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h  i g  h  l  i  g  h  t  s

• Mixtures  of stearic  acid  and  stearyl
amine at  air/water  interfaces  show
area  contraction.

• Higher  salinity  of  the  sub-phase  leads
to stronger  contraction  and  more  sta-
ble  mixed  layers.

• Most  stable  mixtures  are  obtained  for
equal  amounts  of SA  and  SAm.

• Interfacial  12-phenyl  dodecanoic
acid  (PDA)  dissolves  into  the
sub-phase  at  pH  7.

• Mixtures  of  SA and  PDA  show  ideal
mixing  (weak  interactions)  at  pH 3.

g  r  a  p  h  i  c  a  l  a  b  s  t  r  a  c  t

Schematic  representation  of  possible  interactions  between  SA, SAm  and  PDA  molecules  at the  air–liquid
interface.  The  possible  interactions  include  the  followings:  hydrophobic  interactions  between  hydrocar-
bon  and  phenylated  hydrocarbon  chains,  interactions  between  charged  head  groups,  and  interactions
between  charged  head  groups  and  counter-ions  present  in  the  sub-phase.

a  r  t  i  c  l  e  i  n  f  o
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a  b  s  t  r  a  c  t

We  studied  the  formation  and  stability  of fatty  acid and  derivatives  films  on  aqueous  sub-phases  by
means  of  Langmuir  trough  experiments.  Films  were  prepared  from  pure  stearic  acid  (SA),  stearyl  amine
(SAm) and 12-phenyldodecanoic  acid  (PDA),  and  from  binary  systems  of  SA  with  either  SAm  or PDA.  For
the aqueous  sub-phase,  multicomponent  salt  solutions  (‘Artificial  Sea  Water’)  at various  concentrations
(cASW,  0–100%)  and  pH  values  (3–7)  were  explored.  SAm  and  SA  differ  most  strongly  at pH 7,  where  they
can  dissociate  into  oppositely  charged  species.  For  SA:SAm  mixtures  at this  pH,  pressure-area  isotherms
indicate  mixing  on  a molecular  scale.  Increase  of  salt  concentration  from  0.05 to 0.5 M causes  significant
contraction  of  the  layer,  which  is ascribed  to (enhanced)  electrostatic  attractions  between  the  head-
groups.  Relaxation  experiments  with  these  films  indicate  that  dissolution  of  SAm  into  the  sub-phase  is
suppressed  by  SA. The  most  stable  films  are  formed  at  xSA = 0.5, in agreement  with  the calculated  excess
free  energy  of  mixing.  PDA  is much  less  amphiphilic  than  SA.  (Meta-)  stable  mixed  films  of SA  and  PDA
are  formed  only  at high  salt  concentration  and  low  pH, where  the solubility  of PDA  into  the  sub-phase  is
the  lowest.  Under  these  conditions,  SA  appears  to  have  a  stabilizing  effect,  which  is however  not  strong
enough  to  prevent  expulsion  of  PDA  from  interface.  Isobars  of  SA:PDA  films  corroborate  this  picture.  The
weak  interactions  between  SA  and PDA  are  confirmed  by  the excess  free  energies  of  mixing,  which  are
close  to those  of  ideal mixtures.
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1. Introduction

Interfacial layers of amphiphilic hydrocarbons play a crucial role
in enhanced oil recovery (EOR) [1–4]. These hydrocarbons natu-
rally occur in adsorbed or chemically bonded states on rock surface
[5–7], and in a dissolved state in crude oil [8–11]. When either the
rock or the oil is brought into contact with an aqueous phase, new
interfaces are created, providing opportunities for the amphiphiles
to accumulate there. As a result, the deposited layers can desorb
from the rock and disintegrate, therewith changing the wettabil-
ity of the rock. In parallel, the adsorption of the amphiphiles at
the oil/water interface can also lower the interfacial tension, with
consequences for the manner in which the oil and aqueous phases
co-exist at rest and in flow [11–15]. Although these adsorption-
related key phenomena in EOR are well-known [16–20], questions
still remain at the mechanistic level.

One important category hereof concerns the role of the water
composition: how does the coexistence of different ions (especially
the mono- and divalent cations) affect the integrity of adsorbed
layers? It is known from studies in the field and in the lab that
pH [21–29], overall salinity [3,21,30–32] (and sometimes even the
presence of specific ions [22,23,28,33–41] can strongly influence
the ad- or desorption of amphiphilic species from interfaces with
solid (S), oil (O) and air (A). Charge interactions play an impor-
tant role, but it is not always clear how. The dissociation of the
amphiphilic molecules is often governed by acid-base equilibria,
but these equilibria can be shifted due to the electrical potential
of the interface [25,42–48]. Polar solid substrates (like silica or
mica) generally contribute to this potential via the dissociation of
surface groups (e.g. [49–54]). For air or oil ‘substrates’ the poten-
tial is entirely set by the adsorption of the (charged) amphiphiles
themselves.

In this paper we focus on air/water interfaces. This arguably
more ‘simple’ system (compared to solid–water interfaces) allows
focusing on the interactions of the amphiphilic molecules: (i)
amongst themselves at the interface and (ii) with the ionic species
in the sub-phase. The pH and salinity of the water will simulta-
neously influence both types of interactions. Previous studies with
single component acidic amphiphiles (fatty acids) have addressed
the effect of the hydrocarbon tail length, head group dissocia-
tion and counter-ion condensation on the 2D phase behaviour
[25,42,44,55–75]. In a recent study, using (dilutions of) Artificial
Sea Water, we found that the hydrophobic interactions between
the tails dominate at low pH and low (but finite) salinity, leading
to the formation of 3D solid phase. However, when the pH and/or
the salinity is raised, charge interactions between the head-groups
lead to suppression of this phase separation, and to an increased
resistance against compression [29,76].

A second important category of questions concerns the coexis-
tence of different types of amphiphilic molecules in crude oil (and
hence also at interfaces). How do these different species interact,
and how does this translate to the overall phase behaviour and
mechanical properties of the interfacial layer? This type of question
has hardly been addressed in the literature so far, although it is well
known that crude oil contains a variety of amphiphilic components
[8,77], and that the interfacial behaviour of amphiphilic mix-
tures can vary significantly, including synergistic or non-synergistic
effects (e.g. [78–81]) affecting mechanical properties (stability)
of the interfacial films (e.g. [82]). We  address this issue in our
present work, focusing at air/water interfaces and varying the aque-
ous composition. Here, we restrict ourselves to binary mixtures of
amphiphiles. Inspired by the distinctions that can be made between
the types of amphiphiles occurring in crude oil, we  consider two
mixtures.

In the first mixture, the difference between the two molecules
lies entirely in the type of head-group, being carboxylic acid for

one, and amine for the other. The hydrophobic tail is an octa-
decyl chain. Individually, both stearic acid (SA) [29,62–64,83–85]
and stearyl amine (SAm) [76,86–90] are relatively well charac-
terised regarding their interfacial behaviour, but on their mixtures
only few studies have been undertaken [78,91]. At (near-) neu-
tral pH both molecules show partial dissociation, leading to
oppositely charged head-groups. While this could lead to the for-
mation of a molecularly mixed phase [78], also segregated phases
of SA and SAm have been found [91], indicating meta-stable
behaviour. An interesting question is how the strength of the
attraction between the head-groups of interfacial SA and SAm com-
pares to the interactions of these groups with the counter-ions
in the aqueous sub-layer. Varying the salt concentration should
provide a suitable way  to study the relative importance of these
interactions.

In the second mixture the head-group is carboxylic acid for both
amphiphiles, but the hydrophobic tail is different: one has an octa-
decyl chain (SA) while the other one contains an aromatic group. By
choosing 12-phenyldodecanoic acid (PDA), the number of carbon
atoms is kept the same. SA and PDA could be regarded as simplis-
tic representations of the naphtenate and asphaltene fractions in
crude oil (we remark that this would be in the context of interfa-
cial behaviour only, and that other model representations of crude
oil fractions by single molecules have been proposed [92–95]).
Despite having the same functional group and the same number
of C-atoms in the tail, the interfacial behaviours of SA and PDA
might be very different. The ability of PDA to form stable mono-
layers is expectedly governed by the properties of the hydrocarbon
chain (rather than the functional group). Since the phenyl group of
PDA is more ‘bulky’ than the octadecyl chain of SA, the interactions
between the hydrophobic chains are expected to be less attrac-
tive for the PDA. Besides that, the amphiphilic character of PDA
should be less strong since the phenyl group is more polar than
the octadecyl group. While the behaviour of PDA  at A/W interfaces
has never been studied (as far as we know), some findings were
published on phenylated fatty acids containing diacetyl groups.
Yoshioka [96] reported that on water sub-phases at pH 6.8, the sta-
bility of monolayers of such molecules increases with number of
CH2-groups separating the phenyl and diacetyl groups. As there is
no diacetyl group in PDA, the molecules having the largest separa-
tion between the phenyl group and diacetyl group might offer the
closest resemblance in behavior. The behavior of PDA:SA mixtures
is more difficult predict: the dissimilarities between PDA and SA
might result in interfacial phase separation, but molecular mixing
is also conceivable.

To study these interfacial phenomena, we performed exper-
iments on a Langmuir trough. Isotherms were analysed for
extracting information about the interactions between adsorbed
species, both via the signature of the entire �–A curve, and via
the specific molecular areas and pressures at which transitions
are found. Moreover, they were also analysed for the excess free
energy of mixing, as a function of the mixing ratio (and the salinity
of the aqueous sub-layer). Isobars were measured to quantify the
loss rate of material at selected values of the surface pressure. The
dependence of these rates on the amphiphile mixing ratio and the
sub-layer salinity were analysed to infer about which component
is expelled from the layer, and what the mechanism might be. This
work can be considered as a follow-up on a study in which we  stud-
ied the interfacial behaviour of pure SA on a variety of Artificial Sea
Water sub-phases [29].

In this paper, we will present clear indications that in SA:SAm
mixtures, charge-induced contraction can take place, provided
that the pH is near neutral, and that the amphiphiles are mixed
at the molecular level. We will also show that in SA–PDA mix-
tures the interactions between the two  amphiphiles are rather
weak.
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2. Materials and methods

2.1. Chemicals and solutions

Octadecanoic acid (stearic acid, grade 1, approx. 99%) was
purchased from Sigma, octadecylamine (stearyl amine, ≥99.0%)
from Aldrich, and 12-phenyldodecanoic acid (PDA) from Rare
Chemicals GmbH. 0.1 M standard solutions of NaOH and HCl
were purchased from Fluka. Solutions of SA, SAm and PDA were
prepared in CHCl3 (ACS reagent grade, Sigma–Aldrich) at concen-
trations of 1 mg/ml. Artificial Sea Water (ASW) is a 10 component
mixture with total concentration of 0.53 M [22,97]. It consists
of: NaCl (426 mM),  NaSO4 (29.4 mM),  KCl (9.45 mM),  NaHCO3
(2.43 mM),  KBr, (0.86 mM),  H3BO3 (0.44 mM),  NaF (0.074 mM),
MgCl2 (55.5 mM),  CaCl2 (10.8 mM)  and SrCl2 (0.094 mM).  All these
salts were of ACS reagent grade, purchased from Sigma, and used
as received. Dilutions of ASW were prepared with ultrapure water
(18.2 M�cm,  Millipore Synergy UV system). The pH was  adjusted
with 0.1 M NaOH or 0.1 M HCl. Note that the change in concentra-
tion of Na+, H+, Cl− and OH− due to pH adjustment was  very small
even for 100 times diluted ASW. Experiments with (diluted) ASW
sub-phases were concluded within 2 h after pH adjustment.

2.2. Experimental techniques

Two types of measurement were performed: pressure-area
(�–A) isotherms and (A–t) isobars. These experiments, which are
briefly explained (along with some definitions) in Fig. 1, were
carried out using an automated Langmuir trough (NIMA model
1212D1) equipped with a pressure sensor and a dipper. Room
temperature (22.5 ± 0.5 ◦C) and humidity were monitored contin-
uously. To reduce contamination with dust and to ensure stable
measurement conditions, the trough was placed on a floating table
and surrounded by a home-built laminar flow box. The air flow in
the box was stopped during measurements. Prior to experiments
the trough was rigorously cleaned with pure water and chloroform.
After filling the trough up with freshly prepared sub-phase, impu-
rities were removed via suction of the top layer (using a NeoLab
vacuum system). The interface was considered clean if the pres-
sure change during consecutive compression and decompression
of the interface was <0.1 mN/m.

In the preparation of the mixed films, we used a protocol based
on the findings of Lee et al. [78]. These authors explored different
ways of spreading SA:SAm mixtures and concluded that consecu-
tive spreading of the individual components resulted in films with
separate SA and SAm domains. This was evidenced by isotherms

with features characteristic for both individual components, and
two collapse points (another hallmark of segregation could be the
appearance of horizontal phase lines [76]). In the same study Lee
et al. succeeded in making homogeneously mixed films, by premix-
ing the molecules in solution prior to the spreading. We followed
this protocol for both SA:SAm and SA:PDA mixtures.

Solutions of SA, SAm, PDA and the mixtures (all at total con-
centration of approximately 1 mg/ml  in CHCl3) were spread using
a 50 �L Hamilton microsyringe on an enclosed sub-phase with
an initial area S of 500–700 cm2, depending on the molecules (at
the same spreading concentration, SAm and PDA occupy a larger
area at low surface pressures than SA). After spreading the film
was allowed to equilibrate for 30 min. Subsequently it was com-
pressed at a constant rate dS/dt of −10 cm2/min. Meanwhile, �
was measured continuously using a Wilhelmy plate (filter paper)
attached to the pressure sensor. Given the trough area S, the area
A per molecule was  calculated assuming that no molecules had
left the interface during compression. For each sub-phase compo-
sition, at least five �–A isotherms were measured to ensure the
reproducibility (typical examples are shown in the Supplemen-
tary Information). The isotherms were also used as a reference for
defining the surface pressure in film relaxation measurements. In
these isobaric experiments, which were typically performed twice
per (pH, cASW) condition, the monolayer was compressed to a tar-
get pressure � at dS/dt of −10 cm2/min, after which the constant
pressure was maintained by automatic adjustment of the film area.
Isobars of the most stable films were recorded up to several hours.

3. Results and discussion

One of the key compounds in this work, stearic acid, has been
elaborately examined in a previous study [29], using the same
techniques and addressing the same (pH, cASW) conditions for the
aqueous sub-phase. Those �–A isotherms that are indispensable for
interpretation of the behaviour of the mixed films, are also included
in the present paper.

3.1. Stearyl amine – the effect of functional group

3.1.1. Pressure-area isotherms of SAm (+SA)
SA:SAm monolayers were studied at sub-phase pH 7. At this

condition, it is likely that both molecules are partially dissociated
giving rise to opposite charges (R-COO− and R-NH3

+). The precise
degree of dissociation � should depend on the intrinsic pKa

values of the molecules (∼5.4 for long-chain fatty acids [98] and
∼10.6 for long-chain fatty amines [99]), the bulk pH, the bulk

Fig. 1. Schematic drawing of experiments on fatty acid monolayers on a Langmuir trough. Left: �–A isotherm. Upon compression, the film undergoes several phase transitions,
where the type of phase can differ per fatty acid. Generally a transition to a steep part can be identified; the corresponding surface pressure is denoted as �t in this paper.
When  A reaches the area corresponding to the closest packing, the layer undergoes fracture at pressure �f . For even smaller areas, two  collapse signatures are distinguished:
a  constant area collapse (solid line) and a constant pressure collapse (dashed line). Right: A(t) isobar. Compression is continued until a set point of � is reached, after which
this  � is maintained by adjusting the film area A. Generally A(t) decreases due to loss of molecules from the interface. A0 = A(t = 0) is the area at the time where the set point
pressure was reached.
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Fig. 2. �-Isotherms of mixed stearic acid (SA) and stearyl amine (SAm) films at pH 7 on Artificial Sea Water sub-phases of varying ASW concentration. The concentration of
Na+ ions in the pure water sub-phase due to pH adjustment is 0.09 mM.  Insets show initial phase transitions upon compression of the films.

salt concentration and the local surface potential   [45]. As a
result of the latter, the local pH at the interface might differ from
that in bulk. Pressure-area (A–�) isotherms were measured for
SA:SAm mixtures at three different mixing ratios, on sub-phases at
4 different salt concentrations. As a reference also measurements
for pure SA and SAm were done. The isotherms are shown in Fig. 2.

First, we discuss the pure SAm films. On the ‘pure water’ sub-
phase, i.e. in the absence of ASW-salt (Fig. 2a, dashed curve), the
initial increase in � during film compression is observed at an
area A below 0.2 nm2, indicating a partial solubility of SAm in
water as reported elsewhere [87,100]. Upon further compression
we observe a ‘liquid-condensed’ to ‘solid’ transition at � ∼7 mN/m,
in agreement with results of Lee et al. [78] and Albrecht et al. [76].
Film fracture occurs at � ∼64 mN/m,  which is lightly higher than the
fracture pressure of a pure SA film (� ∼60 mN/m)  [29]. The shape of
the isotherm beyond the point of film fracture indicates a ‘constant
pressure collapse’ mechanism.

As cASW is increased (Fig. 2b–d, dashed curves) the SAm mono-
layer expands, as evidenced by the appearance of the initial
pressure-increase at a much larger A. A similar trend was found
for SA films, although there the effect was much smaller [29]. We
attribute this difference to the effective sizes of the head-groups.

The head-group of a bare SAm+ cation occupies significantly less
space than that of an SA− anion, making the charge density of
the fatty cation higher. As a result the counter-ions bind more
strongly to the SAm+ than to the SA−. In turn, this stronger binding
of counter-ions results in a larger hydration shell. Hence the overall
effect is that SAm, due to its large head-group including counter-
ions and hydration shell, occupies a larger interfacial area than SA.

The increasing expansion of the SAm monolayer as cASW is raised
from 0% to 100% (Fig. 2a–d) is ascribed to an enhanced degree of
dissociation (˛) of the amine groups. The latter is known to happen
at high salt concentrations, in particular in the presence of strongly
binding Cl− and Br− ions [86], both of which are present in ASW.
Most likely, the increased (average) molecular area is then a direct
effect of the more ‘bulky’ head-group that now contains a bigger
hydration shell and a bound counter-ion. The alternative expla-
nation of an increased electrostatic repulsion between dissociated
SAm+ groups is less likely since the increased cASW should enhance
the charge screening.

Also the location A(�t) of the ‘liquid–solid’ phase transition
shows a dependence on salt concentration. For 1% ASW this transi-
tion occurs at A ∼0.23 nm2/molecule while for cASW > 10% it is found
at A ∼0.33 to 0.34 nm2. The corresponding �t values at 1%, 10% and
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100% ASW are 31, 27 and 27 mN/m,  respectively. These increased
�t and A(�t) values (as compared to SAm on pure water) correlate
well with the appearance of an “liquid expanded” phase at high
cASW.

An additional phase transition induced by ASW salt is observed
at ∼58, 66 and 60 mN/m for 1%, 10% and 100% ASW, respectively.
This transition, which is sharp for 10% and 100% ASW, may  corre-
spond to a rearrangement of the molecular packing within the solid
phase. At even higher � film fracture occurs following a ‘constant
pressure collapse’ model.

We now consider the isotherms of the mixed films. The
isotherms on ‘pure’ water, at three different mixing ratios
(xSA = 0.25–0.75 with xSA being the molar fraction of SA), show simi-
lar features to the isotherms of pure SAm and SA. At cASW = 0 (Fig. 2a)
we observe that the initial pressure increase upon film compres-
sion occurs at areas A between those of pure SA and SAm films, in
agreement with work of Lee et al. [78]. This trend however, is not
found on sub-phases of ASW (Fig. 2b–d). At 1% ASW the isotherms
of the mixed films are shifted towards smaller A than SA and SAm
isotherms. At 10% ASW only the isotherm with excess SAm lies
between the SA and SAm isotherms. And at 100% ASW only parts
of the isotherms below � ∼10 mN/m lie between the isotherms of
the pure compounds.

We  attribute the more dense molecular packing in the mixtures
to the formation of complexes between the oppositely charged
SA and SAm. In this scenario, the depletion of counter-ions and
reduction of the hydration shell lead to the film contraction.
The observation that at each cASW > 0 the measured �t (‘liquid to
solid’ transition) decreases with increasing xSA, corroborates that
SA–SAm complexes are formed: in the case of segregated SA and
SAm phases �t would remain constant as in [91]. Also inspection
(for a few samples) of the morphology of Langmuir Blodgett layers
did not provide any indications for segregation (see Appendix). In
Section 3.1.2 additional evidence based on the excess area of the
mixed films will be presented.

We note that the isotherms of mixed films on 1%, 10% and 100%
ASW show signatures of the component in excess. For example the
isotherms at xSA = 0.25 show an ‘expanded liquid’ behaviour similar
to pure SAm, albeit that it is less pronounced (see insets of Fig. 2c
and d). Conversely, the mixture with xSA = 0.75 appears to behave
similar to the pure SA film (clearly visible in Fig. 2c and d). Remark-
ably, the mixed films with xSA = 0.5 seem to behave more like films
containing excess SA (Fig. 2c and d). We  have no tentative expla-
nation for that. Finally, we remark that the pressure at which film
fracture occurs, increases with the concentration of SAm molecules
in the film (xSA), independent of cASW.

3.1.2. Mixing and complexation between SA and SAm molecules
To examine the quality of mixing and the molecular interactions

between SAm and SA, we  analysed the excess areas (Aex) of the
mixed SA:SAm films at surface pressures below �f. Aex is defined
as:

Aex = ASA/SAm − Aid = ASA/SAm − (XSAASA + XSAmASAm) (1)

where ASA/SAm is the area per molecule in the mixed film, whereas
ASA and ASAm are similarly defined for the individual components.
Aid corresponds to an ideally mixed film, i.e. without excess mixing
area.

The results shown in Fig. 3 reveal several trends: (i) Aex is neg-
ative under almost all (xSA, cASW) conditions; (ii) at constant cASW,
Aex becomes closer to zero with increasing surface pressure; (iii)
at constant �, Aex becomes more negative as cASW increases (from
comparisons in between the different graphs); and (iv) the xSA value
where Aex is most negative, shifts from 0.75 at cASW = 0 to 0.25 at
cASW = 100%. Regarding observation (i) we note that in the com-
plete absence of salt, Lee et al. found predominantly positive Aex

values for their SA:SAm mixtures (Figure 7b in ref. [78]). This could
indicate that the small amount of NaOH used to raise the pH to 7
already gave a negative contribution to Aex.

To better understand the interactions between the molecules
we calculated the excess free energy of mixing (�GE) using the
method of Goodrich [101], who showed that �GE can be calculated
from the �–A isotherms of the single components and mixed film
by calculating areas under the curves:

�GE = NA[

�∫
�∗

ASA/SAmd� − XSA

�∫
�∗

ASAd� − XSAm

�∫
�∗

ASAmd�] (2)

where NA is Avogadro’s number. The lower integration limit �* cor-
responds to pressure below which the molecules may be assumed
to mix  ideally [101,102]. The higher integration limit � corre-
sponds to the pressure of interest. We  performed calculations for
� = 1–50 mN/m.  Knowing the energy of ideal mixing �Gid (Eq. (3))
we calculated the free energy of mixing (Eq. (4)) for each film com-
position:

�Gid = RT(XSA ln(XSA) + XSAm ln(XSAm)) (3)

�GM = �Gid + �GE (4)

where R is the gas constant [J/(K mol)] and T is the temperature [K].
The results are shown in Fig. 4. We  observe that the free energy
of mixing reaches a minimum at xSA = 0.5 for all cASW, irrespective
of the surface pressure. In the absence of ASW-salt, the minimum
in �GM decreases from ∼−1.5 to −2.0 kJ/mol (corresponding to
∼−(0.6–0.8) kBT per molecule) as � is increased from 1 to 50 mN/m.
In the presence of ASW-salt, similar trends are found, albeit that
the minimum in �GM now decreases from −1.5 to −2.5 kJ/mole,
regardless of the value of cASW.

These results can be interpreted as follows. First of all, �GM < 0
indicates that the mixed SA:SAm films are more stable than
the single-component films. The location of the �GM(xSA) mini-
mum  corresponds to the film composition where the interactions
between SA and SAm are the strongest. Considering the formation
of SA− and SAm+ at pH 7, it is not unexpected to find the minimum
�GM at xSA = 0.5. The increasing depth of the minimum �GM as � is
increased seems to be in line with stronger electrostatic attractions
between the two species as the distance between the decreases.

The observation that �GM hardly depends on cASW indicates that
the interactions between SA− and SAm+ are stronger than those
between the fatty ions and the counterions present in the ASW sub
phase.

3.1.3. Film relaxation curves of SAm (+SA)
The film stability was  further examined via film relaxation stud-

ies. Separate measurements were performed to study the stability
of SAm and mixed SA:SAm monolayers. After compressing the films
to � = 30 or 50 mN/m,  the pressure was  held constant by adjusting
the film area A when necessary.

The results are shown in Fig. 5. We  find that for pure SAm and
mixed SA:SAm films at xSA = 0.25, the logarithm of A(t)/A0 scales
initially with t1/2, and in later stages with t. These behaviours are in
good agreement with Ter Minnasian’s model [103] for diffusion of
(in our case SAm) molecules into the sub-phase (more details can
be found in the Supplementary Information). The loss rate is found
to decrease as cASW is increased (except for pure SAm at 1% ASW,
for which we  have no tentative explanation). The clear dependence
of the loss-rates on xSA suggests that when there is insufficient SA
to ‘bind’ all the SAm, the excess SAm tends to dissolve into the sub-
phase. ASW cations then provide extra stabilisation through the
formation of metal (M)-SAm complexes, which are more strongly
adsorbed at the interface.
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Fig. 3. Calculated excess area per molecule (Aex) as a function of composition of mixed SA:SAm films on sub-phases of varying cASW and pH 7. XSA is a molar fraction of SA in
the  film. The arrows indicate the increase of the surface pressure. (—) 1 mN/m,  (•••••) 5 mN/m,  (- - -) 10 mN/m, (–••–••–)  20 mN/m, (- - -) 30 mN/m, (–•–•–) 40 mN/m, (– – –)
50  mN/m.

For xSA = 0 and 0.5 we abstained from a quantitative analysis of
the loss rate, since the areas of the corresponding films remained
practically constant in time; see Fig. 5e and f for xSA = 0.50, and Fig.
5c and d in ref. [29] for pure SA films (except for cASW = 0 where
nucleation of SA into 3D solid was found). The strong dependence
of the relaxation behaviour on the SA content further corroborates
the occurrence of strong attractive interactions between the SA−

and the SAm+ species. This stabilises the film against the loss of
molecules into the sub-phase.

3.2. 12-Phenyldodecanoic acid – effect of hydrophobic chain

3.2.1. Pressure-area isotherms of PDA (+SA)
While �–A isotherms could be measured, significant losses of

PDA from the interface occurred during the measurements; some-
times even at low �. Hence the isotherms show qualitative trends
but should not be regarded as ‘equilibrium data’.

First we consider the behaviour of pure PDA films. Fig. 6 shows
�–A isotherms on ‘pure’ water sub-phases at various pH values. At
pH 7 where the carboxylic groups are (partly) dissociated, only a
very small increase of the surface pressure can be detected dur-
ing film compression. This indicates that substantial amounts of
PDA get depleted into the sub-phase, either during the equilibra-
tion time, or during compression at low �. When the pH is lowered,

we observe an increasing tendency of the PDA molecules to stay
at the interface. For pH ≤5, measurable surface pressures are first
encountered around A ∼0.8 nm2 and also a maximum in the �(A)
curve is found. The magnitude of this �, which we interpret as a
fracture pressure, is much smaller than the corresponding values
found for SA films. When the pH is lowered from 5 to 3, this �f
decreases.

Clearly and as expected, pure PDA is unable to form strong inter-
facial layers on water sub-phases under discussed conditions: the
maximum � that can be sustained is only ∼10 mN/m. Whether this
value is reached depends on the pH of the sub-phase (and possibly
also on the compression speed). In either case, the PDA turns out to
be much less amphiphilic than SA. Apparently, the polarity of the
phenyl-group strongly diminishes the ‘affinity contrast’ between
the head and the tail of the molecule, thereby increasing the ten-
dency to dissolve in the aqueous sub-phase. The pH-dependence
of the PDA isotherms is believed to result from two effects: (i) the
increased deprotonation of the COOH group as the pH is raised,
enhances the solubility in the water sub-phase (somewhat simi-
lar to SA [29]) and (ii) the interactions between the (remaining)
adsorbed PDA species become more repulsive due to this increased
charging.

Next we consider the mixed SA:PDA films. In Fig. 7, we compare
the �–A isotherms of pure and mixed SA:PDA films at pH 3 (top)
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Fig. 4. Free energy of mixing (�GM) as a function of molar fraction of stearic acid (XSA) in mixed SA:SAm films on various aqueous sub-phases at pH 7. The arrows indicate
an  increase of the surface pressure. (—) 1 mN/m, (•••••) 5 mN/m,  (- - -) 10 mN/m,  (–••–••–)  20 mN/m,  (- - -) 30 mN/m,  (–•–•–) 40 mN/m,  (– – –) 50 mN/m.

and 7 (bottom) for varying cASW. At pH 3 the isotherms of the mixed
films show a complex signature which does not strongly depend
on the salt concentration. This insensitivity to cASW corresponds
well to a picture in which both SA and PDA are strongly biased
towards their protonated state. Since the sub-phase pH is much
lower than the (apparent) pKa of either species, neither PDA nor SA
has a tendency to dissociate and subsequently bind to metal cations
from the ASW salt.

The quantitative details of the SA-PDA isotherms (Fig. 7a, c and
e) are more difficult to interpret. The first measurable � are found at
A-values in between those of PDA (∼0.8 nm2) and SA (∼0.25 nm2).
This might suggest weak interactions between PDA and SA. Upon
further compression a local maximum � ∼24 mN/m,  shortly fol-
lowed by a minimum at ∼20 mN/m are observed. The local
maximum, interpreted as a fracture pressure, is found between
those of pure SA (∼50 mN/m)  and PDA (∼8 mN/m). Remarkably,
the corresponding value of A(�f) is much closer to that of pure
SA. Considering that the SA fraction alone would give a peak at A
∼0.1 nm2, it is clear that significant amounts of PDA are still present
at the fracture point (�f, Af), and that this PDA ‘softens’ the average
repulsions (as compared to pure SA). Upon further compression,
we see a gradual increase in �, ending a quasi-asymptotic rise at A
∼0.05 nm2. The latter behaviour resembles that of a pure SA film in
the highly condensed state [29], suggesting that in the last stages
of compression, (almost) all PDA was depleted from the film.

To further examine the interactions between PDA and SA at
pH 3, we calculated the excess mixing areas and energies of the
SA:PDA films (see Section 3.1.2). Considering 0%, 1% and 100%
ASW sub-phases and � values between 1 and 5 mN/m,  Aex was
found to vary between 0 and 0.065 nm2 (note the contrast with
the SA:SAm mixtures where strongly negative values were found).
The excess free energy of mixing (for xSA = 0.5) was found to equal
−1.73 ± 0.01 kJ/mole, independent of cASW and �. This �GM is very
similar the ideal value (�Gid = −1.70 kJ/mole), which corroborates
our earlier conjecture that SA and PDA show only weak interactions
in the mixed films.

We  now turn to the behaviour at pH 7. At this pH, the isotherms
of the SA:PDA mixed films have essentially similar shapes as those
of the pure SA films. However all prominent features in the SA:PDA
isotherm are found at much smaller A: a multiplication by 1.6–2.0
is needed to make them (almost) overlap with the isotherms of the
pure SA.

Closer inspection of the isotherms (Fig. 7b, d and f) reveals the
following: (i) at large A, the mixed films exhibit small but signifi-
cant surface pressures which are not found for films without PDA.
This may  be due to the relatively ‘bulky’ phenyl group of PDA. In
addition the PDA molecules may  also more easily adopt a different
(e.g. horizontal) orientation due to their lower amphiphilicity. Both
mechanisms would explain the noticeable interaction between
PDA groups at low surface density. (ii) in the regime where fracture
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Fig. 5. Relaxation curves of SA:SAm films at different mixing ratios, and of pure SAm films determined at � = 30 and 50 mN/m on sub-phases of pH 7 and varying ASW
concentration. Notice different y-axis scale for pure SAm and mixed SA:SAm films.

occurs, the �f of the mixed film is very close to that of pure SA for
cASW = 0% and 100% (note that at 1% the �f of the mixture is even
significantly higher than that of pure SA). (iii) for cASW = 100% the
pure PDA film is able to sustain surface pressures up to ∼15 mN/m,
indicating a stabilizing effect of sub-phase ASW salt on PDA films.
At this cASW the SA:PDA mixtures show an increase in the value of A
where � starts to increase steeply; this could be consistent with the
stabilizing effect on PDA. We  attribute this effect of high cASW to a
salt-induced deprotonation, leading to the formation of metal–PDA
complexes that are more interfacially active than PDA molecules.

The main conclusion from the observations in Fig. 7b, d and
f is, however, that at pH 7, the SA and PDA show a rather weak
interaction with each other, leading to a strong (almost complete)
removal of PDA even during initial compressions of the layer.

Fig. 6. �–A isotherms of PDA. The only electrolytes present in the sub-phase are the
HCl or NaOH needed for pH adjustment.

Further characterisation of the weak interaction between SA and
PDA via excess mixing areas (as was  done for pH 3) was not possible
at pH 7 due to the non-quantifiable depletion of PDA from the film.

3.2.2. Film relaxation curves of PDA (+SA)
A complementary study of the stability of the PDA and mixed

SA:PDA monolayers was conducted by compressing the films to
a target pressure and maintaining it via adjustment of the film
area (Section 2.2). Pure PDA films could only be analysed at pH
3, due to excessively high loss rates at higher pH. Even at the low
pH, the films appeared to be rather unstable. Some trends can be
observed in Fig. 8a and b: for the same sub-phase composition, the
loss rate increases with � (as expected), and at the same �, the
loss rate is lower on a sub-phase of 100% ASW than on 0% ASW.
However, within the set of curves in Fig. 8a and b, also some non-
uniformity is found. At � = 5 mN/m,  A decreases at an approximately
constant rate, which diminishes as cASW is raised from 0% to 100%.
At � = 7 mN/m the relaxation behaviour is more complex. Here, the
curve at cASW = 0 shows a loss rate that grows with time. At cASW = 1%
an S-shaped relaxation is observed, while for 100% ASW the loss
rate is more or less constant. The main trend appears to be that
ASW-salt stabilises the layer.

Films of PDA mixed with SA were studied also at pH 3 (see Fig. 8c
and d). Due to the higher �f of these mixtures, also higher set point
pressures could be maintained. Regarding the effect of increasing
cASW, we found remarkable differences between the experiments
at different surface pressures. At � = 10 mN/m, the loss rates were
very small and independent of cASW: here it appears that the co-
presence of SA substantially suppresses the loss of PDA. However
at � = 15 mN/m it appears that ASW salt has a destabilizing effect
on the mixed SA:PDA film. We  have no tentative explanation for
this.
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Fig. 7. �–A isotherms of mixed stearic acid (SA) and 12-phenyldodecanoic acid (PDA) films on Artificial Sea Water sub-phase of varying total salt concentration, and pH 3
and  7. A – area per molecule, � – change of the interfacial pressure upon film compression. The concentration of Na+ ions in pure water sub-phase due to pH adjustment is
0.09  mM.

Fig. 8. Relaxation of SA:PDA film on ASW of varying total salt concentration at pH 3.
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The observations at � = 10 mN/m,  where both interfacial SA
(compare Fig. 8a and c) and sub-phase ASW (see Fig. 8c) appear
to stabilise the interfacial PDA might be explained by a ‘trapping’
effect of the SA, in which the latter (more strongly bound) species
surround the PDA molecules, and thereby slow down removal of
the latter from the interface. Increasing the cASW of the sub-phase
could stabilise the interfacial PDA via the formation of metal–PDA
complexes as also suggested in Section 3.2.1. Besides that, also
the SA molecules get more strongly adsorbed via metal-stearate
complexes [29].

Relaxation curves of SA:PDA mixtures at pH 7 strongly resemble
these of pure SA films under the same conditions [29]. We observe
increase in film stability against molecular loss with increasing
cASW.

4. Conclusions

We  studied the formation and stability of mixed SA:SAm and
SA:PDA films on aqueous sub-phases at various (ASW) salt concen-
trations, and selected pH values. Mixtures of SA with SAm were
studied at pH 7, where they can form oppositely charged species.
Pressure-area isotherms indicated that SA and SAm are molecularly
mixed. Negative excess mixing areas were found, that become
larger for increasing salt concentration. However, the correspond-
ing calculated excess free energy of mixing turns out to depend
only weakly on the salt concentration. The dependence of this free
energy on the SA:SAm mixing ratio turns out to be much stronger,
and is most negative when SA and SAm are present in stoichiomet-
ric amounts. These trends indicate that the electrostatic attractions
between the oppositely charged head-groups are more important
than the screening effect of the counter-ions in the sub-phase. Film
relaxation experiments corroborated these trends.

The interfacial behaviour of PDA, carrying the same number of
carbon atoms as SA, was studied for the first time. The more polar
nature of its phenyl group causes PDA to dissolve at pH 7. The pres-
ence of SA in the layer and ASW salt in the sub-phase can lower
the dissolution rate, but a stable layer is still not obtained. At pH 3
PDA is significantly less soluble, due to the protonation of its head-
group. At this pH the interaction with SA turns out to be weak. This
is evident from both the isotherms, which indicate an almost ideal
mixing, and from the relaxation experiments, which show a slightly
increased stability in presence of SA.
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Appendix A. Morphology of mixed SA:SAm films

Additional characterisations of selected mixtures of SA and SAm
were performed to reveal the degree of homo- or heterogeneity of
the film. To enable high-resolution imaging of the film, Langmuir
Blodgett films were prepared on (very flat) oxidised silicon sub-
strates. Transfers were made at � = 30 mN/m,  i.e. in the steep parts
of the isotherms (see Fig. 2). Deposited areas of several cm2 were
inspected with Atomic Force Microscopy (in tapping mode) after
drying. This method, elaborately described in ref. [104] allows to
identify subtle differences in the local height of the layer and/or its
mechanical interaction with the tip. Since the typical lateral range
of an AFM scan is restricted to an area of O(100 �m2), several loca-
tions on the same sample were examined. The lateral resolution
depends on the tip dimensions, but was �1  �m in our case.

Fig. A.1. Morphology of Langmuir–Blodgett film of a 50:50 SA:SAm mixture pre-
pared from a sub-phase of 1% Artificial Sea Water at pH 7. Substrate is an oxidised
silicon wafer. Protocols for the LB transfer and AFM imaging are described in [104].
(a)  Height image, (b) error image and (c) line profile (dashed line in a). The layer is
compact and very smooth with a root mean square roughness of about 0.2 nm.

Fig. A.2. Height image of the edge of the LB layer (same sample as Fig. II). The right
hand  part of the image corresponds to the bare SiO2 surface. The compact layer has
a  height of 1 8 ± 0.2 nm, consistent with monolayer coverage. (a) Height image and
(b)  line profile (solid line in a).

Fig. A.1 shows a representative result for a 50:50 mixture of SA
and SAm, obtained from a sub-phase of 1% ASW at pH 7. Both the
height map  (Fig. A.1a) and error map  (Fig. A.1b) look very smooth.
As illustrated by the scan line (Fig. A.1c), the noise level is about
0.2 nm.  Fig. A.2 shows an image of the edge of the LB layer. It now
becomes apparent that the layer has a height of 1.8 nm ± 0.2 nm,
consistent with the length of stretched SA or SAm chains. Clearly
the layer is very dense. Neither differences in height nor domain
boundaries were detected. This is consistent with a layer in which
SA and SAm are mixed on a molecular level.

Appendix B. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.colsurfa.
2013.04.062.
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