structural
differences agree with the variations in the surface pressure
presented in Figure 2a−c, leading to the conclusion that the
surface energy is a function of the structure length adsorbed at
the interface. BAM images from second compression cycles at
low surface coverage (Figure 3A.5 and Figure 3B.5) reveal that
aggregation is taking place as well as domain reorganization at
the millimeter scale. This domain reorganization is more
pronounced for the spreading solution with higher concen-
tration (Figure 3A images), indicating that the degree of
aggregation is related to the concentration of the spreading
solution. This observation is important for the adequate
analysis of experimental work with model asphaltene systems.
The concentration of the spreading solution used to spread
asphaltenes will influence the structure of the film and the
nature of the compression−expansion curves measured in a
Langmuir trough.
Figure 3 also presents liquid−liquid transitions for NAC-7 at

air−water interfaces. In this work, we use the term Liquid-
Expanded (LE) to describe the interfacial state where liquid-
expanded-like domains (reminiscent of those presented by Ni
et al.63 and described by Park et al.43) are predominant, and
the term Liquid-Condensed (LC) to describe the interfacial
state where liquid-condensed-like domains are predominant.
Liquid-Expanded (LE) and Liquid-Condense (LC) phases
coexist during the compression, but their differences are
prominent at different surface pressures. Videos included as
Supporting Information (Videos S1 and S2) show these
transitions and the point in the Π−A curve where they occur.
The LE phase for NAC-7 at the air−water interface can be

represented by the images taken approximately at 10 mN/m
(Figure 3A.2, 3A.6, 3B.2, and 3B.6). In the LE phase, aggregate
clusters interact among the expanded domains. For the
spreading solution of 0.1 g/L, there are up to three levels of
aggregation observed in the LE image based on the intensity
distribution.61 These levels can be qualitatively described as (i)
a high intensity region where dense structure described a
behavior consistent with highly aggregated structures without
inner mobility; (ii) a medium-intensity region associated with
aggregated structures with inner mobility; and (iii) a low
intensity region where asphaltenes are in low concentrations
forming apparent nanoaggregates. However, for the spreading
solution of 0.01 g/L, LE image intensity levels are not clearly
visible at the millimeter scale. This uniform interfacial
interaction is mainly due to the initial asphaltene structure
adsorbed whose aggregation is organized and subtle at this
scale. The LC phase is prominent around 30 mN/m (Figure
3A.3, 3A.7, 3B.3, and 3B.7). The merging of less aggregated
domains increases the presence of highly aggregated asphaltene
structures, and an even distribution of those aggregated
domains in the available area is evidenced in the LC phase
for NAC-7 at air−water interfaces. Figure 3 shows the LC
phase for both spreading solutions: 0.1 g/L and 0.01 g/L.
Initial large asphaltene structures lead to LC films formed by
larger aggregate structures compared to those films formed by
smaller asphaltene structures when using the diluted spreading.
Regardless of the degree of asphaltene aggregation, results
show that the LE−LC transitions describe similar interfacial
structures within the different cycles. Hence, the formation of
these structures is not a function of the spreading solution.
Finally, a solid-like film is observed at high surface coverage

values (Figure 3A.4, 3A.8, 3B.4, and 3B.8), that is, at the end of
the compression cycle. The presence of a large, uniform, and
apparently rigid structure characterizes this phase. At the end
of each compression cycle and despite the spreading solution
used or the number of cycles applied, even if there is a
considerable reduction in the surface pressure, the solid-like
film shows similar millimetric structures in all experiments
conducted. However, due to the asphaltene aggregation and
qualitatively speaking second cycles present a reduction in the
apparent film rigidity. This is an indication of the specific area
reduction of asphaltene aggregates through several compres-

Figure 4. Π−A compression−expansion curves for natural asphaltenes (NAC-7) at the air−water interface using the radial Langmuir trough. (Only
the compression part of the curves is shown, full cycles are presented in Figure S2). Three consecutive compression−expansion cycles and two
spread solutions were used: (a) 0.1 g/L and (b) 0.01 g/L. The numbers within the plot area correspond to microscopy images shown in Figure 5,
and also correspond approximately with interfacial phases observed in the system: Gas-phase (1 and 5), liquid-expanded (2 and 6), liquid-
condensed (3 and 7), and solid-like (4 and 8).
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sions. This result is evidence of the compressible character of
these solid-like structures (Videos S1 and S2).
Radial Trough Experiments. As mentioned before, a radial

Langmuir trough was used to avoid the presence of an
anisotropic-strain field associated with rectangular Langmuir
troughs when compression−expansion experiments are con-
ducted. Figure 4 shows Π−A compression curves at the air−
water interface for NAC-7. Error bars represent the variability
in surface coverage and surface pressure from averaging results

from three different experiments. Two spreading solution
concentrations were used: 0.1 g/L and 0.01 g/L.
First compression cycles show experimental reproducibility

for both spreading solutions. However, second and third cycles
exhibit greater variability, especially for the diluted spreading
solution (0.01 g/L). This observation may be evidence of the
effect on the interfacial dynamics of asphaltene aggregates due
to their initial interaction. Additionally, this initial interfacial
activity is different compared with the compression curves

Figure 5. IRM microscopic images for the first (blue) and the second (red) compression cycles of natural asphaltenes (NAC-7) at the air−water
interface. Two spreading solutions were used: A (0.1 g/L) and B (0.01 g/L). Interference reflection microscopy was applied using an inverted
microscope attached to the radial trough device. Numbering at each image set corresponds approximately to interfacial phases observed at the
system: Gas-phase (1 and 5), liquid-expanded (LE) (2 and 6), liquid-condensed (LC) (3 and 7), and solid-like (4 and 8). The numbering also
corresponds with the numbering used in Figure 4 to identify surface concentration.
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obtained from rectangular Langmuir trough experiments
(Figure 2), showing evidence of the interfacial activity
dependence on the type of deformation applied. It is
reasonable to think that the isotropic deformation forces the
flow of asphaltenes toward the center of the radial trough
symmetrically. This flow favors more associative interactions
among asphaltenes compared with those occurred during
rectangular compressions. Figure 4 reveals that the surface
pressure has a stronger dependence on surface coverage in the
radial trough than in the rectangular trough (Figure 2),
especially for the first compression cycle. In the second and
third cycles, with the presence of asphaltene aggregates, this
variation appears to be reduced and the compression curves
between isotropic (radial Langmuir trough) and anisotropic
deformations48,49 (rectangular Langmuir trough) approach
similar values and trends (i.e., observe the similarity in the
third compression curve in Figure 4a with the third
compression curve of Figure 2c). The isotropic and anisotropic
deformations show strong hysteresis (defined here as the
difference between consecutive compression cycles and not
between the compression and expansion part of the same
cycle), an indication of irreversible aggregation. Although the
nature of the differences in molecular assembly between
isotropic compression in the radial trough and the anisotropic
compression in the rectangular trough are not fully under-
stood, the data suggest that the difference becomes less
pronounced as aggregation proceeds in both sets of experi-
ments until the compression curve behavior is dominated by
the influence of aggregate structures.
Comparison of results between radial and rectangular trough

data reveals stronger surface pressure dependencies on surface

coverage (i.e., steeper slopes in the compression curves) during
interfacial phase transitions in isotropic deformations com-
pared with anisotropic deformations. Observations suggest that
phase transitions occur early in isotropic deformations using
the same [mg/m2] units. This behavior is related to anisotropic
stress distributions that were described and shown by Pepicelli
et al.48 These observations show that the type of deformation
applied has an effect on the interaction of asphaltenes at the
interface and consequently on the surface energy of the system.

Radial Trough/IRM Tandem Experiments. IRM images
provide submicron resolution that can be used to show the
presence of asphaltene structures. Figure 5 presents two sets of
interference reflection images, one for the first compression
(upper rows, blue), and another for the second compression
(bottom rows, red), for two experiments with different
spreading solution concentrations: 0.1 g/L and 0.01 g/L.
In Figure 5, going from left to right represents the evolution

from dilute interfaces to compressed states at the highest
surface coverage. At dilute interfaces (i.e., gas-like phases,
Figure 5A.1 and 5B.1), the variation in the spreading solution
concentration does appear to lead to different initial structures.
The spreading solution with 0.01 g/L produces visible circular
and aleatory distributed domains with different brightness
levels, while the 0.1 g/L solution forms elongated, well-
distributed and almost equally bright domains. This observa-
tion is consistent with that made in Figure 3 for natural
asphaltenes. The concentration of the spreading solution
matters: high concentrations favor early aggregation into larger
structures. Aggregations formed during future compressions
retain many of the early aggregate structures and lead to
pronounced hysteresis effects.

Figure 6. Π−A compression−expansion curves for natural asphaltenes (NAC-7) at the decane−water interface using the rectangular Langmuir
trough. Thick lines represent compression cycles while thin lines represent expansion (E) cycles. Three spreading solutions were used: (a) 0.1 g/L,
(b) 0.01 g/L, and (c) 0.001 g/L.
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Interference reflection microscopy provides submicron
resolution, unlike the BAM micrographs in Figure 3 that
provide an ∼10 μm resolution. It is clear from Figure 5 that
there are many micron and submicron structures that form
which are not captured by Figure 3. In Figure 5, it is evident
that differences in spreading solution concentration, and
differences in compression cycle number lead to the formation
of different domains and/or aggregates at the same surface
pressure. For example, comparing Figure 5A.2 with Figure
5A.6 shows the difference in aggregate structure between the
first and second compression cycle, and comparison of Figure
5A.2 and Figure 5B.2 reveals differences in aggregate structure
between the high concentration spreading solution sample and
the low. For concentrated spread solutions, LE−LC transitions
exhibit a clear change in asphaltene structure density between
first and second compressions. This represents the formation
of larger asphaltene aggregates during compression. For the
diluted spreading solution, the LE−LC transition process is
uniform during the first cycle until it reaches a solid-like film
(Figure 5B.4). In the second compression cycle, small solid-
like structures (observable in Figure 5B.6 and 5B.7) form and
interact during compression and represent the variability of
structures observed during this process. Although these
structures are observed to form on compression and dissociate
on subsequent expansion, new structures form during each
compression. The stochastic presence of these structures could
explain the variability during second and third compression
cycles in the isotropic interfacial deformation observed in
Figure 4b.
Natural Asphaltene (NA C-7) at Decane−Water

Interfaces. L−L Rectangular Langmuir Trough Experi-
ments. Asphaltenes at the decane-water interface exhibited a
maximum surface pressure value lower than the values
obtained at the air−water interface, as expected. Figure 6
shows Π−A compression−expansion curves for NAC-7 at the
decane−water interface. Three spreading solutions were used:
0.1 g/L, 0.01 g/L, and 0.001 g/L. In all three cases, the
maximum surface pressure obtained was 40 mN/m.
At decane−water interfaces, the concentration of the

spreading solution influences the compression curves in
different ways. In particular, the hysteresis observed for
asphaltenes spread from dilute solutions is less pronounced
than that for asphaltenes that come from higher concentrations
(Figure 6). However, even the hysteresis for asphaltenes
spread from 0.1 g/L solution (Figure 6a), reveals a greatly
reduced hysteresis compared with the same sample spread at
the air−water interface (Figure 4a). The inlet in Figure 6a
shows evidence of a structural reorganization at the end of the
expansion cycles. A possible explanation for this phenomenon
is that the presence of decane reduces the interfacial energy of
the system and allows the asphaltene molecules and aggregates
to agglomerate reversibly. In this way, the results strongly
suggest that decane allows the asphaltene film to relax during
expansion in a way that structure differences between
consecutive compression cycles are minimized.
Additional evidence of this effect is shown in the inset of

Figure 6a which shows surface pressure as a function of surface
coverage as it approaches 0.5 mg/m2 during the expansion
phases of the data shown in Figure 6. A small increase in the
surface pressure, even as the surface area coverage is decreasing
on average, is repeatably observed in these decane−water
systems. This behavior could be explained as the consequence
of a dynamic structural reorganization of the asphaltenes at the

interface, indicating that the presence of decane allows for
greater mobility and asphaltenes reorganization as well as their
aggregates. The hysteresis observed in systems prepared from
higher concentration of spreading solutions are a consequence
of the presence of asphaltene aggregates already present in the
bulk solution as the observations of air−water interfaces
suggest it. The work here shows that the use of a spreading
solution of 0.001 g/L results in an interfacial system that shows
no influence of any aggregates that may be present in the bulk
spreading solution.

Model Asphaltene Compound (C5PeC11) at Air−
Water Interfaces. Ribbon Barrier Langmuir−Blodgett
Trough Experiments. Asphaltene model compounds can be
used to isolate and study complex behavior observed of natural
asphaltenes. In particular, C5PeC11 has been previously shown
to work for certain aspects as an asphaltene model
compound29−31,64−66 due to its acidic nature which captures
and mimics the known interfacial activity of asphaltenes
attribute to acid functional groups.67 Additionally, this model
compound has been shown to form multilayers at liquid−
liquid interfaces with significant elasticity that resembles
asphaltene networks and to stabilize water-in-oil emulsions.
Figure 7 shows compression−expansion curves for C5PeC11

at the air−water interface. Interfacial phase transitions are
present at different surface pressure: the gas phase is located at
∼0.5 mN/m, the LE at ∼10 mN/m, the LC at ∼35 mN/m,
and the solid-like phase becomes prominent at ∼55 mN/m.
Aggregation behavior is evidenced by a strong hysteresis and a
shift of the curves between first, second, and third compression
cycles in Figure 7. This behavior is similar to that observed in
the compression−expansion cycles of natural asphaltenes at
the air−water interface in Figures 2 and 4. Each consecutive
compression leads to changes in the observed aggregate
structures of C5PeC11, as the BAM images in Figure 8 reveal.
These changes could be explained as the result of consolidation
and rearrangement of domains of molecules during each cycle,
analogous to an annealing process. As aggregates consolidate
and rearrange, they show a particle-like interaction with the
interface. However, the aggregation process does not produce
material loss, the sustained surface pressure at the end of each
compression cycle is evidence of the conservation of mass.

Figure 7. Π−A compression−expansion curves for asphaltene model
compound (C5PeC11) at the air−water interface using the
rectangular Langmuir trough. The spread concentration used was
0.1 g/L. Three consecutive compression−expansion cycles show
evidence of aggregation before achieving large surface pressures. The
numbers within the plot area correspond to millimetric images shown
in Figure 8, and also correspond approximately with interfacial phases
observed in the system: Gas-phase (1 and 5), liquid-expanded (2 and
6), liquid-condensed (3 and 7), and solid-like (4 and 8).
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The first compression cycle in Figure 7 reveals a local
maximum at approximately 98 [Å2/molecule], a nonthermo-
dynamic behavior that has been previously reported.31 The
origin of this nonthermodynamic behavior is unknown, but it is
suspected that it is related to a dynamic structure change at the
interface. As C5PeC11 molecules are confined to smaller
interfacial area, the surface pressure decreases up to a point
around 100 [Å2/molecule]. It is possible to think that beyond
that point, domains of molecules dynamically reorganize to
relieve the overall interfacial stress despite a decrease in surface
pressure. The implication is that interfacial rheological stresses,
the other significant contribution to surface energy, play a
critical role. Pepicelli et al.48 noted that the presence of an
anisotropic-strain field, observed during rectangular Langmuir
trough experiments, leads to a combination of shear and
dilatational deviatoric stresses that affect the material at the
interface. If such stresses play an important role in the
occurrence of the nonthermodynamic behavior seen in Figure
7, then it is reasonable to expect differences in this behavior if
measured in a radial Langmuir trough, where only dilatational
deformations are present. The study of the origin of this
nonthermodynamic phenomenon, although relevant to under-
standing structure−property relationships in complex fluid−
fluid interfaces, will be the scope of future work.
BAM Experiments. Figure 8 shows BAM images for two

consecutive compression cycles of C5PeC11 at the air−water
interface. In all images there are two distinct regions that tend
to form dark areas of low light intensity and bright areas. Dark
areas result when less incident light is collected by the BAM
sensor, indicating either a lower concentration of the interfacial
material, or a difference in the collective molecular orientation
of the molecules.68 A similar analysis is valid for bright areas.
One can qualitatively understand the viscoelastic nature of the
various regions that have formed by observing the displace-
ment of the dark and bright areas during compression−
expansion cycles. As compression proceeds in Figure 8, it is
clear that the bright areas move and rotate as solid bodies,
while the dark areas compress and change shape as soft
structures. This behavior can be observed in the video included

as SI (Video S3). The dark areas are more dilute and have a
viscous and compressible character, while the bright areas are
more concentrated and have an elastic and less compressible
character. This combination of soft and solid areas contributes
to a viscoelastic character that is readily observed in the BAM
video (Video S3).
At surface pressure values between 10 and 35 mN/m,

domains merge and increase in brightness, a consequence of
higher molecular density and ongoing C5PeC11 aggregation.
During the second compression cycle, aggregation can be
observed in the video included as SI (Video S4). The increase
in the number of rigid bodies at the interface leads to a steeper
compression curve that is characteristic of particle-laden
interfaces and that is in agreement with the compression
curves described in Figure 7. At the end of each compression
cycle (∼55 mN/m), the interface is populated by a rigid film of
C5PeC11 that appears to be made of multiple domains, much
like domains separated by grain boundaries with an apparent
reduction in its apparent viscoelasticity (Video S4). Air−water
interfaces of C5PeC11 exhibit similar aggregation phenomena
as that observed in natural asphaltenes spread from a high
concentration spreading solution.

Radial Langmuir Trough Experiments. Similarities and
differences in compression−expansion measurements made
with the rectangular and radial Langmuir troughs for C5PeC11
at the air−water interface are present. Compression−
expansion curves from the radial Langmuir trough for
C5PeC11 at the air−water interface are shown in Figure 9.
During the first compression the nonthermodynamic event
observed in the rectangular Langmuir trough experiments in
Figure 7 is also observed in Figure 9, indicating that shear
deformations are not required for this nonmonotonic behavior
in the compression curve. Similar to the results obtained in the
rectangular Langmuir trough, aggregation is present due to the
large hysteresis between compression and expansion curves.
The irreversible shift in surface pressure values to smaller area
per molecule for subsequent cycles is indicative of irreversible
aggregation. The maximum surface pressure obtained is ∼57
mN/m, similar to that observed in the rectangular Langmuir

Figure 8. BAM millimeter scale images during first (blue) and second (red) compression cycles of asphaltene model compound (C5PeC11) at the
air−water interface. The spread concentration used was 0.1 g/L. Numbering at each image set approximately corresponds to interfacial phases
observed at the system: Gas-phase (1 and 5), liquid-expanded (LE) (2 and 6), liquid-condensed (LC) (3 and 7), and solid-like (4 and 8). The
numbering also corresponds with the numbering used in Figure 7 to identify surface concentration.
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trough. Despite the qualitative similarity between the hysteresis
observed in radial and rectangular troughs, the magnitude of
the shift between the first and second compression curve is
larger for the latter. For example, in the first compression in
Figure 9 the specific area at 7 mN/m is ∼180 Å2/molecule,
and during the second cycle it is ∼110 Å2/molecule. This is a
70 Å2/molecule change of the molecular area between the first
and second cycle. The same analysis from the rectangular
trough data in Figure 7 gives a change of ∼30 Å2/molecule.
The origin of this difference is unclear, but the implication is
that the difference in the applied deformation field (i.e., purely
dilatational vs mixed shear and dilatational) can influence the
nature of the packing and rearrangement of aggregated

domains within the interface. In this context, the differences
observed in the area per molecule response, between radial
(Figure 9) and rectangular (Figure 7) trough experiments,
could be explained by the interaction among asphaltene
aggregates formed from different deformation field.
All experiments conducted in the radial Langmuir trough

showed great variability in surface pressure values compared
with the rectangular Langmuir trough because of the
significantly reduced interfacial area. This introduces greater
error because of the small volumes of spreading solution
needed, and because of the constrained area in which the
spreading solution must be spread.49 Error propagation comes
from of uncertainty in the spreading solution concentration,
volume deposited, interfacial area estimated, etc., which leads
to an estimated standard deviation of ∼4%, plotted as
horizontal error bars (i.e., error in area per molecule) in
Figure 9. The vertical errors bars, or error bars associated with
surface pressure in Figure 9 were calculated from three
replicate experiments and represent the standard deviation.
This variation is dependent on the number of applied cycles
decreasing with the number of compressions.

Radial Trough/IRM Tandem Experiments. Understanding
aggregation behavior requires an investigation at multiple
length scales, from the submillimeter scale provided by BAM,
to the submicron scale of Interference Reflection Microscopy
(IRM). Two sets of images obtained with IRM are shown in
Figure 10 that capture the evolution of micron and submicron
structure of C5PeC11 at the air−water interface during
consecutive compressions in the radial Langmuir trough.
Micron and submicron images could shed light into the
understanding of the interaction between asphaltene domains
and its implications on structural behavior at the millimeter
scale. IRM images61 allow the visualization of heterogeneous
areas that, based on their relative interference and observed

Figure 9. Π−A compression−expansion curves for asphaltene model
compound (C5PeC11) at the air−water interface using a radial
Langmuir trough device. Solid markers represent compression cycles
and blank markers represent the expansion (E) cycles. Three
consecutive compression−expansion cycles describe the pure dilata-
tional response of the system that varies from the rectangular
Langmuir trough compressional results. The spread concentration
used was 0.1 g/L.

Figure 10. IRM microscopic images of asphaltene model compound (C5PeC11) during the first (blue) and the second (red) compression cycles at
the air−water interface. A tandem arrangement between inverted microscope and the radial Langmuir trough device was used. Numbering at each
image set corresponds approximately to the interfacial phases observed in the system: Gas-phase (1 and 4), liquid−liquid transition zone (2 and 5),
and solid-like (3 and 6). The brightness in the image was artificially increased equally for all the images for visualization purposes. The spread
concentration used was 0.1 g/L.
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movement, apparently represent solid domains and dilute
compressible domains.
In Figure 10.1, there are discontinuities between several

irregular domains that suggests a nondense state of the
millimeter scale structures present at the gas phase previously
seen in the BAM images (Figure 8.1). However, Figure 10.4
shows a reduction in the heterogeneity observed at the
interface that suggest a densification of the millimeter scale
aggregates. This densification process of the interfacial
structures present at the gas phase is consistent with the
irreversible aggregation phenomenon, and explains the
hysteresis observed between the first and second compression
cycles in the Π−A compression−expansion curves.
The compression process leads to a densification of the

structures at the interface achieving its maximum point at ∼55
mN/m shown in Figures 10.3 and 10.6, where there are
differences in the micron and submicron scale indicating
different solid-like structures. Figure 10.3 shows a domain
distribution randomly organized and Figure 10.6 presents
compact and aligned domains. The structural differences
observed could be explained as an effect of the consolidation
and rearrangement of micron and submicron structures
looking for thermodynamic stability. This phenomenon,
similar to an annealing process, can explain the consolidation
of rigid and stable bodies after the first compression, resulting
in irreversible aggregation. Thus, it is possible to infer that the
degree of interfacial viscoelasticity observed at millimeter scale
aggregates is influenced by this micron and submicron
domains organization.
Model Asphaltene Compound (C5PeC11) at Decane−

Water Interfaces. L−L Rectangular Langmuir Trough
Experiments. Results from consecutive compression−expan-
sion experiments, in particular the observed hysteresis, reflect
both the intermolecular and the aggregate interfacial
interactions of asphaltenes, which can be different at air−
water and at oil−water interfaces. However, experimental
results at the air−water interface can be used to infer interfacial
behavior at the oil−water, and these results can be used to
evaluate the relevance of experiments conducted at the air−
water interface to traditional oil and water bulk systems where
the presence of asphaltenes is important. Figure 11 contains
Π−A compression−expansion curves for C5PeC11 at the
decane−water interface, which can be compared to results in

Figure 7 that contains similar data for C5PeC11 at the air−
water interface. The first compression in Figure 11 has similar
features to the first compression in Figure 7, in particular the
nonthermodynamic behavior, manifested as a local maximum
in the compression curves, is shared in both systems and
occurs at almost the same point (∼98 [Å2/molecule]). This
area per molecule is consistent with monolayer31 coverage of
C5PeC11. The implication is that the initial spreading of
material, regardless of whether the interface is air−water or
oil−water, is relatively uniform initially for C5PeC11
molecules. The second compression at the air−water interface
(Figure 7) shows a dramatic change in the behavior where the
nonthermodynamic behavior is lost, while the behavior persists
in future compressions at the oil−water interface. In this
interfacial system, the molecular packing and rearrangement
associated with this local maximum in the compression curves
is a reversible process, but at the air−water interface it is not.
Evidence of the formation of larger aggregates is seen in the

shift of compression curves between cycles to lower areas per
molecule in Figure 11. This shift is much less pronounced than
it is for the air−water interface, indicating that the presence of
the oil reduces the tendency for aggregation at small areas per
molecule, a phenomenon also observed for natural asphaltenes
NAC-7 at the oil−water interface. C5PeC11 has been shown
to mimic asphaltene behavior in some aspects, such as the
maximum surface pressure values, the presence of a solid-like
plateau in compression curves, and the formation of multiscale
aggregates that assemble and merge to form rigid films with
increasing surface area coverage.

■ CONCLUSIONS
Insights on the interfacial behavior of natural and model
asphaltenes at air−water and oil−water interfaces were studied
showing the effect of the spreading solution concentration and
the influence of the type of deformation field applied.
Interfacial structure imaging was obtained at different scales
and revealed where the asphaltene model compound
(C5PeC11) can mimic the behavior of natural asphaltenes
(NAC-7), from a structure−property standpoint. In this work,
connections between the surface pressure response and images
of the structures formed through isotropic and anisotropic
deformations at the interface were created, something that had
not been previously done, particularly for natural asphaltenes
and/or asphaltene model compounds.
BAM and IRM images (Figures 3, 5, 8, and 10) provided

evidence of the various phenomena that take place at the air−
water interface at two different scales. It was found from
visualization of the air−water interface that the structure of the
interfacial film formed by NAC-7 depended on the
concentration of the spreading solution. On the basis of the
surface pressure response, this effect was less pronounced at
decane−water interfaces, possibly due to a reduction in the
interfacial energy by the decane presence, allowing the
asphaltene molecules and aggregates to agglomerate reversibly.
The microscopic solid-like phase characterization of natural

asphaltenes (Figure 5) differs from the millimetric domains
shown in Figure 3. IRM images show that the microscopic
solid-like structures (Figure 5) are a function of the spreading
solution concentration, the aggregation degree reached
through consecutive compressions and the deformation
applied. However, at the millimetric scale, those microscopic
structures were able to form apparently uniform structures
(Figure 3) that act as a rigid film, characteristic of a solid-like

Figure 11. Π−A compression−expansion curves for asphaltene model
compound (C5PeC11) at the decane−water interface using the
rectangular Langmuir trough. Thick lines represent compression
cycles and thin lines represent expansion (E) cycles. The spread
concentration used was 0.1 g/L.
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phase. IRM images allows the identification of the influence of
spreading solution concentration on the domain’s shape
variability and the effect on the phase transition based on an
isotropic-strain field. BAM and IRM images show that the
interfacial structure formed by natural asphaltenes aggregates
corresponds to multilayer organization.
On the basis of the structural analysis and the molecular

response that constitutes the multiscale approach of this work,
C5PeC11 adequately represents the solid-like phase behavior
of NAC-7 asphaltenes at air−water and decane−water
interfaces in terms of surface pressure maximum values and
the surface pressure plateau. The aggregation behavior
observed in C5PeC11 through several compression cycles
described a similar trend to that of NAC-7 making the model
compound a suitable molecule to study aggregation kinetics of
natural asphaltenes. The results suggest that there is a marked
dependence on the degree of aggregation, achieved by
structures during the compression, on the structures that will
form at the interface during subsequent compressions,
explaining the presence of structural variations for similar
surface pressures in the studied systems. The transition phase
dynamics vary between C5PeC11 and NAC-7 because of the
presence of different millimetric and microscopic structures
between them, but NAC-7 spread from 0.01 g/L spreading
solution shows millimetric and microscopic structures more
similar to those observed in C5PeC11. Despite the similarities,
one cannot expect to capture the behavior of a complex
mixture of molecules like that of NAC-7 with a model
compound consisting of a single molecular structure, explain-
ing the differences observed in the interfacial phase transitions
between C5PeC11 and NAC-7, where probably other
structures present in NAC-7 could have a relevant role in
aspects such as molecular packing. Future work involving
model asphaltene compounds composed of a mixture of
molecular structures may perform better.
It was observed that radial and rectangular Langmuir trough

experiments result in different surface pressure compression−
expansion curves for asphaltenes at air−water interfaces
(Figures 2 and 4). These deviations (Figure S3) may be
related to possible differences between rheological and
equilibrium thermodynamics contributions to the interface
during the compression, highlighted by the use of isotropic
(pure dilatational) and anisotropic (mixed shear and dilata-
tional) strain fields. In this context, the structural organization
mechanisms of the complex interfaces formed by asphaltenes
will vary depending on the type of deformation applied as seen
in Figures 3 and 5. The use of an isotropic deformation tool in
addition to a rectangular Langmuir trough can provide
information about how shear deformations at a complex
fluid−fluid interface may lead to unique aggregation behavior.
This work presents evidence that reinforce the need to separate
and estimate rheological and equilibrium thermodynamic
contributions to the interface deformation in favor of
appropriate interfacial thermodynamic modeling.
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Figure S1, Π−A compression−expansion curves for
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Figure S2, Π−A compression−expansion curves for
natural asphaltenes (NAC-7) at the air−water interface
using the radial Langmuir trough; three consecutive
compression−expansion cycles and two spread solutions
were used: (a) 0.1 g/L and (b) 0.01 g/L; Figure S3,
comparison between Π−A compression curves using
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Nanoaggregates and Structure-Function Relations in Asphaltenes.
Energy Fuels 2005, 19 (4), 1282−1289.
(16) Pradilla, D.; Simon, S.; Sjöblom, J. Mixed Interfaces of
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ABSTRACT  

Asphaltenes play a crucial role in crude oil behavior and model compounds are often used to 

capture, mimic and predict certain interfacial properties. In previous works, sorption of an 

asphaltene model compound (C5PeC11) was studied using surface pressure isotherms where a 

deviation from the expected thermodynamic behavior of the interface during decane-water and air-

water compression experiments was observed but not explained. In this work, the interfacial 

behavior of C5PeC11 was assessed at the decane-water and the air-water interfaces using a 

multiscale approach that includes: compression-expansion experiments on rectangular and radial 

Langmuir troughs, dynamic interfacial stress relaxation, and fluorescence microscopy imaging. 

Connections between molecular and microscopic phenomena strongly suggest that the non-

thermodynamic response can be explained through a dynamic effect whose origin lies in the 

predominance of intermolecular forces in C5PeC11 molecules over the mechanical compression 

force applied. When aggregation begins at the air-water interface, stable structures are formed, and 

the non-thermodynamic phenomenon is not observed in subsequent compressions. However, at 

the decane-water interface, the initial aggregation is not consolidated due to the effect of the oil 

phase on the free energy of the interface allowing the high reproducibility of the dynamic effect in 

subsequent compression cycles. These results highlight the need to probe interfacial systems at 

various length scales to adequately separate equilibrium thermodynamics from dynamic responses. 

 

 

 

 

 



 

INTRODUCTION  

Asphaltenes are a solubility family of compounds with proven interfacial activity present as 

indigenous components of crude oil.1–3 The different interactions at interfaces are responsible for 

a variety of phenomena that strongly influence crude oil production4–10 and transport.11,12 The 

uncertainty brought by the lack of consensus on the molecular weight of asphaltenes and their 

dominating structures13–15 hinders the development of comprehensive interfacial thermodynamic 

models for their adequate study.  

The rational design, development and use of model compounds that attempt to mimic and capture 

a wide range of features typical of asphaltenes has been proposed and studied in the literature.16–

19 This approach benefits by using molecules of known chemistry with defined properties such as 

molecular weight and structure, to attempt a reproduction of the molecular complexities of natural 

asphaltenes at various interfaces. For instance, the molecule known as C5PeC11,19 an acidic 

polyaromatic compound, has been shown to mimic surface pressure values and surface pressure 

solid-like plateau of natural asphaltenes,20 as well as other interfacial aspects at fluid-fluid 

interfaces18,21 such as their sorption dynamics and their ability to stabilize water-in-oil emulsions.22 

C5PeC11 exhibits pH-dependency in surface pressure measurements,16 and evidence of 

transversal orientation to the interface due to its acidic functionality.23 In a previous work,20 it was 

shown that during the interfacial characterization of C5PeC11 at the decane-water and the air-

water interface, a reproducible response of unknown origin was obtained during rectangular 

Langmuir trough compression-expansion experiments. Briefly described, similar surface pressure 

values at two different surface coverages were obtained. This is an unexpected non-

thermodynamic behavior for an isotherm. This work aims to provide a fundamental description 

and understanding of the interfacial behavior of C5PeC11 as an asphaltene model compound, 



 

explaining the nature of its equilibrium thermodynamic unexpected response through the use of 

structure-property relationships at the air-water interface, and interpreting the reproducible 

anomaly at the decane-water interface by way of correlation. This understanding complements 

previous works16,19,20,23 including structural characterization of previously observed phenomena 

and the possibility to connect known molecular structures to specific interfacial behaviors. This is 

an important step in understanding the interfacial behavior of natural asphaltenes. This 

understanding is relevant for appropriate interfacial modeling of asphaltene model compounds and 

has broader implications for other interfacial systems where non-thermodynamic behavior has 

been observed. 

Asphaltenes at fluid-fluid interfaces have been thoroughly studied in the literature2,16,20,22,24–27 

using different tools, such as area deformation,16,24 microscopic imaging,20,25,28,29 and structural 

relaxation,26,28,30 showing the trend of asphaltenes to form aggregates of solid-like structures at 

high packing conditions, characterized by high surface pressures values, and their mainly 

irreversible adsorption character. Despite this, a transversal analysis that connects the different 

techniques with the different responses has not been put forward; hence, the nature of the surface 

pressure response at complex interfaces remains unexplored. The approach taken in this work will 

provide a comprehensive view of the asphaltene model compounds and their potential to fully 

capture the main properties of natural asphaltenes. In this work, a multiscale approach20,31–34 was 

used to develop an integrated and comprehensive view of the nature of the surface pressure 

anomaly based on the construction of connections between experiments performed at two scales: 

molecular and microscopic. Surface pressure measurements35 during compression-expansion 

experiments provide a molecular response to film deformation. Anisotropic and isotropic 

deformations were applied to the interface using a rectangular and a radial Langmuir trough.36,37 



 

The anisotropic deformation (area and shape change during compression-expansion) introduces 

an unknown distribution of shear and dilatational stresses36 that influence the surface pressure 

response of the interface by producing a mixed interfacial-strain field. The use of isotropic 

deformation (area change with constant shape during compression-expansion) provides pure 

dilatational stress during the compression that generates a single interfacial-strain field. Coupling 

different types of interfacial deformation provides insightful information about the presence of 

dynamic effects over the equilibrium thermodynamic response of the interface. This strategy is 

used in this work to provide insights into the nature of the surface pressure anomaly. 

The radial trough device37 used in this work allows coupling an inverted fluorescence 

microscope38,39 to perform tandem compression/imaging experiments providing a representative 

set of images of the interfacial deformation process. Structural relaxation experiments were used 

as an indirect tool to estimate the presence and stability of structures at the interface. The coupled 

use of fluorescence microscopy and structural relaxation experiments allows the identification of 

variations at microscopic domains before and after the occurrence of the surface pressure anomaly. 

Finally, the compressional elastic modulus40 was measured through several consecutive 

compression-expansion cycles in an attempt to understand the structural stability observed at the 

interface. The connections between these experiments suggest that a competition between 

intermolecular forces and applied mechanical stresses at the interface are responsible for the 

observed non-thermodynamic behavior during compression-expansion experiments. This work 

improves our understanding of complex interfacial systems formed by natural asphaltenes, 

opening the door to better models and new solutions for current challenges in the oil industry. 

 



 

EXPERIMENTAL SECTION 

Materials 

Solvents and Chemicals 

Decane (anhydrous, ≥ 99%), used as oil phase in the oil-water interface, was purchased from 

Sigma-Aldrich Co., and used without further purification. Toluene (HPLC grade, ≥ 99%), used for 

asphaltene model compound solutions, was purchased from Fischer Scientific and utilized without 

any further purification. Water phase for all experiments was ultra-pure water with a resistivity of 

18.2 MW·cm (pH 5.8). 

 

Asphaltene Model Compound 

Nordgård et al.17 synthesized an asphaltene model compound with an acidic functionality, named 

C5PeC11. The synthesis procedure followed is described in detail in Nordgård et al.17 and Holman 

et al.41 replacing 7-tridecanone with 12-tricosanone. The 12-tricosane reacted with ammonium 

acetate and sodium cyanoborohydride in isopropyl alcohol to produce its amine. Perylene-

3,4,9,10-tetracarboxylic dianhydride is used to treat the produced amine, in the presence of 

imidazole. The obtained product, in the presence of tert-butanol, is then treated with potassium 

hydroxide. 6-aminohexanoic acid was used to react with the resulted intermediate compound, in 

the presence of imidazole, to form the asphaltene model compound. C5PeC11 was purified using 

flash chromatography on silica gel with a methanol-chloroform mixture (0-5% in CHCl3) as eluent. 

A 0.1 g/L solution of C5PeC11 in toluene was used for all the experiments. The molecular structure 

and weight of the asphaltene model compound can be found in Figure S1 of the supporting 

information. 

 



 

Methods 

Interfacial deformation measurements  

Compression-Expansion Experiments 

The interfacial behavior of C5PeC11 at decane-water interface was evaluated using a rectangular 

Langmuir trough due to operational limitations for liquid-liquid systems in the radial Langmuir 

trough.37 The air-water interface was evaluated using both rectangular and radial Langmuir 

troughs. The devices used equal rates of area deformation for reliable comparison. Model 

asphaltene solutions were spread dropwise over a water sub-phase to create the air-water interface 

using gas-tight syringes of 1	µL and 50	µL (Hamilton Company, USA) for a range of volumes 

from 3.2	µL to 95.46	µL. The decane-water interface was formed by pouring the decane over the 

water subphase, using a mica glass to avoid turbulence. The model asphaltenes in toluene solutions 

were directly spread at the formed interface with the same set of syringes. Previous studies29,42 have 

evaluated the effect of the chronological order in which species are added to an interface42 in the 

presence of asphaltenes.29 It has been reported that the interfacial structures formed by spreading 

the asphaltenes at the air-water interface, prior to the oil phase addition, show a highly packed 

configuration with a fine grain morphology. On the other hand, structures resulting from direct 

injection of asphaltenes at the formed oil-water interface are less compact and show a coarser grain 

appearance.29 Moreover, the species' initial configuration directly influences aggregation kinetics 

at the interface. Asphaltenes at air-water interfaces exhibit faster aggregation kinetics than 

asphaltenes at oil-water interfaces, possibly due to variations in hydrodynamic interactions, 

capillary force strength, capillary asymmetry, dipole strength among other factors.42 Thus, in this 

work, the asphaltene model compound was directly injected into the decane-water interface to 

avoid morphological and kinetic noise. 



 

The rectangular Langmuir trough used for air-water experiments was a commercially available 

Ribbon Barrier Langmuir-Blodgett Trough KN 2005 (KSV Nima, Biolin Scientific, Sweden). The 

interfacial dimensions of the rectangular Langmuir trough are 67.7 ± 0.1	 × 235.2 ± 0.1	mm! 

with an open interfacial area of 159.10 ± 0.05	cm! and a compression ratio of 6.5: 1 at barriers 

in the closed position. For decane-water experiments the Liquid-Liquid Langmuir trough KN 2007 

(KSV Nima. Biolin Scientific, Sweden) was used. The interfacial dimensions of this trough are 

54 ± 0.1	 × 	226.5 ± 0.1	mm! with an open initial interfacial area of 122.30	 ± 0.05	cm! and a 

compression ratio of 8:1 at barriers in the closed position. The radial Langmuir trough37 was 

designed to conduct tandem microscopy and compression-expansion experiments. The initial 

effective interfacial area of the radial trough is 5.33 ± 0.04	cm!,	and it has a compression ratio of 

4.3:1 at the end of the compression cycle. A platinum Wilhelmy plate with a perimeter of 

39.44	mm and a platinum rod with a perimeter of 3.19	mm were used for rectangular and radial 

Langmuir troughs, respectively. A Wilhelmy balance (KSV Nima, Biolin Scientific, Sweden) with 

resolution of 	±	0.1	mN/m was used to measure the surface pressure during compression-

expansion and surface relaxation experiments using the described platinum tool attached. 

Compression-expansion experiments were performed at a constant area deformation rate of 

6.7 	mm! s⁄  to conduct a reliable comparison between rectangular and radial Langmuir trough 

experiments. Every compression-expansion experiment was performed two times for the 

rectangular Langmuir trough and three times for the radial. A humidity-controlled chamber was 

used to set the relative humidity (RH) ~	33	% avoiding undesired evaporation during experiments. 

All the experiments were conducted at 22 ºC. It is important to note that these compression-

expansion experiments are time dependent. However, there is a considerable amount of data 

showing how slow interfaces evolve. Thus, these types of experiments and the compression rates 



 

used are a suitable way to evaluate the thermodynamics of an interfacial system such as model 

asphaltene compounds at fluid-fluid interfaces. 

 

Film Relaxation Experiments 

Two film relaxation experiments were conducted to evaluate the surface pressure response of 

C5PeC11 at the air-water interface to a finite compression before and after the non-thermodynamic 

event appearance. These experiments provide valuable information regarding free energy 

minimization dynamics as a function of time in the structures present at the interface. The 

relaxation parameter (Θ) was calculated as follows: 

Θ =
Π − Π"#$

Π"%& − Π"#$
 (1). 

Θ = 𝜎/𝜎' (2). 

Where	Π is the surface pressure, 𝜎 is the variation in the surface tension as a function of time 

(σ = 𝛾"%& − 𝛾) , and 𝜎' is the total variation between maximum and minimum surface tension 

(𝜎' = 𝛾"%& − 𝛾"#$). 𝜎' and σ can be obtained from the surface pressure definition applied to 

Equation 1. The first relaxation experiment, labeled as “Pre–LM” (Previous to Local Maximum) 

experiment, was conducted after an initial compression of the film to a surface coverage of Γ =

100	D	Å! molecule⁄ J, corresponding to Π = 5.8	[mN/m] in the air-water compression curve. The 

second experiment, labeled as “Post–LM” (Posterior to Local Maximum), was conducted after 

compressing the film to	Γ = 85	D	Å! molecule⁄ J which corresponds to	Π = 7.4	[mN/m] in the air-

water compression curve. Both experiments allow the film to respond naturally, that is, to reach 

its equilibrium state after approximately 1x10(	[𝑠]. Film relaxation experiments were conducted 



 

under the same environmental conditions as those of the compression-expansion experiments 

using the Ribbon Barrier Langmuir-Blodgett Trough. 

 

Microscopy Imaging Experiments 

The connection between structural analysis and the surface pressure response of the interface 

allows a comprehensive characterization of the interfacial phenomena. The radial Langmuir 

trough37 design allows the use of fluorescence microscopy38,43–46 to obtain high-contrast images of 

asphaltene model compounds at air-water interfaces during compression-expansion experiments. 

These images were obtained using Texas red (TXRed) fluorescence wavelength due to the 

characteristic aromaticity of the C5PeC11 molecular structure, similar to the TXRed contrast dye. 

The microscope used (Inverted Microscope Eclipse Ti, Nikon, Japan.) was set up with a filter cube 

for TXRed with an excitation band of 559	 ± 17	nm and an emission band of 630	 ± 34.5	nm. 

This configuration allows the high-contrast fluorescence of the asphaltene model compound 

C5PeC11 at the air-water interface. 

Sets of images of two different scales were obtained in this work. To this end, a 40x / 0.80W (NIR 

Apo DIC N2 ∞/0 WD 3.5, Nikon, Japan.) objective with a resolution of ~0.1545	 µm pixel⁄ , and 

a 100x/1.10W (Plan ∞/0 WD 2.5, Nikon, Japan.) objective with resolution of ~0.0644	 µm pixel⁄  

were used. Every fluorescence microscopy image presented in this work has a unidimensional 

length of 2048 pixels showing a final linear coverage of ~316	µm using the 40x objective, and 

~	132	µm using the 100x objective. All the image sets show different stages of interest identified 

through the surface pressure/compressed-expanded area relation described during the 

compression-expansion experiments. For comparison purposes, fluorescence microscopy images 



 

were normalized based on the minimum and maximum intensity values obtained for all 

deformation experiments conducted. 

 

RESULTS AND DISCUSSION 

Rectangular Langmuir trough compression-expansion experiments at the oil-water interface 

Deviation from equilibrium thermodynamics 

Figure 1 shows the presence of a reproducible local maximum in all consecutive compression 

cycles of C5PeC11 at the oil-water interface. That is, two different values for the surface coverage 

(Γ) are measured for a single surface pressure (Π) value for each compression cycle. This is an 

unexpected behavior in equilibrium thermodynamics of an interface during compression. In the 

case of the first compression cycle, the inset of Figure 1 shows the presence of two surface 

coverage values for a single surface pressure from Π	~	14	mN/m at Γ	~	85	Å!/molecule 

and	Γ	~	94	Å!/molecule	(dashed lines, inset of Figure 1), to Π	~	14.5	mN/m at Γ	~	92	Å!/

molecule that is the local maximum value. The Wilhelmy balance resolution used in the 

experiments is	±	0.1	mN/m which makes it possible to state that the presence of the local 

maximum is not due to instrument error. Anti-vibrational table and isolation chamber was used in 

the experimental set up to avoid external nuisances in the measurements such as air currents and 

vibrations. 



 

 

Figure 1. Π − A compression-expansion curves for the asphaltene model compound 
(C5PeC11) at the decane-water interface using a rectangular Langmuir trough. Three 

compression-expansion cycles are shown. The inset presents the local maximum at consecutive 
compressions. Bold lines represent compression cycles and thin lines represent the expansion (E) 

cycles. 

 

This phenomenon has been previously reported16 and described as “non-thermodynamic” without 

further explanation. In Figure 1, the surface coverage for the local maximum of the first 

compression cycle observed shifts from that reported by Pradilla et al.16 at decane-water interface: 

~25 mN/m for the local maximum surface pressure at a surface coverage of ~75 Å!/molecule 

using 6 pH sub-phase. In this work, the same compression cycle (Figure 1) presents ~14.5 mN/m 

for the local maximum surface pressure at a surface coverage of ~92	Å!/molecule using 5 pH 

sub-phase. These results show dependence on the pH of the surface pressure, also observed in 

natural asphaltenes,47 that could be attributed to the protonation state of the carboxylate group, 

causing variations on the tilting degree of the molecules at the surface.16 Based on this remark, the 

tilting degree of molecules at the interface is apparently related to its surface activity evidenced by 
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the differences on the surface pressure (~10.5 mN/m), where molecules with an orthogonal 

orientation show higher surface pressure values than those tilted.16  

The non-thermodynamic event observed in each cycle (Figure 1) differ among themselves in 

surface pressure and surface coverage. The inset of Figure 1 shows that between the first and third 

compression cycles the surface pressure of the local maximum is reduced by ~ 0.6 mN/m and the 

surface coverage shifts from ~92 to ~66	Å!/molecule, where the molecular area occupied by 

C5PeC11 orthogonally positioned at the interface is ~40	Å!/molecule. A possible explanation for 

this phenomenon relies on the effect of the solvent (decane) over the aggregation mechanisms of 

C5PeC11 at the oil-water interface. The presence of decane reduces the interfacial energy leading 

to partially reversible aggregation,20 something also observed for natural asphaltenes. However, a 

level of irreversible aggregation is still observed based on the hysteresis between compression-

expansion cycles. The expansion curves (thin lines in Figure 1) suggest that the partially reversible 

aggregation caused by the presence of decane, allows reorganization of C5PeC11. The reduction 

in the level of interaction among structures by irreversible aggregation may explain the slight 

reduction in the surface pressure local maximum of each consecutive cycle, and the presence of a 

denser interface for similar surface pressure values between cycles. It is possible to think that the 

effect of decane on the aggregation mechanisms of C5PeC11 causes the non-thermodynamic to 

prevail even through consecutive cycles. 

In this context, the evidence suggests that this deviation from interfacial equilibrium 

thermodynamics could be explained by the presence of dynamic interactions between molecules 

during the first structural organization of C5PeC11 that overcomes the mechanical stress applied 

during interfacial compressions. The presence of a dynamic effect that explains the surface 



 

pressure alteration can shed some light on the non-thermodynamic16,20 nature of the local 

maximum. 

 

Compressional elastic modulus 

Figure 2 shows the compressional elastic modulus40 𝐾 for C5PeC11 at the decane-water interface 

calculated from three consecutive Π − A compression curves. For this case, Eq. 348 and its 

approximation (Eq. 4), previously presented by Imperiali et al.,40 were used.  

 

𝐾 = −𝐴 ∗
∂Π
∂A (3). 

𝐾 ≅ −
Π) − Π!

ln 𝐴) −	ln 𝐴!
 (4). 

 

In these equations, 𝐴 is the trough area, and Π the surface pressure. The calculations were made 

using two consecutive points from the Π − A compression curves. 

The evaluation of the compressional elastic response of C5PeC11 at the decane-water interface 

supports the dynamic nature of the local maximum in each compression, suggesting a sudden 

reduction in the stiffness40 of the interface at ~13 mN/m. Results in Figure 2 suggests that the 

irreversible aggregation does not modify the initial mechanical response of the interface at early 

stages (0	mN/m	to	12	mN/m). A slight variation in the stiffness of the interface is observed 

(Figure S2.) for the third cycle agreeing with the reduction of the local maximum surface pressure 

as a function of the degree of irreversible aggregation (higher for the third cycle than to the 

previous cycles).  



 

 

Figure 2. Compressional elastic modulus (K) obtained from three consecutive Π − A 
compression curves for C5PeC11 at the decane-water interface. K is plotted as function of 

surface pressure (Π) using Eq. 4. A dashed line is included at K = 0 mN/m, to show the negative 
behavior of K around the local maximum’s surface pressure. 

 

The stiffness response after the local maximum between compression cycles is similar as expected. 

However, the slight plateau observed at ~30	mN/m presents evidence of reversible aggregation 

enhanced by the presence of decane. For highly irreversible aggregation processes, it is expected 

to have a higher value of the compressional elastic modulus for the last cycle40 when the maximum 

is reached (~30	mN/m). However, at the decane-water interface, the observed behavior is the 

opposite. This behavior supports the interfacial structural reorganization during decane-water 

interface expansion and agrees with the implications of the reduction in the interfacial energy by 

the presence of decane. These observations provide evidence of the partially reversible behavior 

of the aggregation of C5PeC11 at the decane-water interface and the consistent dynamic nature of 

the observed surface pressure local maximum. Finally, negative values observed in the 
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compressional elastic modulus in Figure 2 suggest unexpected phenomena associated with the 

structural organization of the interface around the local maximum of Figure 1. 

 

Rectangular Langmuir trough compression-expansion experiments at the air-water 

interface  

Characterization of a non-Thermodynamic event in the surface pressure  

(Π − A) Compression-expansion curves presented in Figure 3 show the same surface pressure 

value for two different surface coverage (Γ) values at the early stages of the liquid-expanded region 

\Γ~95 − 100	Å!/molecule] during the first compression cycle at an air-water interface, 

reproducible with a variation of Γ~3	Å!/molecule. This interfacial system reproduces the non-

thermodynamic event described for the oil-water interface in previous sections. The inset of 

Figure 3 shows that the local maximum is at	Γ~98	Å!/molecule. 

 

Figure 3. Π − A compression-expansion curves for the asphaltene model compound 
(C5PeC11) at the air-water interface using a rectangular Langmuir trough. Two compression-

expansion cycles are shown. Ranges for interfacial phases for the first cycle (dotted line 
segments) approximately correspond as follows: Gas-like \~105 − ~138	Å!/molecule], liquid-
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expanded (LE) \~72 − ~105	Å!/molecule], liquid-condense (LC) \~58 − ~72	Å!/
molecule], and Solid-like \~23 − ~58	Å!/molecule]. The inset presents a zoom in to the local 

maximum region. 

 

Figure 3 presents information about the interfacial thermodynamic state of the interface during 

the compression. Dotted line segments represent estimated zones for the transition phases of the 

interface (first compression cycle). The inset of Figure 3 shows the presence of two surface 

coverage values for a single surface pressure from Π	~	6.3	mN/m at Γ	~	95	Å!/molecule 

and	Γ	~	99	Å!/molecule	(dashed lines in the inset of Figure 3), to Π	~	6.6	mN/m at 

Γ	~	98	Å!/molecule that is the local maximum value, it is consistent with a theoretical surface 

coverage for the monolayer formation.16 This theoretical monolayer surface coverage is a function 

of the tilting angle and the saturation of molecules at the interface. It is possible to think of its 

presence due to the observation of the local maximum which suggest an initial interfacial structural 

organization. However, there is no reproducibility of the local maximum in the subsequent 

compression cycles for C5PeC11 in the air-water interface. In the absence of decane, the surface 

energy of the system favors C5PeC11 irreversible aggregation of the structures formed after the 

orientation of the molecules at the interface prompted by the mechanical compression applied. 

This behavior significantly changes the interaction among structures at the air-water interface 

which in turn may cause the absence of the reproducible local maximum. By association, in this 

context, the understanding of the molecular interaction dynamics at air-water interface would 

provide clarity on the oil-water interactions of C5PeC11. 

Two relevant variations between decane-water and air-water interfacial behavior are observed. 

First, the surface pressure is lower at the decane-water interface due to phase equilibrium, agreeing 

with the energy reduction of the interface due to the presence of decane. Second, the surface 



 

coverage (Γ) of the local maximum at the decane-water interface (Figure 1) is lower than the air-

water interface (Figure 3). This behavior could be caused by the affinity between the aliphatic 

chain of C5PeC11 to the oil phase (decane) which in turn favors a higher initial tilting angle. In 

this scenario, C5PeC11 at decane-water interfaces has a reduced unpacked molecular area, which 

results in a smaller theoretical surface coverage monolayer for C5PeC11 at oil-water interfaces 

around 92	Å!/molecule. However, it is reasonable to think that the nature of the interactions that 

form the local maximum during the first cycle is similar at air-water and decane-water interfaces. 

 

Film Relaxation Experiments 

In Figure 4, results for the Pre–LM (Figure 4a) and Post–LM (Figure 4b) experiments are shown. 

For each experiment, a newly prepared C5PeC11 air-water interface at initially ~137	Å!/

molecule is allowed to relax at the same surface coverage for 45 minutes. Then, each interface, 

was compressed to the surface coverages described in the method sections to form the structures 

expected before (Pre-LM) and after (Post-LM) the local maximum. Once the determined surface 

coverages were reached, the Langmuir trough barriers were locked allowing the interfaces to relax 

at time zero. Measurements of the surface pressure are then recorded at 1 Hz. It is possible to 

observe that after 1x10(	[𝑠] of relaxation time, both relaxation parameters (Θ*+, 	and	Θ*-./) show 

similar final values	(Θ*+, 	~	Θ*-./	~	0). These results depict similar average thermodynamic 

states for both interfacial systems, before and after the local maximum. However, as mentioned 

before, the local maximum is reproducible in rectangular Langmuir trough compression-expansion 

experiments. Based on the results of Figure 3 and Figure 4, it is possible to think that the presence 

of this non-thermodynamic event may come from a dynamic interaction between molecules during 

structural organization, a result of the applied stress to the interface. To evaluate the presence of 



 

different relaxing structures that interact at the surface before and after the local maximum, 

experimental data was adjusted to an exponential model with one parameter (Model 1), two 

parameters (Model 2), and three parameters (Model 3) shown in Eq. 5. Fitting was performed using 

the non-linear least-squares method. 

 

Θ = 𝑆0	𝑒𝑥𝑝[2%∗/] + 𝑆5 	𝑒𝑥𝑝[26∗/] + 𝑆7 	𝑒𝑥𝑝[28∗/] 

𝑎 = )
9!
;     𝑏 = )

9"
; 						𝑐 = )

9#
 

(5). 

 

Where 𝑆0, 𝑆5, and 𝑆7  represent the fraction of structure relaxed at the interface, and 𝜏0, 𝜏5, and 𝜏7  

represent the characteristic relaxation time. In this modeling, the number of fractions that fit the 

experimental data, suggests a correlation to the number of relaxing structures at the surface during 

the experiment. 

Figure 4 shows models 1 and 2 for Pre–LM experiment and models 1, 2, and 3 for Post–LM 

experiment. Model 1 does not adequately describe the experimental data implying that the use of 

a single structure approximation to describe the interfacial relaxation during the Pre–LM 

experiment is not reliable. Regarding the Post–LM experiment, the use of Model 1 or Model 2 do 

not represent the experimental data during the surface relaxation. 



 

 

 

Figure 4. Relaxation parameters calculated at (a) Pre–LM (	Π~5.8	mN/m), and (b) Post–LM 
(	Π~7.4	mN/m) with different parametric models: Model 1 (one exponential parameter), Model 

2 (two exponential parameters), and Model 3 (three exponential parameters). Film relaxation 
experiments were conducted for ~	1x10(	[s] at T = 22℃ and a relative humidity (𝑅𝐻)	~	33%. 
Top insets present the surface pressure for Pre and Post-LM relaxation experiments respect to the 

local maximum. Bottom insets present a zoom in to the parametric models fit at late relaxation 
stages. (c) Curve fitting parameters for parametric models used to adjust experimental data of Pre 

and Post-LM relaxation experiments. 𝜏#$ presented the characteristic time of the structure 𝑖 of 
the model 𝑁. 𝑆#$ is the contribution of the structure 𝑖 of the model 𝑁. Parameters were estimated 
using non-linear least-squares numerical method. The sum of the squares due to error (SSE) and 

the R2 are presented to show the goodness of the model. 

 

In the Pre–LM experiment, Model 2 yields a fair adjustment to the experimental relaxation data, 

and Model 3 provides a similar adjustment for the Post–LM relaxation experiment. These results 

suggest the presence of two different relaxing structures before the local maximum and three after. 
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Figure 4c presents the calculated parameters for these theoretical structures suggesting that the 

least abundant structure before the local maximum (𝑆0%) preserves its mass contribution to the 

interfacial relaxation but reduces its characteristic relaxation time after the local maximum. A 

decrease in the characteristic relaxation time could be interpreted as a decrease in the rigidity of 

the structures present. On the other hand, results also suggest that the most abundant structure 

before the local maximum (𝑆5%) morphologically changes and two different structural 

contributions after the non-thermodynamic event can be observed; One of those structures exhibits 

a shorter characteristic time (𝜏5&), a more viscous response, and the other presents with a higher 

characteristic time (𝜏7&), a more elastic response. 

 

The results of Figure 4 are in strong agreement with a progressive aggregation process and suggest 

that the local maximum could be related to a dynamic effect of a spontaneous aggregation of the 

asphaltene model compound. This aggregation occurs once a critical interaction distance between 

aggregates is reached. At this distance, intermolecular forces, such as hydrogen bonding and Van 

der Waals interactions, become preponderant leading to faster aggregation compared to the 

interaction velocity forced by the rectangular Langmuir trough barriers. The coupled effect of these 

phenomena could dynamically modify the surface, which leads to overestimating the surface 

pressure response explaining the deviation in the equilibrium thermodynamics observed at air-

water and oil-water interfaces. These results are not conclusive but do support that the non-

thermodynamic behavior originates from changes in film structure. 

 

Compressional elastic modulus 



 

To validate the hypothesis around the local maximum, a connection between structural results with 

the mechanical response of the interface is needed. The mechanical response to compressions of 

an interface is proportional to the compressional elastic modulus.48 

 

Figure 5. Compressional elastic modulus (K) obtained from three consecutive Π − A 
compression curves for C5PeC11 at the air-water interface. K is plotted as function of surface 

pressure (Π) using Eq. 4. A dashed line is included at K = 0 mN/m, to show the negative 
behavior of K around the local maximum’s surface pressure. 

 

Figure 5 shows the compressional elastic modulus40 𝐾 for C5PeC11 at the air-water interface 

calculated from three consecutive Π − A compression curves. Results of the first compression in 

Figure 5 suggest that once the interface achieves the local maximum surface pressure (~6.6 mN/m) 

the minimum intermolecular distance of interaction is reached and 𝐾 values start to decrease. This 

behavior agrees with a reduction in the stiffness of the interface due to the yielding of the interfacial 

structure.40 Yielding and the spontaneously aggregated structures could create discontinuities at 

the interface. Based on film relaxation experiments, it is possible to think that these discontinuities 
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are formed by three coexisting theoretical structures: one structure formed by consolidated 

aggregates, the second structure of unconsolidated aggregates, and the third arrangement of low 

concentrated C5PeC11 at the surface agreeing with the characteristic times. The degree of 

consolidation is qualitatively described based on the characteristic relaxation times calculated in 

film relaxation experiments. The formation of interfacial discontinuities can produce a dynamic 

effect over the surface that affects the Wilhelmy balance response, which could result in a local 

maximum. 

Second and third compressions show a reduction in the inter-structural interactions due to the 

presence of aggregated structures formed after the first compression evidenced in the initial 

compressional elastic values at early stages of the compression. The interface stiffening kinetics 

between the first and subsequent compression cycles suggests that the presence of the local 

maximum strongly depends on the structural interactions of the molecules at the interface. 

 

Radial Langmuir trough compression-expansion experiments 

In the rectangular Langmuir trough, the configuration provides an anisotropic deformation field36 

with the presence of shear and dilatational stresses. Here, the local maximum is a highly 

reproducible phenomenon. In contrast, the use of a radial trough favors the evaluation of the 

phenomenon under a controlled isotropic deformation. 



 

 

Figure 6. Π-A compression-expansion curves C5PeC11 at the air-water interface using the 
radial Langmuir trough. Two consecutive isotropic compression-expansion cycles are shown. 
Vertical error bars show the maximum and minimum values achieved during compression-

expansion experiments through three different runs. Horizontal bars show the error associated 
with surface coverage calculations. Inset presents a zoom into the local maximum region. 

 

Three compression-expansion experiments were conducted on the radial trough.37 Error 

propagation was estimated taking into account the uncertainty in the spreading solution 

concentration, volume deposited, interfacial area estimated, among other factors. This estimation 

leads to an estimated standard deviation of ~	4%, plotted as horizontal error bars (i.e. error in area 

per molecule). Regarding interfacial deformation, this device presents a highly reduced shear stress 

contribution applying a pure dilatational deformation37 that results in a purely dilatational strain 

field at the interface during the compression. A direct effect of the isotropic deformation is the 

reduction in the hysteresis between the first and second cycles of ~13% calculated from 
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compression-expansion areal variation between cycles at radial and rectangular Langmuir troughs. 

It is possible that due to the absence of additional shear stresses that could potentially break 

aggregated structures, the aggregation process would tend to occur faster. 

C5PeC11 experiments conducted on the radial Langmuir trough are highly sensitive to surface 

coverage variations20 due to differences in the spreading process in a smaller area compared to the 

rectangular device. Every experiment could be slightly different under the same initial 

conditions.37 However, this sensitivity does not affect the general trends of the surface pressure, 

and error bars were used to assess uncertainty. 

Figure 6 shows that, unlike the rectangular Langmuir trough case, after three different 

compression-expansion experiments on the radial trough, the local maximum is not observed at 

~6	mN/m. These experiments show that the Π value for the local maximum varies from 

~12	mN/m to ~25	mN/m and it is not observed in subsequent compression at the air-water 

interface. This surface pressure variation for the local maximum strongly suggests the dynamic 

nature of the non-thermodynamic event. It is important to state that previous works comparing 

rectangular and radial compressions have not shown these types of variations for other systems.37 

On the other hand, the surface coverage	(Γ) for local maximum does not vary significantly 

between the radial trough experiments. However, for rectangular Langmuir trough experiments 

this value is ~98	Å!/molecule and differs from the radial trough Γ value of ~127	Å!/molecule. 

This shift in the molecular area of the local maximum implies that the type of stresses applied to 

the interfaces affects the structural organization, aggregation, and packing of the molecular system, 

but its nature remains unclear.20 This observed variation between isotropic and anisotropic 

deformation fields suggests the dynamic nature of the deviation in the surface pressure response 

of C5PeC11 at the air-water interface. 



 

Similar to the rectangular Langmuir trough experiments, once the first compression takes place, 

Figure 6 shows that there is a reduction in the surface pressure variability for subsequent 

compression processes agreeing with the aggregation phenomena after the first compression.16,49 

The aggregation process leads to a more organized interaction between particle-like20 structures 

that describe a reduced inter-structural activity, compared to the initial spread system. 

It is also worth highlighting the surface pressure variability observed during the expansion process 

(Π~10	mN/m), shown in Figure 6. The end of this zone roughly agrees with theoretical 

monolayer formation for this system \Γ~98	Å!/molecule] previously proposed in the literature.16 

This observation suggests a structural reorganization where unconsolidated aggregates tend to 

occupy the space available during the area expansion. This change in the slope of expansion 

(Figure 6) can suddenly induce low C5PeC11 concentration zones due to the breaking of large 

solid-like structures,20,25,49 creating a concentration gradient at the surface. This would lead to 

unconsolidated asphaltene aggregates to reorganize at the surface, oriented by molecular diffusion. 

The subsequent variation of this slope indicates a change in the concentration gradient, possibly 

caused by the ratio between area expansion increase and the surface concentration reduction of 

unconsolidated asphaltenes aggregates. Results suggest that C5PeC11 presents with different 

degrees of aggregation.  

 

Radial Langmuir trough/fluorescence microscopy tandem experiments 

Combining interfacial deformation and microscopy allows assessing structure dynamics 

associated with dynamic molecular interactions of C5PeC11 at the air-water interface. Figure 7 

shows the fluorescence microscopy images of C5PeC11 molecules at the air-water interface 

obtained during the first compression in the radial Langmuir trough. A drastic variation of the 



 

intensities of Figure 7a and Figure 7b is observed, noting that the image intensity depends on the 

spatial position of the molecules once the light beam is applied.46 These images (Figure 7a-b) 

represent the interfacial structure before and after the local maximum, respectively. This drastic 

variation is consistent with the action of the intermolecular forces that generate the spontaneous 

aggregation proposed in this work. Figure 7a and Figure 7b present different intensities, which 

coincide with the presence of different interfacial structures before and after the local maximum. 

This result agrees well with the findings of the film relaxation experiments. 

 

Figure 7. Fluorescence microscopy images using TXRed fluorescence wavelength for 
C5PeC11 at the air-water interface during first compression experiment in the radial Langmuir 

trough. Images show interfacial domains before (a) and after (b) the surface pressure local 
maximum, and the structural organization through continuous compression of the interface (c-d). 

Dashed circles represent observable domains, and the dashed square represents a region of 
ongoing aggregation. 

 

In Figure 7c, the structural density increases, an observation consistent with an ongoing 

aggregation process. Nevertheless, Figure 7d shows a decrease in fluorescence, described by a 

dominant green color at higher surface pressure values (Solid-like phase). This observation can be 

attributed to a molecular reorientation of C5PeC11 orthogonally positioned at the interface. In this 

orientation, the aromatic ring does not respond intensely to the fluorescence applied showing a 

100	µm 100	µm 100	µm 100	µm

Γ~	165		Å2/molecule
Π~	12		mN/m

Γ~	105		Å2/molecule
Π~	26		mN/m

Γ~	66		Å2/molecule
Π~	50		mN/m

Γ~	49		Å2/molecule
Π~	55		mN/ma b c d

Low Intensity High Intensity

Before local maximum 
domains

After local maximum 
domains

Ongoing Aggregation



 

shift to low (blue) and medium (green) intensity. This reorientation effect could be caused by a 

higher packing between compounds achieved at smaller molecular area	\Γ~	49	Å!/molecule	] 

near to the theoretical area occupied by C5PeC11 orthogonally positioned to the interface. 

 

The evaluation of an inner scale provides a broad vision of the structural organization of the 

interface. Figure 8 presents images from the same interface at the 10	µm scale before (Figure 8a-

d) and after (Figure 8e-h) the local maximum. At this scale, it is possible to observe two main 

domains before the local maximum based on the image intensities. After the local maximum 

(Figure 8e-h), images show the presence of three differentiable fluorescence intensities. Similar 

to Figure 7, these intensities can be associated with two, and three different surface structures.46 

These findings are consistent with the structural relaxation times observed in the surface relaxation 

experiments supporting the interfacial dynamic effect that can produce a deviation in the expected 

equilibrium thermodynamic response of the interface. The effect described can be particularly 

observed in Figure 8f.  



 

 

Figure 8. Fluorescence microscopy images using TXRed fluorescence wavelength for 
C5PeC11 at the air-water interface during first compression in the radial Langmuir trough. 
Images correspond to (a-d) before the local maximum occurrence: Γ~	165	Å!/molecule - 
Π~12	mN m⁄ , and (e-f) after the local maximum occurrence: Γ~	105	Å!/molecule -

	Π~26	mN m⁄ . 

 

The domain variation can indicate the presence of inter-domain shear stresses due to the 

consolidation difference between the domains. This observation suggests that regardless of the 

application of an isotropic deformation, there are shear stresses acting due to internal induced 

deformations between domains. 
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Figure 9. Fluorescence microscopy images using TXRed fluorescence wavelength for 
C5PeC11 at the air-water interface during first compression in the radial Langmuir trough. 

Images correspond to compression (a-b) LC interfacial phase: Γ~	66	Å!/molecule	- 
Π~50	mN m⁄ , (c-d) solid-like interfacial phase: Γ~	49	Å!/molecule -	Π~55	mN m⁄ , and 

expansion (e-h) at the end of expansion process Π~0	mN m⁄ . 

 

Figure 9a-b shows the LC interfacial phase and Figure 9c-d the solid-like interfacial phase of 

C5PeC11 at the air-water interface during a compression process where a reduction on the 

fluorescence intensities is observed while phase transitioning takes place. This can be attributed to 

a molecular organization in a well-packed stiff structure. This observation is supported by the 

compressional elastic modulus results shown in Figure 5 where, after a significant decrease, a 

plateau in the compressional elastic modulus (K) at ~55 mN/m is observed. This effect can be 

explained by the reduction in the tilting angle16 as a consequence of continuous compression that 
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force the structures to minimize the occupied space. In this arrangement (orthogonal to the 

interface), the film fluorescence is reduced, mainly due to the aromatic ring response. 

Figure 9e-h presents the resulting domains at different location after the expansion process of the 

same interface. In these images, polydispersity is observed. After expansion, the unconsolidated 

aggregates are released and are able to find a thermodynamically stable state at the air-water 

interface. The variability of domains observed in the images is evidence of the multiple types of 

aggregated structures formed after the first compression. These findings agree with the multiple 

aggregation mechanisms proposed for the first compressional process, including the spontaneous 

aggregation responsible for the local maximum. For instance, Figure 9g is indicative of an 

irreversible aggregation phenomenon, while Figure 9e-f shows diverse aggregated structures, and 

in Figure 9h a large stable domain is observed. These results explain the presence of a hysteresis 

during multiple compression cycles using rectangular and radial Langmuir trough. Nevertheless, 

this observation does not provide information regarding the hysteresis differences between 

rectangular and radial Langmuir trough compressions. 

During the second compression (Figure 10a-d), the resulting large domains from the first 

expansion process shown in Figure 10a start to interact, and there is no evidence of a new 

spontaneous aggregation process or any reorganization activity at the air-water interface during 

the transition from LE to LC (Figure 10a and Figure 10b-c). A similar behavior is observed during 

LC phase transition to the solid-like interfacial phase (Figure 10b-c and Figure 10d). 

 



 

 

Figure 10. Fluorescence microscopy images using TXRed fluorescence wavelength for 
C5PeC11 at the air-water interface during second compression in the radial Langmuir trough. 

Images correspond to compression (a) LE interfacial phase: Γ~	165	Å!/molecule - 
Π~12	mN m⁄ , (b-c) LC interfacial phase: Γ~	105	Å!/molecule -	Π~26	mN m⁄ , (d) solid-like 

interfacial phase: Γ~	49	Å!/molecule -	Π~55	mN m⁄ , and expansion (e-h) at the end of 
expansion process Π~0mN m⁄  

 

This observation could be the result of coupled effects: First, the final well-packed structure 

obtained after reaching the solid-like phase after the first compression, and the strength of the 

intermolecular forces that provide a thermodynamically stable state for aggregated structures of 

C5PeC11. In this sense, the reduction of molecular space occupied and the strong interaction 

between the molecules favors the production of stable and mainly uniform domains during second 

and consecutive compression-expansion cycles at air-water interfaces. The images of the second 

compression cycle agree with the Π − 𝐴 compression-expansion curves showed for rectangular 

and radial trough devices where no local maximum is observed. Figures 10e-h show the domain’s 
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variability after the second expansion process conducted for C5PeC11 at the air-water interface. 

In these images, it is possible to state that the aggregation continues forming larger, denser, and 

more stable domains with a better-defined structure than those formed after the first compression 

due to aggregation mechanisms different from the spontaneous aggregation that produces the 

dynamic effect evidenced in the local maximum.  

 

CONCLUSIONS 

The non-thermodynamic event represented by a local maximum is the result of a dynamic effect 

at the decane-water and the air-water interfaces produced by a strong spontaneous aggregation 

process. Once a minimum interaction distance is reached, the intermolecular forces become more 

relevant than the mechanical stresses applied. This behavior is reproducible for anisotropic 

deformations, as observed in Figure 1 and Figure 3. Through a multiscale evaluation of interfacial 

properties and structures, an unexpected structural phenomenon of C5PeC11 molecules at the 

decane-water and air-water interfaces was found, showing the non-equilibrium thermodynamic 

nature of this phenomenon. 

Film relaxation experiments (Figure 4) show theoretical indications of different C5PeC11 

structures before and after the local maximum. This information, coupled with fluorescence 

microscopy images (Figure 7 and Figure 8), provides evidence of two dominating structures 

before the local maximum, describing a reorganization phenomenon consistent with aggregation 

to form three dominating structures after the local maximum. This aggregation occurs rapidly 

enough to modify the film structure before the applied mechanical stresses, so it can be considered 

as a spontaneous event. Relaxation times of pre and post-LM structures (Figure 4), coupled with 

the film yielding observed in the compressional elastic modulus (Figure 5), highlight the 



 

spontaneous character of the initial aggregation and consequently support the dynamic nature of 

the phenomenon. 

C5PeC11 molecules at air-water interfaces present two differentiable aggregation mechanisms 

during compression-expansion experiments. The first is the spontaneous aggregation caused by 

intermolecular forces. This mechanism is possibly the fundamental reason for the local maximum 

occurrence and describes a degree of reversibility (Figure 9a-h). The second mechanism is a 

mechanically induced aggregation between the spontaneously aggregated structures while 

compression takes place. Based on the results, it is not possible to unambiguously differentiate 

between mono and multi-layered structures. This mechanism presents a degree of irreversibility 

(Figure 10a-h) observable in the type of expansion structures formed and the presence of inner 

irreversible aggregated domains (10	µm). This mechanism agrees well with aggregation behavior 

for natural asphaltenes.20,24,25 However, at decane-water interfaces, the degree of irreversibility is 

significantly reduced by the presence of decane as a contributing agent of structural reorganization 

during the expansion process. This behavior is fundamental for the persistence of the non-

thermodynamic event of C5PeC11 through consecutive compression cycles at the decane-water 

interface. 

The understanding of model systems, such as the case asphaltene model compounds at fluid-fluid 

interfaces, facilitates the development of new knowledge on complex systems by association, 

something that is still subject of study for natural asphaltenes. The use of asphaltene model 

compounds sheds light on interfacial complexities associated with natural asphaltenes such as 

surface pressure and aggregation mechanisms. This information could potentially aid in the 

generation of interfacial thermodynamic models for natural asphaltenes which will turn into more 



 

productive enhanced oil recovery techniques, environmental safety increase, and operational cost 

reduction. 
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